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ABSTRACT
Enzymes from extremophiles (extremozymes) are active and stabile at extreme
temperatures, high salt concentrations (i.e. low water activity), extremes of pH, and high
hydrostatic pressure. Non-aqueous solvents, when used as the environment for enzyme
catalysis, can allow the development of novel biotransformation processes. There is also
great potential in the production of new enzymes from uncultivated extremophiles. New
genetic techniques may be applied to obtain the enzymes’ genes without the need to
cultivate the host organism. These techniques will become essential to chemical
engineers in harnessing the potential of extremophiles and extremozymes for large-scale
processes and other commercial applications.

The thesis tackles these important issues, by presenting novel research on these themes:
1) the activity and stability of thermophilic enzymes in organic media compared with
less thermostable mesophilic and psychrophilic counterparts,
2) the use of extremozymes as biotranformation catalysts in organic media,
3) the potential of unculturable extemophiles for providing new biocatalysts.

Firstly, the thesis reports the activity and stability o f citrate synthase from extremophiles
in aqueous/organic media. Citrate synthase from a psychrophile (DsCS), mesophile
(pigCS), thermophile (TpCS), extreme thermophile (ssCS), and hyperthermophile
(PfCS) were in aqueous solutions of the polar solvents DMSO, DMF, and glycerol, up
to a concentration of 70vol%. In stability experiments, only DsCS, pigCS, and ssCS
were studied. All enzymes (except DsCS in DMSO) were deactivated in the presence of
the solvents. The stability experiments showed the effects o f DMSO on the enzymes to
be mild, with little destabilisation. DMF was found to cause denaturation. These
experiments, however, confirmed the proposal that thermophilic enzymes are more
active and stable in organic media than mesophilic counterparts.

The

activity

and

stability

of citrate

synthase

(hvCS)

and dihydrolipoamide

dehydrogenase (hvDHlipDH) from the extremely halophilic archaeon Haloferax
volcanii were also studied in the presence of DMSO and DMF. They showed similar
performance to each other in each of the solvents, but were less tolerant of the solvents
than the mesophilic citrate synthase pigCS (the non-halophilic control). Reducing the
salt concentration did little to affect the activity of hvCS in the presence of DMSO, but

reduced activity noticeably in DMF. Stability studies showed hvCS to be more stable in
DMSO solutions than pigCS. In DMF solutions, hvCS was marginally less stable, but
above 20vol% rapid denaturation was seen. Despite low activities in aqueous-organic
media, halophilic enzymes were found to be stable and therefore useful as
biotransformation catalysts in organic media.

A P-glycosidase was sought for a novel biotransformation route for the synthesis of
glycosyl L-serine, a precursor for the enzymatic synthesis o f glycopeptides. The
sequence for the p-glycosidase gene (bgaT) of Sulfolobus shibatae was obtained from a
public database. This organism was successfully cultured, and the bgaT gene was
amplified from prepared genomic DNA using the Polymerase Chain Reaction (PCR).
An N de/ cloning site found within the gene required mutagenesis using megaprimer
PCR before cloning could continue. This process was described, but requires further
optimisation. An alternative cloning strategy (not involving mutagenesis) was proposed.

Finally, the thesis explored the potential for finding new biocatalysts from uncultivated
extremophiles. Organisms in the vicinity o f the McMurdo Station, Ross Island,
Antarctica, were studied. The aim was the use modem molecular biology tools and
established

microbiological

approaches

to

obtaining

useful

enzymes

from

extremophiles. Extraction of total DNA from all organisms in a sample and applying
PCR yielded 16S rRNA genes from archaea and bacteria within marine sponges. The
genes for biocatalysts can be obtained in a similar way. Microbiological methods were
then used to isolate psychrophilic bacteria from a water sample taken from a saline
meltwater pond of the McMurdo Ice Shelf, at Bratina Island, Antarctica. Three of the
isolates tested were able to cleave the chromogenic substrate X-Gal, indicating the
presence of the biotechnologically useful enzyme P-galactosidase. All these isolates
have the potential to produce useful activities for biocatalysis at low temperatures.
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CHAPTER 1

INTRODUCTION

Over the last three decades, the range of conditions known to support the growth of
microorganisms (“the biological envelope”) has been expanded to include temperatures
from below 0°C up to 113°C, salt concentrations up to 30% w/v, hydrostatic pressures
approaching 1200 atmospheres, and pH values from 0 to 12. From the human
mesocentric perspective, these organisms have become known as extremophiles.

Enzymes are becoming increasingly important as industrial catalysts due to their
specificity and efficiency. Enzymes from extremophiles (extremozymes) also have the
ability to withstand conditions that would denature current industrial enzymes. This has
led to interest in their application in new large-scale processes, and even for enhancing a
number o f established industries.

The exploitation o f organic solvents as a reaction medium has also emerged in recent
years as another way of applying existing enzymes and, now, the emerging
extremozyme technology.

Using

organic media can

increase

the number of

biotransformation reactions available with a single enzyme, by reversing hydrolytic
equilibria and allowing reactions involving un-natural and poorly water-soluble
substrates, for example. Each form of extremozyme (psychrophilic, halophilic,
thermophilic, etc.) has particular advantages that can be used in an organic media
process. As a result, there is a great need for information on the activity and stability of
these enzymes in the presence of organic solvents.

The development of new biocatalytic processes also demands the development o f new
biocatalysts. The established microbiological techniques involved with the isolation of
microorganisms from a complex environmental sample and selecting those with desired
activity are very effective. Larger scale cultivation of these isolates allows the
purification of the activity from cell extracts or culture supernatants. Yet these
microbiological methods rely totally on an ability to culture the organisms of interest.
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It is now known that uncultivated - and currently, unculturable - organisms dominate
the biosphere, determined by environmental microbiological studies using cultureindependent molecular techniques. These techniques can be used to complement - and
even replace - the established system of cultivation, isolation, identification, and
purification.

This new approach involves identifying the organisms in a particular environment
through extraction of their total nucleic acids and amplifying 16S rRNA genes. Highthroughput techniques allow specific genes to be isolated from these DNA extracts, by
cloning the genes and assaying their products to identify the target activity. Individual
genes can then be isolated and expressed in a foreign host (e.g. E. coli) for biocatalyst
production - then allowing protein engineering, chemical modification, and other
techniques to be used to improve the enzyme activity and stability in organic solvents,
and to assist the enzyme application in other ways. These molecular techniques will be
needed if this immense uncultivated resource is to be exploited for the development o f
the industrial biocatalysts of the future.

The points listed below outline the four main sections o f experimental work described
in this thesis that address the issues raised in this introduction:

•

The study o f an enzyme isolated from organisms living throughout the range o f
biocompatible temperatures, in aqueous solutions of polar solvents. The aim here is
to establish a link between the thermostability of the enzyme and its activity and
stability in these aqueous-organic media.

•

The study of two enzymes from an extreme halophile (requiring >20% w/v salt for
growth) in aqueous solutions of polar solvents. This examined the influence o f
halophilic adaptation (a form o f low-water adaptation) on the activity and stability
o f these enzymes under the low water activity conditions of aqueous-organic media.

•

The cloning of a gene encoding an extremely thermophilic p-glycosidase with
potential applications in the synthesis o f novel carbohydrate-based compounds in
organic media, as a prelude to such application.

•

An exploration into the biodiversity and microbiology of the Antarctic, as relevant
to the search for new biocatalysts active at low temperatures, using both modem
molecular and established microbiological techniques.
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Each chapter that describes the results of experimental work begins with a brief
introduction to that field. Then follows a literature review that aims to capture the
potential of that field, as relevant to the aims of the experimental work. Here,
comprehensive reviews obtained from the literature may be summarised in order to
complement experimental procedures applied later in the chapter. After detailing the
results, the discussion and conclusions follow in each chapter.

The remainder of this introduction gives a brief overview of the content and aims o f this
thesis on a chapter-by-chapter basis.

Chapter 2 is a literature survey that describes the state o f the art of biocatalysis in
organic media using extremozymes. It begins by introducing organic media and its
advantages, before highlighting enzymes from extremophiles and applications in
organic media drawn from the literature. However, the study of enzymes in organic
media is only the first step towards application. Methods for extremozyme production
are discussed, in addition to ways in which their performance can be improved.

Chapter 3 details the materials and methods used in the experiments reported in this
thesis. It begins with a list of all chemicals used, leading to descriptions o f the
cultivation

of

activity/stability

microorganisms,
measurement,

and

recombinant

enzyme

molecular

techniques

production,
(for

gene

enzyme
cloning,

heterologous expression, site-directed mutagenesis, and biodiversity studies). The
chapter concludes with descriptions of the analytical methods used.

Chapters 4 and 5 discuss research into a model enzyme, citrate synthase, which was
used to explore the relationship between relative enzyme performance (in terms of
activity and stability) in aqueous solutions of polar organic solvents, and temperature
and salt adaptations respectively. Chapter 4 looks at citrate synthase from a
psychrophile, mesophile, thermophile, extreme thermophile, and hyperthermophile. The
effect of enzyme thermostability on the activity and stability of citrate synthase in
solutions o f the solvents DMSO, DMF, and glycerol was studied. The structure o f the
psychrophilic citrate synthase in solutions of DMSO was also examined due to the
activation induced by this solvent. Solvent concentrations were then converted into
water activity (using a model obtained from the literature) to aid the analysis o f the
results.
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Chapter 5 looks at the activity and stability o f citrate synthase and dihydrolipoamide
dehydrogenase from an extreme halophile in aqueous solutions o f the solvents DMSO
and DMF. One of the aims of this work was to identify any advantages in using these
enzymes, adapted to a low water activity environment, in the low water activity
environment of an aqueous-organic medium.

Chapter 6 reports the cloning of the gene for an extremely thermophilic p-glycosidase
from Sulfolobus shibatae in preparation for organic media biotransformations. The
chapter is introduced with a literature review of the applications o f glycosidases and
their potential for developing novel carbohydrate-based products. Also covered is some
preliminary work that aimed to identify this enzyme activity in extreme halophiles. This
was unsuccessful, but the implications of this work were discussed and led to the
cloning of the thermophilic enzyme gene. The molecular biology covers the Polymerase
Chain Reaction (PCR) amplification of the gene from a S. shibatae genomic DNA
preparation, to the final use of PCR to mutate a section of the gene in order to eliminate
an undesirable restriction endonuclease recognition site.

In Chapter 7, the thesis explores the biodiversity and microbiology of Antarctica,
describing work performed by the author during, and after, a period at the McMurdo
Station (Ross Island, Antarctica). Archaea and bacteria identified in the tissues o f a total
of three marine sponges from McMurdo Sound were studied using modem molecular
techniques. This culminated with the sequencing of 16S rRNA gene fragments from the
archaea and their phylogenetic analysis. Traditional microbiological techniques were
also applied to isolate potentially useful bacteria from a water sample of a pond located
on the McMurdo Ice Shelf, and were screened for p-galactosidase activity. Both the
Antarctic environment and the techniques applied there were evaluated for the
contribution they can make to the development o f new biocatalysts.

The thesis ends with overall conclusions and a description o f future work.
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Supplementary to the thesis is the Appendix, describing additional work that
complements that described in the thesis. The Appendix contains the following:

The preparation and validation of a recombinant E. coli clone for the over
production of Thermoplasma acidophilum citrate synthase.
•

The chemical synthesis o f the substrate for the enzyme dihydrolipoamide
dehydrogenase, and confirmation by nuclear magnetic resonance spectroscopy.
The preparation of an affinity chromatography matrix for the purification o f a
halophilic serine protease (to complement p-glycosidase in biotransformations).
The mRNA sequence for the p-glycosidase of Sulfolobus shibatae.
A study of lactate dehydrogenase in the organs of the Antarctic fish Trematomus
bemacchii as part of a study o f cold adaptation in McMurdo Sound organisms.

•

Results of a survey of the meltwater ponds of Bratina Island, Antarctica.

•

16S rRNA sequences for the Antarctic sponge-associated archaea.

•

Tables o f experimental data used in the thesis and the water activity model.
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CHAPTER 2

BIOCATALYSIS IN ORGANIC MEDIA USING
ENZYMES FROM EXTREMOPHILES

2 .1 : I n t r o d u c t i o n

Since the discovery of organisms that inhabit environments of extreme temperatures,
extreme pH, high hydrostatic pressure, and high salinity, there has been a great deal of
interest in the biotechnological potential of their enzymes. (Adams, 1993; Adams et al.,
1995; Adams & Kelly, 1995; Govardhan & Margolin, 1995).

The potential of enzyme activity observed in the presence of organic solvents has also
received much attention in the past two decades. Numerous significant advances have
been made in both fields, but they remain to be fully exploited. Despite the distinct lack
of data on the application o f extremozymes in aqueous/organic and non-aqueous media
and comparisons with mesophilic enzymes, it is possible to see their potential.

This chapter concentrates on this emerging field, first detailing the potential o f organic
solvent systems in biocatalysis. It then considers enzymes from three classes of
extremophile - thermophiles, halophiles, and psychrophiles - and what these enzymes can
give to the already diverse field of non-aqueous enzymology. Finally, emphasis is placed
on new ways in which extremozymes can be used, drawing on experience with
mesophilic enzymes, and how they can be produced easily and economically. These are
the keys to the successful large-scale application o f extremozymes in organic media.

However, extremozymes and organic solvent biocatalysis possess so much scope, that
this chapter cannot include all the details. Consultation o f the reviews cited in this
chapter is recommended.
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2 .2 : O r g a n ic

so lv en t sy stem s

2 .2 .1 : In t r o d u c t io n

Aqueous media are the traditional media for biocatalysis. While many papers have been
devoted to the use of organic media, industrial-scale application has yet to be realised.
Organic solvents are often regarded as denaturants (which is an inaccurate view of their
effects), and this plays a part in the lack o f uptake of this technology. Although the
interactions between solvents and enzymes are complex, there are many common
phenomena that apply to biocatalysis in organic media. Table 2.1 summarises the
advantages and disadvantages common to organic media biocatalysis, and has been
collated from a number of reviews (Zaks, 1991; Zaks & Klibanov, 1984; Zaks &
Klibanov, 1988; Wescott & Klibanov, 1994; Klibanov, 1989; Hailing, 1994).

2 .2 .2 : C la ssific a t io n

There are three main types of organic solvent systems: aqueous/organic, biphasic, and
monophasic. A published system of classification and nomenclature for organic media
was chosen for use in this thesis (Davison et al.t 1997). While the reader is
recommended to consult this clear and informative work, the underlying principles will
be introduced here to facilitate comprehension.

Aqueous, organic, vapour, and supercritical phases were first assigned the letters A, O,
V, and SC respectively. The description of the organic solvent system then rests on
listing the phases, using the aforementioned letters, in the order in which the biocatalyst,
reactant(s), and product(s) reside. The authors defined an aqueous phase as that which
contains <20vol% of a miscible solvent. An organic phase was defined as being a pure
immiscible solvent, or an aqueous solution of a miscible solvent o f >20vol%. Subscripts
can also be applied to the phase letters, to convey more information on the nature of the
biocatalyst, reactant(s), and product(s): I - immobilised, H - hydrated (referring to the
hydration layer of a biocatalyst), S - solid. Where the aqueous or organic phases are
immiscible or are separated by a membrane, the phases can also be numbered and
applied as subscripts also.
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Table 2.1: General effects of organic solvents on biocatalvtic systems
Advantages
Higher solubility of hydrophobic species
Altered substrate-, regio-, and stereo- specificity
Reduced water activity (alters hydrolytic equilibria)
Reduced incidence of the side reactions found in water
Non-polar solvents cannot desorb enzyme-bound water or immobilised enzymes
Altered partitioning of substrates/products: aids separations, improves yields
Reduced risk of microbial contamination
High thermal stability of enzyme preparations in non-polar media

Disadvantages
Solvents tend to reduce enzyme activity: demands higher biocatalyst requirement
Polar solvents can act as denaturants
Possible interfacial inactivation in two-phase systems (for non-interfacial enzymes)
Water activity control needed for processes involving condensation reactions
Possible toxicity and flammability issues
High temperature/solvent effects on materials stability (pumps, seals, etc.)
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In summary, the three basic types of organic solvent system can be re-expressed as the
following: 1) aqueous/organic - AAA and OOO, 2) biphasic - AAO, AOO, and AOA, 3)
monophasic - OhOO and SC SC SC.

In this way, the make-up of an organic solvent system is described by the three-letter
classification, and requires little additional explanation. Additional details can be obtained
on organic media biocatalysis that are beyond the scope of this chapter (Gupta, 1992;
Ballesteros et a l, 1995; Kvittingen, 1994).

2.2.3: AAA/OOO SYSTEMS
Common

solvents

in

these

systems

are

dimethylsulfoxide

(DMSO),

N -N ’-

dimethylformamide (DMF), acetonitrile (MeCN), methanol (MeOH), ethanol (EtOH),
tetrahydrofuran (THF), and 1,4-dioxane. In addition to effects on enzymes, solvents also
alter the medium properties. Solvent addition causes the buffer pH to rise, mainly due to
the drop in the dielectric constant of the bulk solvent, but Tris appears to keep the
deviation to <1.5 units from 0 to 90vol% of miscible solvent (Shubhada & Sundaram,
1995). However, this paper relies on a pH meter calibrated with aqueous buffers so the
measured pH does not represent the actual pH due to solvent-induced changes in the
proton activity coefficient. Overcoming this with thermodynamic relations (Mussini et
a l,

1985) is a difficult task, and is limited by a lack o f fundamental data. A

spectrophotometric method for measuring the pH using p-nitrophenol has been reported
(Mozhaev et a l, 1989). Since this method does not account for the possible change in
activity coefficients in transferring from an aqueous to an aqueous-organic medium, it
remains to be seen if this method can be used to determine the actual pH accurately.

Despite many papers discussing enzyme activity in AAA/OOO systems, few studies have
considered stability (Chich et a l, 1995; Tyagi & Gupta, 1998) or kinetic effects
(Ulbrich-Hoffmann & Selisko, 1993; Boross et a l, 1998). Moreover, activity and
stability data must be considered together and under corresponding conditions so that the
true effects o f the solvent can be determined.

With such reliance on enzyme activity data, much work in AAA/OOO systems has
resulted in organic solvents being regarded as denaturants (Cowan, 1997; Rariy &
Klibanov, 1997) due to their deactivating effects on enzymes. Although enzyme
9

deactivation and denaturation both give a reduction in enzyme activity, they occur
through different mechanisms and result in different fates of the enzyme molecules. In
this brief look at AAA/OOO systems, it is possible to place the effects o f a solvent on an
enzyme in three main categories: denaturation, stabilisation, and inhibition.

These effects are described briefly below:

• Denaturation involves gross conformational changes that tend to unfold the protein, at
some point causing subunit dissociation, and can be reversible. Disruption o f the
active site reduces the catalytic activity. When followed by aggregation (due to the
entropically unfavourable exposure o f hydrophobic residues), denaturation becomes
irreversible.
.

Stabilisation also reduces enzyme activity due to rigidification of the enzyme, in a
reversible manner. This restricts the large conformational changes required for
catalysis. The drop in water activity upon adding a stabilising solute removes water
from the enzyme surface, contributing to the rigidifymg effects.

.

Inhibition can also occur, when solvent molecules bind to the active site. Thermolysin
is inhibited by alcohols (Alam et a l, 1997), for example. It is a less common form of
deactivation, and will not be discussed further.

Whether the enzyme is denatured or stabilised relies heavily on the protein-solvent
interactions. When the protein-solvent interactions favour exclusion o f the solvent
molecules from the enzymes’ hydration layer, compaction o f the enzyme occurs due to
the unfavourable surface energy rise, and this stabilises the enzyme. Preferential binding
leads to denaturation via interaction o f the solvent with non-polar residues and the
concomitant disruption of electrostatic interactions, including H-bonds (Timasheff,
1993). This approach has been used to explain the effects on proteins of glycerol (Gekko
& Timasheff, 1981), acetonitrile (Gekko et a l, 1998), and DMSO (Kita et al., 1994).
The H-bonding capacity of glycerol also forces the ordering o f water molecules in the
hydration layer, adding to the stability, which also partly explains the stabilising power of
D20 .

An interesting phenomenon observed with DMSO (Kita et al., 1994) and glycerol
(Mozhaev et a l, 1996) is the apparent transition from a mechanism dominated by

preferential exclusion towards one of preferential binding as the solvent concentrations
increase, presumably since these solvents are amphiphilic. Sun et al. (1999) also showed
a decreasing degree of the thermal and pressure stabilisation afforded by glycerol as its
concentration increased beyond the optimum level, between 25 and 50vol%. Clearly,
solvent-solvent and solvent-water interactions are important considerations, in addition
to protein-solvent interactions. The interactions of solvents with substrates and/or
products, and the effects of the bulk medium on solvation/desolvation processes, can
also be important in enzyme catalytic mechanisms.

2.2.4: AAO, AOO. AND AOA SYSTEMS
In

these

cases,

typical

solvents

include

long-chain

alcohols

(e.g.

octanol),

aliphatic/branched hydrocarbons (e.g. hexane, octane), and some aromatic hydrocarbons
(e.g. toluene). Reversed micellar media (Ballesteros et al.r 1995) can be included in this
category, but will not be described further in this section.

The immiscibility of water with non-polar solvents and the differing solubilities
(between phases) of the chemical species involved are exploited in these systems.
Storage of the substrate in a different phase to the biocatalyst allows higher
concentrations to be used without substrate inhibition. Alternatively, if the product can
be continuously extracted, then yields will be improved. The biocatalyst need not be
restricted to the aqueous phase, and there may be a need for simultaneous aqueous- and
organic- phase biocatalysis.

A disadvantage of these systems is that the process conditions for maximising inter
phase mass transfer will increase the interfacial inactivation of the biocatalyst. Clearly,
enzyme immobilisation or retention behind a membrane will be necessary for effective
exploitation of these multiphase systems. In addition to interface mechanisms, dissolved
solvent molecules can be highly disrupting to enzymes despite their low aqueous
solubility. Two related papers have studied the effects o f interfacial and dissolved
solvent inactivation (Ghatorae et al., 1994a; Ghatorae et a l, 1994b) with the aim of
separating these two phenomena. Recently, “ionic liquids” have been found to be non
toxic, zero vapour-pressure alternatives to organic solvents. This was shown in a
biphasic whole-cell transformation of 1,3-dicyanobenzene and in erythromycin
extraction (Cull et al., 2 0 0 0 ). They may have applications in O hO O systems (to be

described in the next section), but the use of ionic liquids in biocatalysis is in its infancy.
Erbeldinger et a l (2000) used thermolysin to prepare Z-aspartame in such a medium.
They showed that ionic liquids are a highly promising alternative to the organic solvents
currently used in non-aqueous enzymatic biotransformations.

Exploitation of AAO, AOO, and AOA systems for certain reactions can support high
concentrations of substrate and often results in enhanced yields, both of which allow for
smaller processes with reduced energy consumption, lowering the construction and
operating costs of the process, respectively.

2.2.5: O hO O

sy ste m s

In these, the most studied of the organic solvent systems, the medium is either a non
polar solvent (such as tert-amyl alcohol, hexane, and toluene) or a supercritical fluid
(most commonly CO2). Supercritical fluid biocatalysis has been reviewed (Ballesteros et
a l, 1995, Mesiano et a l, 1999) and will not be discussed further.

Native enzymes are insoluble in non-polar solvents, so application generally requires
lyophilisation or immobilisation. Lyophilised enzymes are highly thermostable (Volkin
et a l, 1991; Zaks & Klibanov, 1984) but even when prepared from buffers at the
enzymes’ optimum pH, they have very low catalytic activity (Klibanov, 1997).
Conformational changes induced by lyophilisation, enzyme packing, and diffusion
limitations are factors in this observation. The dominant effect is believed to be enzyme
hydration. Dramatic activation has been obtained by co-lyophilisation with non-buffer
salts such as KC1, giving near-aqueous activities with serine proteases (Khmelnitsky et
a l, 1994). This method has also been subjected to optimisation studies (Ru et a l, 1999).
Recently, Rariy & Klibanov (1999) reported the refolding of lysozyme in 99vol%
glycerol with 1M LiCl, giving the same refolding yield as in aqueous buffer (Rariy &
Klibanov, 1997). LiCl appears to reduce enzyme aggregation and increases enzyme
solubility in 99vol% glycerol. It appears that the presence of salts in an essentially nonaqueous medium can mimic an aqueous environment.

Recently, Turner & Vulfson (2000) showed that Candida antarctica lipase (also known
as Novozym 435 of Novo Nordisk) exhibited transesterification activity at 130°C in
near-anhydrous butyl benzene. The reaction was monitored over 60 minutes, at which

around 75% conversion had taken place. From the plot of conversion against time, it
was apparent that the enzyme was still active at this time. It appears from references
cited within Turner & Vulfson (2000) that availability of water is a key factor in
determining the stability of enzymes in organic media. Using an enzyme that remains
active at very low water activities therefore means that higher temperatures can be
explored without inducing rapid denaturation.

In processes that produce water, control of water content (expressed as water activity) is
essential. This has been achieved using salt hydrates (Zaccharis et a l, 1997), and by
circulating saturated salt solutions through silicone tubing immersed in the solvent
(Kaur et a l, 1997; Wehtje et a l, 1 9 9 7 ). Use of water activity in O hOO media is
commonplace. It can be measured easily, being simply the relative humidity of the
equilibrated headspace expressed in decimal form (Bell & Hailing, 19 9 5 ).

As well as the aforementioned activation phenomena, another important advance is the
solubilisation of modified enzymes in non-aqueous solvents by PEG modification
(Inada et a l, 1995) discussed in more detail in Section 2.5.4.2, ion-pairing with
surfactants (Sergeeva et a l, 1997), or formation of enzyme-lipid complexes (Okahata &
Mori, 1997). Solubilities are of the order of 5mg enzyme per ml solvent, but solubility
may be poor in purely aqueous buffers. These preparations are more active in nonaqueous media than lyophilised enzymes, partly due to the removal of diffusion
limitations.

2.2.6: C h a r a c t e r is a t io n

o f so l v e n t s a n d th eir effects

Studies aiming to classify organic solvent systems or to relate solvent properties to the
effects on the enzyme require some way of characterising the medium. Several
parameters have been developed for this, of which the most common are: log P
parameter (Laane et a l, 1987), the Dimroth-Reichardt parameter Ej(30) (Reichardt,
1990), Polarity Index (Gupta et a l, 1997), and water activity aw (Hailing, 1994; Bell et
a l, 1997). Other parameters have been developed, but await further use, including
Denaturation Capacity (Khmelnitsky et a l, 1991), a hydrophobicity parameter H (Torres
et a l, 1996), and naphthalene solubility (Rosell et a l, 1995).
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For characterising the effects of the solvent on the enzyme, structural changes can be
monitored using tryptophan fluorescence (Alam et al., 1998; Kijima et al., 1994) for
AAA/OOO media, while circular dichroism (Kelly & Price, 1997) is effective for all
single-phase media types. Fourier transform infra-red (Fl'lR) is as widely applicable,
and was successfully used by Griebenow & Klibanov (1996). This method requires the
1

"J

use of H20 in AAA/OOO media due to the wide absorption bands of H20 , but this
substitution of water isotope may alter the activity and stability o f the enzyme studied.
While catalytic activity is most often used to quantify the condition of the enzyme, it
must be remembered that in the case of hydrolysis reactions, the increasing favourability
of the reverse reaction with the addition o f solvent makes a contribution to the
deactivation effects. Such an observation has not been incorporated into modelling
efforts so far published.

2 .3 : E x t r e m o p h il e s

a n d t h e ir e n z y m e s

Extremophiles are organisms that inhabit the most extreme of conditions on Earth, i.e.
extreme from the human mesocentric perspective. The most extreme environments have
temperatures of -50°C and 113°C, hydrostatic pressures of 120 MPa, water activities of
0.75, and pH values of 0.5 and 12.0. Extremophiles, like many organisms that have
adapted to specific conditions, are obligate extremophiles and only grow in a narrow
range of temperatures, pH, etc. One hyperthermophile, Pyrolobus fum arii, has a
maximum growth temperature of 113°C but does not grow below 85°C (Huber &
Stetter, 1998). Most extremophiles isolated so far are classified as members of the
archaea, the proposed third kingdom (Woese et a l,

1990) formerly known as

Archaebacteria. This was done on the basis of 16S rRNA sequences (Woese et ah,
1990) and physiology (Eisenberg et al., 1992). A detailed phylogenetic tree was shown
in a recent comprehensive review o f hyperthermophiles (Huber & Stetter, 1998).

Figure 2.1 shows a simplified tree published by Danson & Hough (1998). Archaea have
also been divided into two main groups - Crenarchaeotes and Euryarchaeotes. In the
context of isolated extremophiles, the former comprise of thermophiles while the latter
consist of extreme halophiles and methanogens. Uncultivated archaea exist in the form
of psychrophiles (Preston et a l, 1996) and mesophiles (DeLong, 1997) in addition to the
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isolated halophiles, and thermophiles. Extremophilic methanogens are also known
(Danson & Hough, 1998).
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Figure 2.1: Phylogenetic tree showing the domains Archaea, Bacteria, and Eukarya.
This tree has been constructed from

16S rRNA sequences, hence the term

“phylogenetic”. In this figure obtained from Danson & Hough (1998), the lengths of
branches are a measure of “evolutionary distance”. In the domain Bacteria (also called
Eubacteria), two thermophilic genera are known - Thermotoga and Aquifex. Many
important archaeal genera are also given in the above figure, with the last common
ancestor as the root of the tree.
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Like their host organisms, extremozymes require specific conditions for activity.
Adaptation to extreme conditions means that homologous enzymes generally have the
same order of magnitude of activity and stability (Cowan, 1997), but exhibit these
properties at different temperatures, ionic strengths, etc. There is no defining structural
feature of extremozymes. All enzymes rely on a library of methods for achieving
stability, and extremozymes rely on some methods more than others. Differences in
strategies occur between thermophilic enzymes and halophilic enzymes (for example),
and even between different thermophilic enzymes. While many papers have studied
thermophilic, halophilic, and psychrophilic enzymes in isolation, many reviews have
also tackled extremozyme stability in general (Jaenicke & Zavodszky, 1990; Adams,
1993; Jaenicke, 1991; Daniel, 1996; Daniel et a l, 1996; Vielle & Zeikus, 1996) with
one specifically covering archaeal extremozymes (Danson & Hough, 1998).

Acidophiles and alkaliphiles are also important extremophiles. These organisms possess
enzymes with biotechnological potential, but generally only in the case of their
extracellular enzymes (due to their maintenance of a neutral cytoplasm). Norris &
Johnson (1998) reviewed acidophily briefly, mentioning an acidophilic amylase and
protease. Thermoacidophiles will be treated in this thesis in the context of their
thermophily. Horikoshi (1998) also reviewed alkaliphiles. Their enzymes have received
attention due to applications of alkaliphilic enzymes in the detergent and textile
industry. In general, literature coverage of these two types of extremophile is poor, and
will not discussed in further detail in this chapter.
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2 .4 : E x t r e m o z y m e

s o u r c e s , s t r u c t u r a l f e a t u r e s , a n d t h e ir a p p l ic a t io n in

ORGANIC MEDIA

2 .4 .1 : PSYCHROPHILES

Psychrophiles are organisms adapted to life at temperatures below 15°C, and are
isolated from the Antarctic continent, the Arctic/Antarctic oceans, and the oceanic
abyss. These environments are estimated to represent around 70% of the Earth’s surface
(Aghajari et a l, 1998), but also represent some of the most difficult environments to
sample (both practically and logistically). Isolated (i.e. cultivated) psychrophiles consist
entirely of bacteria and eukarya. The psychrophilic uncultivated archaeon Cenarchaeum
symbiosum, a symbiont of a marine sponge, was identified using total sponge DNA
(Preston et a l, 1996). Psychrotrophs, living between 15 and 30°C, are also of
significance. They have been subjected to more study resulting in part from food
hygiene/preservation issues and their ubiquity.

At low temperatures, mesophilic enzymes lose their activity and can slowly unfold due
to their greater reliance on the hydrophobic effect for folding. The adaptation of
psychrophiles to low temperatures has required that their complement of enzymes
overcome the effects of low temperatures on the hydrophobic effect, catalysis, and
protein flexibility. There are many factors that contribute to this adaptation. While
comprehensive reviews of psychrophilic enzymes have been published (Feller &
Gerday, 1997; Brenchley, 1996; Gerday et a l, 1997; Marshall, 1997), the main
observations in cold adapted enzymes are listed below:

Increased ion-pair content to overcome the reduced contribution to protein folding
by the hydrophobic effect.
A reduction in the number of H-bonds and salt-bridges combined with extended,
highly charged surface loops provide the required degree of conformational
flexibility.
Greater accessibility to the active site helps overcome the reduced diffusivity of
substrates, and the distribution of surface charges in some cases may direct substrate
molecules towards the active site.
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A high Km value has also been reported in a cold-active enzyme (Gerike et a l,
1997). Catalytic efficiency is enhanced by reducing the enzyme-substrate complex
activation energy, but is not necessarily a product of cold adaptation (see below).

High Km values (relative to mesophilic homologues) are common in cold-active
enzymes but, as stated above, have not necessarily resulted from an adaptation to life at
low temperatures. Feller et al. (1996) stated that substrate binding is largely driven by
hydrophobic interactions - the endothermic binding process will be less favourable at
low temperatures. Alternatively, oligotrophism (nutrient limitation) may force a reduced
rate of respiration, reflected in the intracellular metabolite concentration. Km values can
be used as a measure of intracellular metabolite concentration, due to the great influence
of concentration on enzyme activity when in the region o f the Km value (Hochachka &
Somero, 1984).

In several instances, psychrophilic enzymes have been found to have high sequence
identity with thermophilic counterparts. This has been reported with Arthrobacter spp.
citrate synthase (Gerike et al., 1997), Cenarchaeum symbiosum DNA polymerase
(Schleper et a l, 1997), and Aquaspirillium antarcticum MDH (Kim et a l, 1999). This is
an interesting property, although the differences between psychrophilic and thermophilic
enzymes are more complex than the substitution of a number of residues.

At present, there is no published data on the performance o f psychrophilic enzymes in
organic

media.

However,

two psychrotropic

lipases

have

been

applied

to

aqueous/organic and non-aqueous solvents (Tan et al., 1996; Choo et al., 1998).
Pseudomonas strain P38 lipase was used in the synthesis o f the flavour compound butyl
caprylate in n-heptane (Tan et al.,

1996), giving a maximum yield o f 75%.

Pseudomonas strain B l l - 1 lipase was then incubated for 1 hour at 25°C in aqueous
solutions of many solvents (Choo et a l, 1998), and was activated by methanol, ethanol,
DMSO, and DMF. Acetonitrile was found to be a strong deactivator. Another report
detailed the lability of psychrotrophic alanine racemase (Okubo et a l, 1999). Assays of
cells previously treated with solutions of <1% ethanol showed complete inactivation. E.
coli and B. subtilis alanine racemase showed 50% activity after treatment with 5%
ethanol. In relation to food preservation and other issues, this study is valuable since
alanine racemase is essential to growth (whereas the previously characterised citrate

synthase, MDH, and LDH are not). However, this provides additional evidence of the
sensitivity of these enzymes to denaturation.

Despite the lack of data on the application psychrophilic enzymes, studies on peptide
synthesis with mesophilic enzymes have shown that low temperatures favour high yields
due to the reduction in hydrolysis of the acyl-enzyme intermediate (Jonsson et ah,
1 9 9 5 ). In most other processes, that low temperature operation reduces energy

consumption should be a big enough advantage. In addition to the yield enhancement, a
PEG-modified mesophilic lipase dissolved in benzene was found to have a subzero
temperature optimum for activity (Neidleman, 1990). It is not known if this is a property
solely of mesophilic enzymes, resulting for example, from a limited degree of coldinduced unfolding of the protein (a property that psychrophilic enzymes are less
susceptible to). Certainly, psychrophilic enzymes’ higher activity at these low
temperatures affords a reduction in the biocatalyst loading compared to mesophilic
enzymes, further improving the cost factor of the process.

Currently, non-aqueous enzymology tends to focus on activity and stability at high
temperatures, as non-polar solvents for example tend to make enzymes highly
thermostable. The potential shown by cold-active enzymes should now prompt a change
in direction.

2 .4 .2 : H a l o ph il e s

Halophiles inhabit hypersaline environments (>1M salt), and can be isolated from the
Dead Sea, Africa, Europe, USA, and even Antarctic lakes (McMeekin et a l, 1993). Like
thermophiles, they are mainly made up of archaea, followed by bacteria, and eukarya.
The potential of halophiles, and of other enzymes isolated from them has been reviewed
(Ventosa & Nieto, 1 9 9 5 ). While halophiles can possess useful activities including
amylases (Good & Hartmann, 1 9 7 0 ), proteases (Kamekura et ah, 1996; Ryu et ah,
1 9 9 4 ), glycosidases (Holmes et ah, 1997), and lipases (Gonzalez & Gutierrez, 1 970),

many of these have not been investigated or applied. So far, the only halophilic enzymes
known to be commercially available are restriction endonucleases (Ventosa & Nieto,
1 9 9 5 ).
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Uniquely, halophilic archaea accumulate K+ intracellularly for osmoregulation,
requiring adaptation of intracellular and extracellular proteins for activity and stability in
4M KC1 and <5M NaCl respectively (Danson & Hough, 1997). Halophilic eubacteria
and eukarya accumulate compatible organic solutes (metabolites) such as sugars, amino
acids, and ectoines (Ventosa & Nieto, 1995) so their intracellular enzymes are not
halophilic. This feature, however, does allow them to thrive in environments with a
wide range of salinites.

Of all the halophilic enzymes that have been isolated, Haloarcula marismortui malate
dehydrogenase has been the most studied, by Eisenberg, Mevarech, and co-workers.
Their findings have been reviewed in addition to other work on the halophilic
adaptations of proteins (Eisenberg et a l, 1992; Danson & Hough 1998; Danson &
Hough, 1997). The main structural features of halophilic enzymes are described briefly,
below:

A high content (up to 20% of all residues) of aspartic and glutamic acid residues,
found in clusters on the enzyme surface. These attract hydrated counter-ions (K+,
Na+) to the enzyme surface, reducing the surface tension at the protein-solvent
interface, and hence preventing precipitation o f the protein.
Extensive ion-pair networks have been observed. These increase in effectiveness
with increasing salt concentrations. They result in part from the aforementioned
increase in acidic residue content. They are also believed to be responsible for the
stability observed at high temperatures with halophilic malate dehydrogenase (Dym
& Mevarech, 1995) and dihydrolipoamide dehydrogenase (Danson & Hough, 1998).
Fewer strongly hydrophobic residues (tyrosine, tryptophan, phenylalanine) are
found, compensating for the highly salting-out nature of the medium.

As a result of this adaptation, halophilic enzymes rapidly denature and dissociate at
NaCl/KCl concentrations below ~1M, and can be irreversible. This feature, rather than
stability at high salt concentrations, has been proposed as the defining feature of
halophilicity (Bohm & Jaenicke, 1994). This distinguishes true halophilic enzymes from
enzymes such as Thermolysin (a protease from Bacillus thermoproteolyticus rokko),
which is active and soluble at NaCl concentrations up to 4M (Inoyue et a l, 1998) but
does not share the other features of true halophilic enzymes.
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Since salt has the effect of reducing water activity, enzymes from the halophilic archaea
are thought to be important biocatalysts in aqueous/organic and non-aqueous media
(Adams et ah, 1995). The water activity, aw, of saturated NaCl is 0.75 at 25°C
(Hallsworth & Nomura, 1999) - this corresponds to a DMF concentration of 60vol%
calculated by the author using a published model (Bell et ah, 1997). While enzyme
activity can be observed in such aqueous/organic media, it is generally low, and the high
specific activity of halophilic enzymes at such aw values is an important property.
Unpublished work by J.S. Dordick has been reported, where a lyophilised halophilic
enzyme in an unspecified organic solvent system medium retained almost all its aqueous
activity (Flam, 1994). If this can be observed with other halophilic enzymes, they may
become the enzymes of choice for biocatalysis in organic media.

There were two early papers looking briefly at the effects of solvents on halophilic
enzymes (Lanyi & Stevenson, 1969; Baxter, 1959). One of these is the only paper
known to have measured the activity of a halophilic enzyme, Halobacterium cutirubrum
catalase, in the presence of different concentrations of solvents (Lanyi & Stevenson,
1969). Peaking at around 2.5M solvent, glycerol, ethylene glycol, and DMSO resulted in
activation, while all these solvents deactivated bovine liver catalase. Despite little
overall knowledge on these enzymes at the time, the inferences made by the authors on
the nature of these enzymes appear to be consistent with what is now known. Haloferax
mediterranei extracellular protease was studied briefly in AAA media, giving greater
activity in solvents of increasing polarity (Stepanov et ah, 1992). Although reversed
micelles are not covered in detail in this chapter, a phosphatase from Halobacterium
salinarium was used in CTAB/l-butanol/cyclohexane, facilitated by the low salt
concentrations employed (Marhuenda-Egea et ah, 2000). These reports form the only
published work that quantifies the activity of halophilic enzymes in organic media.

The most significant and useful work published to date with halophilic enzymes (with
relevance to application in biotransformations) concerns the application of an
extracellular protease from Halobacterium halobium (Ryu et ah, 1994; Kim & Dordick,
1992; Izotova et ah, 1983) to AAA/OOO systems. While kcat/Km for substrate hydrolysis
reduced by three orders of magnitude from 0 to 33vol%, and 42vol%, DMF (Ryu et ah,
1994) similar to that seen in earlier work (Izotova et ah, 1983) a peak was observed in
the ratio of esterase:amidase kcat/Km values at 32vol% DMF. At this point, the
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protease’s peptide synthetic capacity is at a maximum. When this experiment was
repeated with subtilisin Carlsberg, changes in this ratio were minimal, showing the
halophilic protease’s greater potential for peptide synthesis. Further work showed the
enzyme possessed broad substrate specificity.

DMSO was shown to stabilise the halophilic protease at all salt concentrations, while
tetrahydrofuran and 1,4-dioxane caused destabilisation (Kim & Dordick, 1997). DMSO
protected the enzyme at low salt concentrations, and the salting out capacity of DMSO
was proposed to have a similar effect to salt. Subtilisin Carlsberg was stabilised by
DMSO, THF, and dioxane, and is apparently less sensitive to the salting-out nature of
the solvent. Although combining a salting-out solvent with high salt can be seen to
enhance stability, the salt solubility will place upper limits on the concentrations of
solvents to be used. Immobilisation can reduce the salt requirement o f the enzyme, as
reported by D ’Souza et al. (1997) for Haloferax mediterranei aldolase, and is important
in ensuring that the use of halophilic enzymes with polar solvents is not to be limited by
the salt solubility.

2.4.3: T h e r m o ph il e s

Thermophiles,

extreme thermophiles,

and hyperthermophiles

have

adapted to

environments with temperatures from 50°C to the known upper limit of 113°C (Blochl
et al., 1997). Despite the differing classifications according to the extent of thermophily,
the term thermophiles is often sufficient for general purposes. The environments
colonised by thermophiles include hot springs, fumaroles, geothermally heated soil,
submarine hydrothermal vents, oil reservoirs, and even man-made coal refuse piles. The
deep terrestrial subsurface is now emerging as a new source of thermophiles (Gold,
1992). In many cases, high temperature environments may have a low pH, and the
highest temperatures colonised by microbes are at high hydrostatic pressure.

Thermophiles are largely archaea with two genera of eubacteria (Thermotoga and
Aquifex). Although many fungi exhibit moderate thermophily, the only thermophilic
eukaryote of significance is the polychaeate Alvinella pompejana (Cary et al., 1998). A
resident of hydrothermal vent chimneys (“black smokers”), it is also the most
eurythermal organism known. Comprehensive reviews of isolated hyperthermophiles,
their ecology, and biotechnological potential have been published (Huber & Stetter,
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1998; Baross & Holden, 1996). Sulfolobus is the only genus of obligate aerobic
thermophiles, and almost all others are anaerobic or microaerophilic. Thermophiles have
many nutritional requirements, with anaerobes gaining energy from sulfur reduction and
heterotrophs capable of degrading protein and polysaccharides. They are therefore host
to many useful enzymes (Adams & Kelly, 1998), and with different degrees of
thermophilicity (depending on the growth temperature range of the host). Despite the
high stability of such, it must be pointed out that mesop'hiles have also been known to
produce enzymes with stability similar to thermophilic enzymes, for example the
eubacterial and eukaryotic dihydrolipoamide dehydrogenases (Patel et a l, 1995).
Extracellular enzymes are also more thermostable than expected from their host’s
growth temperature, so that the producing organism obtains the greatest return from the
energy and material expended in its synthesis (Cowan, 1997).

Although there are large differences in operating temperature between mesophilic and
thermophilic enzymes, the difference in the free energy change associated with a
transition from the native to the unfolded state (AAGn->u) between these two classes of
enzyme is small enough to be provided by only a few interactions. Despite this,
thermophilic enzymes employ a large number of stabilising interactions to achieve
stability. The reasons for this are not known. The observations o f high temperature
adaptation are listed below:

An increased content of charged residues, with many participating in salt bridges,
resulting in an increased salt bridge content.
Reductions in internal cavity size
Increased content of hydrophobic inter-subunit interactions
A reduction in the number of thermolabile residues, with steric effects believed to
protect the remaining labile residues.
Lack of disulfide bridges (high temperatures favour free thiols over S-S bridges).

Reduced conformational flexibility is often stated as an important feature of
thermostability. This is true for thermophilic enzymes at mesophilic enzyme
temperature ranges, but not necessarily so for thermophilic enzymes at in vivo
temperatures. The high content of the long-range ionic interactions found in
thermophilic enzymes has been proposed as a mechanism for maintaining conformation
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in the presence of the increased motions of enzymes’ constituent atoms at higher
temperatures (Aguilar et a l, 1997). This appears to be a more realistic proposal, since
homologous thermophilic and mesophilic enzymes often have similar specific activities
as reported earlier in the chapter.

So far, the largest application of thermophilic enzymes has been in PCR (Saiki et a l,
1988) and future large-scale applications may include the production o f hydrogen from
biomass (Woodward et al., 1996; Woodward et al., 1998). The potential o f thermophilic
enzymes in organic media is equally promising, indeed organic cosolvents appear to
have a role in PCR by improving the amplification performance of GC-rich sequences
(Varadaraj & Skinner, 1994).

Two enzymes that highlight the remarkable stability enzymes can have are the cxamylases from Pyrococcus furiosus (Koch et al., 1990) and P. woesei (Koch et al.,
1991). They have very similar properties, the latter enzyme is active from 40 to 130°C,
and retains some activity after autoclaving for 5 hours at 120°C. These enzymes are
probably the most thermostable and thermoactive enzymes known at present.

Thermostability and thermoactivity also confer upon enzymes great resistance to
enzymatic proteolysis (Raia et al., 1995), the effects of detergents (Klingeberg et a l,
1995; Colombo et a l, 1992), and chaotropic agents (Colombo et al., 1992). Organic
solvent resistance is also believed to be concomitant with thermostability, however the
following paragraphs show that at present there is insufficient data in the literature to
prove or disprove this. Owusu and Cowan (1989) looked at protein precipitation in
biphasic (AAO, AOO, and AOA) systems, using thermophilic cell-free extracts and
purified proteases. Some properties of thermophilic enzymes in AAO, AOO, and AOA
systems have been reported (Owusu and Cowan, 1989; Cowan, 1997), but give little
insight into any activity or stability advantages of these biocatalysts in such systems.
Cowan (1997) did

describe

changes

in the enantioselectivity o f sec-alcohol

dehydrogenase induced by solvents including DMSO, DMF, and acetonitrile. Increasing
the solvent concentration tended to increase the selectivity for the R(+) isomer.
However, thermophilic enzymes have been studied mainly in AAA and OOO systems.
Carboxypeptidase (Colombo et al., 1992), proteinase I (Burlini et al., 1992), and malate
dehydrogenase (Guagliardi et al., 1989) from Sulfolobus solfataricus were studied, and
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the latter enzyme showed higher activities in alcohols of increasing polarity. Aquifex
aeolicus aminopeptidase (Khan et a l, 2000) was found to be highly thermostable, and
retained full activity up to 30vol% methanol. Lower activities were seen in ethanol,
MeCN, DMF, and DMSO (in decreasing order). It was least tolerant of THF, propanol
(iso- and n-), and acetone. The authors also reported some data from a mesophilic
aminopeptidase. They found that the thermophilic enzyme had higher activity in
methanol, ethanol, and dioxane than the mesophilic enzyme. While the data given was
too scant to make a full assessment, this is one of the most important papers published
to date on thermophilic enzymes in AAA/OOO media.

Glyceraldehyde-3-phosphate dehydrogenase from Thermus thermophilus HB8 was
activated by acetone and a number of alcohols including ethanol (Fujita et a l, 1976).
Solvents of increasing hydrophobicity gave lower levels of activation. A reverse trend
was found with glutamate dehydrogenase from Pyrobaculum islandicum, appearing to
perform better in less polar solvents (Kujo & Ohshima, 1998). Activation was seen with
many solvents.

No

specific

relationship

was

observed

with

Sulfolobus

solfataricus

alcohol

dehydrogenase (Raia et a l, 1995) but activation was seen with solvents across a range
of polarities i.e. MeOH, EtOH, iPrOH, EtAc, and MeCN, in most cases the activation
remaining after incubation for 72 hours at 50°C.

From the literature data, there appears to be no clear trend between solvent polarity and
enzyme performance with the thermophilic enzymes so far tested. Yet these studies
show that thermophilic enzymes can be highly solvent tolerant and have great potential
when used in organic media. A mutant of kanamycin nucleotidyltransferase that
possessed greater thermostability at 60°C than the wild type enzyme (half-life >60
minutes instead of <0.3 minutes for the wild type) was also found to have increased
resistance to urea, proteolysis, Triton X-100, and the solvents DMF and EtOH (Liao,
1993). The mutant differed only slightly from the wild type enzyme, yet has such
different performance. This work provides further evidence towards the establishment of
a link between thermostability and solvent stability, but the absence of published data
for homologous thermophilic and mesophilic enzymes makes it is difficult to see if there
are any advantages of using naturally-thermophilic enzymes (other than operation at
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high temperature) over mesophilic enzymes. If more information on protein-solvent
interactions were known, even if only for mesophilic enzymes, then it may be possible
to predict how thermophilic enzymes might behave in organic media, and how they may
be used to their best advantage.

Table 2.2 gives an overview of the use of extremozymes in organic media, using the
examples cited previously in this section.

Extremozymes have great potential when applied to organic media, as shown by the
available data. However, the available data is scant, and where extremozymes have been
used in organic media, there have been very few comparisons between them and their
mesophilic equivalents. These two factors limit the depth to which extremozyme
biocatalysis can be analysed at present.

2 .5 : B io t e c h n o l o g i c a l

2 .5 .1 : E n z y m e

im p l ic a t io n s

p r o d u c t io n

Before extremozymes can be exploited on a large scale, there must be economical and
effective means of production. Here, there are two options. One is to express the
enzyme’s gene in a native extremophilic host, e.g. dihydrolipoamide dehydrogenase
(DHLipDH) from Haloferax volcanii has been overexpressed using H. volcanii as host
(Jolley et a l, 1996). However, cultivation of extremophiles is not an easy process. The
low yields, slow growth, and the specialised apparatus required result in a high cost
product that may limit the production of extremozymes using this method. Furthermore,
there is a lack of suitable gene transfer systems and reporter genes for extremophiles,
especially the archaea. A recent report addressed this issue (Sowers & Schreier, 19 9 9 ).
As a result, there has been considerable interest in heterologous gene expression using
hosts such as E. coli.
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Table 2.2: Summary of application of extremozymes in organic solvent systems
System

Enzymes

AAA/OOO

Psychrotropic
Lipase

Reference

Choo et al. (1998)

Halophilic
catalase

Lanyi & Stevenson (1969)

LDH

Baxter (1959)

extracellular protease

Ryu et al. (1994), Stepanov et al. (1992),
Kim &Dordick (1994), Izotova et al. (1983)

Thermophilic

AAO, AOO,
AOA

ADH

Raia et al. (1995)

aminopeptidase

Khan et al. (2000)

carboxypeptidase

Colombo et al. (1992)

MDH

Guagliardi et a l (1989)

GAPDH

Fujita et al. (1976)

GluDH

Kujo & Ohshima (1998)

proteinase I

Burlini et al. (1992)

Thermophilic
Cell-free extracts
sec- ADH

OOO

Cowan (1997)
Cowan (1997)

Psychrotropic
lipase

Tan et a l (1996)

Thermophilic
PEG-hydrogenase

Woodward & Kaufman (1996),
Kim et al. (1999)
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A large number of thermophilic enzymes have been successfully produced by
heterologous expression in E. coli e.g. citrate synthase from Pyrococcus juriosus (Muir
et al., 1995) and glucose dehydrogenase from Thermoplasma acidophilum (Bright et al.,
1993). It appears that expression of themophilic enzymes in E. coli is a straightforward
process, and an advantage is gained during purification by heat-treating the supernatant
(Takesawa et al., 1990; Kirk & Cowan, 1995). At the other end of the scale, only a few
psychrophilic enzymes have been successfully expressed in E. coli e.g. citrate synthase
from an Antarctic bacterium (Gerike et al., 1997) and a-amylase from Alteromonas
haloplanctis (Feller et al., 1998). In both cases the yield of active enzyme was increased
by gene expression at low temperatures (25 to 27°C).

Heterologous expression of halophile genes in E. coli has resulted in two outcomes. The
expression of 3-hydroxy-3-methylglutaryl-coenzyme A reductase from Haloferax
volcanii (Bischoff & Rodwell, 1996) and malate dehydrogenase from Haloarcula
marismortui (Cendrin et al., 1993) resulted in a soluble product which was inactive, and
required reactivation by the addition of salt. This has the added advantage of
precipitating much of the contaminating E. coli protein. However, the expression of
dihydrofolate reductase (Blecher et al., 1993) and dihydrolipoamide dehydrogenase
(Connaris et al., 1999) from Hf. volcanii resulted in the formation of inclusion bodies.
In both cases inclusion body solubilisation and refolding were required to obtain an
active enzyme. The unfolding and refolding of a halophilic enzyme has been studied in
detail (Hecht & Jaenicke, 1989). The author proposes that the use of size-exclusion
chromatography can be applied to the refolding of halophilic proteins, a process that was
developed using non-halophilic proteins by Batas & Chaudhuri (1996). So far, it is not
known if inclusion body formation is the exception or the rule.

Recombinant DNA technology is also crucial to the production of enzymes from
uncultivated or unculturable organisms, which represent at least 99% of the biosphere
(Adams & Kelly, 1998). The potential for obtaining enzymes with useful activities and
stability is clear. An example of this approach is the identification and production of a
DNA

polymerase from the uncultivated psychrophilic archaeon Cenarchaeum

symbiosum (Schleper et al., 1997). Fluorescent In Situ Hybridisation (FISH) is also a
powerful technique, allowing the visualisation of archaea in mixed cultures with
bacteria. It has been possible to identify a thermophilic archaeon with FISH and then
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isolate single cells for enrichment using micromanipulators (Huber et al., 1995).
Alternatively, enzymes can also be identified in the complete genome sequences of
several extremophiles, for example Methanococcus jannaschii (Bult et al., 1996),
Archaeoglobus fulgidus (Klenk et al., 1997), Aquifex aeolicus (Deckert et al., 1998),
Thermotoga maritima (Nelson et al., 1999), Thermoplasma acidophilum (Ruepp et al.,
2000), and Halobacterium sp. NRC-1 (Ng et al., 2000). The genes can be cloned and
subsequently expressed in a suitable host. Several other genome-sequencing projects are
currently in progress including Pyrococcus woesei and Sulfolobus solfataricus P2.

2.5.2: E n z y m e p u r if ic a t io n
For thermophilic and psychrophilic enzymes, normal purification processes can be used
without any modification. Halophilic enzymes provide an extra complication, with their
requirement of high salt concentrations for stability. While glycerol and other solutes
can afford stability in the absence of salt, the increase in viscosity is often unacceptable
(by dramatically increasing the pressure drop over chromatography columns). The
purification methods used (low-salt methods, such as ion exchange and hydroxyapatite
chromatography) inevitably give low yields of pure enzyme from halophilic cell
extracts. However, ammonium sulfate-mediated chromatography (Mevarech et al.,
1976) relies on high salt conditions and has been used to purify halophilic enzymes on a
large scale (Leicht & Pundak, 1981). Immobilised metal-ion affinity chromatography
(Sundquist & Fahey, 1988) is another effective technique, and is compatible with any
NaCl/KCl concentration. Both methods are facile and have the added advantage of
offering high protein yields, even when purifying enzymes from halophile cell extracts.
However, Vuillard et al. (1995) reported a new type of stabilising agent, non-detergent
sulfobetaines (NDSBs). One particular example of this agent, NDSB195 at 1.5M fully
stabilised hmMDH at 0.2M NaCl at 20°C, did not increase the buffer viscosity, and did
not interfere with ion-exchange chromatography.

2.5.3: E n z y m e APPLICATION - BIOTRANSFORMATIONS
Biocatalysis in the presence of organic solvents has already proved to be capable of
synthesising novel compounds, opening up new synthetic pathways. There are many
papers concerning biotransformations in organic media.
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Table 2.3 summarises some novel transformations and important applications of
established reactions such as acylation and peptide synthesis. New ways of exploiting
these pathways are equally significant, such as combinatorial biocatalysis (Michels et
al., 1998).

As has been a common theme throughout this chapter, there is a lack of data concerning
extremozymes in biotransformations in organic media. One example of the synthetic
potential of thermophilic enzymes is in the synthesis of lactosamine under kinetic
control (Li & Wang, 1997). While not performed in organic media, a substantially
higher yield was obtained when the mesophilic glycosidases were replaced with
enzymes from a commercial thermophilic glycosidase library. Fischer et al. (1996) also
reported the synthesis of glycoconjugates using a (3-glucosidase from Pyrococcus
furiosus, using some poorly water-soluble substrates (an AOO system).

In spite of the lack of application of thermophilic enzymes in biotransformations, we
can look at the new methods of application o f mesophilic enzymes for inspiration, with
every chance that extremozymes will enhance the processes in some way.

2.5.4: E n h a n c e m e n t o f e n z y m e p e r f o r m a n c e
Although extremozymes have an inherent stability that may be o f use in the desired
catalytic reaction, it is possible that they may be denatured over a period of time by
certain process conditions and that there is scope to improve their activity/stability. A
number of techniques have been developed for the enhancement o f the performance of
mesophilic enzymes. Few (if any) of these methods have been applied to extremozymes
but are equally applicable. These methods are immobilisation, chemical modification,
complexation, and protein engineering.

2.5.4.1: Immobilisation
Immobilisation is a well-established technique, but it is the new approaches to this area
that are considered here, especially those designed for/applicable to organic media.
Modification of an immobilised enzyme and the support has been achieved such that a
hydrophilised preparation can be produced (Femandez-Lafuente et al., 1998).
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Table 2.3: Significant enzymatic syntheses in organic media

Reference

Example

Peptide synthesis
One-pot synthesis of a pentapeptide

Ruiz et al. (1997)

Synthesis of peptides containing D-amino acids

So et al. (1995)

Glycoconjugate synthesis
Alkyl-(3-D-glycoside synthesis

Vic eta l. (1996)

Synthesis of ethoxylated glycoside esters

Millqvist-Fureby et a l (1998)

Sucrose acylation by biocatalytic plastic

Wang et a l (1997)

Galactosylation of chloramphenicol and chlorphenisin

Schekerman et a l (1997)

Galactosylation of serine methyl ester

Becker & Kuhl (1999)

Miscellaneous
Enhancement of aq. solubility of Taxol by acylation

Khmelnitsky et a l (1997)

Transesterification using chymotrypsin-hydrogel

Novick & Dordick (1998)

Transesterification and acylation by lipases

Schmid & Verger (1998)

Lipase-catalysed ester synthesis

Yahya et a l (1998)
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There is also the possibility of mimicking the enzymes’ natural environment (useful for
interfacial or membrane enzymes). Of the wealth of work on immobilisation, the most
important (with respect to organic media) has been the incorporation of enzymes into
artificial polymers. Biocatalytic sugar-based hydrogels prepared chemoenzymatically
(Novick & Dordick, 1998) were active in organic media. Enzymes have been co
polymerised with methyl methacrylate and styrene monomers, yielding highly active and
stable preparations for catalysis in organic media (Wang et al., 1997). Other applications
of these “biocatalytic plastics” were explored by Dordick et al. (1998), while Novick &
Dordick (2000) studied the effects of varying polymer chemistry on their activity. This
is one of the major advances that have been made in non-aqueous enzymology.

Similar work on incorporating enzymes into polymers has been reported (Ito et al.,
1993; Yang et al., 1995a; Yang et al., 1995b). Alternatively, the use o f protein
monolayers has been proposed for use in AAA/OOO systems (Nicolini, 1997). This
method has given mesophilic enzymes melting temperatures of up to 200°C and may
afford some level of stabilisation in organic media.

Stability advantages aside, immobilisation also affords protection against aggregation
and ensures that solvent-denatured enzyme can be reactivated. This has been performed,
with several cycles of denaturation-reactivation (Soler et a l, 1997). Without thermal
degradation of the enzyme, reactivation can be total (i.e. 100% recovery of activity).
Such recycling is important to large-scale processes, and smaller-scale processes using
more expensive biocatalyst.

2.5.4.2: Chemical modification
Perhaps the two most effective ways o f chemically modifying enzymes to improve their
performance in organic media involve PEG modification, or PEGylation (Inada et al.,
1995), and the chemical cross-linking o f small enzyme crystals.

PEGylation of proteins can overcome one major limitation of other non-aqueous
biocatalysis - bringing together substrate and enzyme. PEGylated proteins can perform
homogeneous catalysis in organic media. Only lipid- and surfactant- coated enzymes
have the same property. PEGylation also improves aqueous stability, but chemically
modified enzymes often have limited or negligible aqueous solubility. Chemical
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modification with smaller molecules also appears to have striking effects on an
enzyme’s performance. Miland et al. (1996) found that acetylated horseradish
peroxidase was more stable than the native enzyme in the presence of DMF, THF, and
MeOH. The authors stated that the charge neutralisation effect of the acetylation
increased the enzyme stability.

One significant advance that has attracted commercial interest is cross-linked enzyme
crystals (CLECs). Small enzyme crystals, while unsuitable for X-ray diffraction, are
ideal for biocatalysis since their high surface area per unit volume allows good diffusion
of substrates/products through the crystal channels to/from the enzyme active sites,
respectively. Prepared crystals are cross-linked with glutaraldehyde and can be dried by
lyophilisation or washing with solvents. Cross-linking stabilises the crystals in the
absence of mother liquor and imparts great resistance to denaturation. It has been
reported that CLECs of thermolysin are active and stable in polar solvents saturated with
Li Cl (Persichetti et al., 1995), a medium known for its enhanced solubility of peptides
relative to water (Seebach et al., 1989).

2.5.4.3: Non-covalent modification
Another significant advance in enhancing enzyme performance has been in forming
complexes of enzymes with the poly-ionic species polybrene (hexadimethrine bromide),
a polymer already widely used in protein N-terminal sequencing processes. When a chymotrypsin (CT) was complexed with polybrene (Gladilin et al., 1995), the levels of
activation normally seen with uncomplexed CT in 20vol% ethanol and 10vol% DMF
were increased more than twofold. The solvent concentration required for full
inactivation was also increased by a factor of nearly two. When more negative charges
were introduced into the enzyme surface through chemical modification, CT was
soluble and active in 95vol% ethanol and the activation at 20vol% ethanol was
increased threefold over uncomplexed CT (Kudryashova et al., 1997). The effect of
dielectric constant reduction induced by adding the miscible solvents enhances the
electrostatic interactions between the poly-ion and enzyme. The author proposes that
this method could be applied to halophilic enzymes, as these enzymes have a high
surface negative charge. This could enable them to be less dependent upon salt for
activity and stability, and may prove to be useful in their purification, and their
exploitation in the presence of organic solvents.
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2.5.4.4: Protein engineering
Much research is concerned with modifying enzyme structures to give enhanced
properties. Much research investigating the stability mechanisms of thermophilic
enzymes aims to develop protein engineering methodologies to confer thermophilicity
upon mesophilic enzymes. While this has not been successful, it has been reported that a
thermophilic protein was given hyperthermophilic stability - including a higher
resistance to denaturants and proteases - without loss of activity (Van den Burg et al.,
1998). Despite such advances in the field of protein engineering, it should be noted that
using a thermophilic enzyme initially precludes the need to engineer thermostability.

Protein engineering of enzymes for biocatalytic functions can be achieved through either
rational protein design or random mutagenesis (i.e. directed evolution). The former
requires an enzyme structure from which to make the rational changes. On the other
hand, directed evolution of the enzyme (through sequential rounds of mutagenesis
followed by selection or screening) only requires the enzyme gene. Recent results that
illustrate the potential of the evolutionary approach include: increasing the temperature
stability of Bacillus subtilis p-nitrobenzyl esterase (Giver et al., 1998); increasing 50fold the half-life of subtilisin E at 65°C (Zhao et al., 1998) and improvement of its
activity in DMF (You et al., 1996). Arnold (1998) has reviewed the use of directed
evolution in protein engineering.

2 .6 : C o n c l u s i o n s

Extremozymes have only recently attracted significant industrial interest. Most work to
date has been particularly focused on unravelling the structural features responsible for
their remarkable properties. While the industrial application of extremozymes currently
lies solely in the field of molecular biology, this provides a clear example of the
contribution these enzymes can make to the development of new and valuable
technologies. The wealth of information that exists on the use of mesophilic enzymes in
organic solvents will be required to facilitate the development of new extremozymebased biocatalytic processes.
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Presently, there is a lack of data concerning the properties of extremozymes in organic
media e.g. activity, stability, enantioselectivity, etc. As catalysts in biotransformations,
very few papers have been published despite the interest in these enzymes and the
widely held belief that they are more active and stable in organic media than their
mesophilic counterparts. Aqueous-organic media studies of extremozymes have been
published as part of the enzyme characterisation, but not with the aim of promoting the
wider use of extremozymes in organic media. However, there is no clear picture from
the literature of the relative activities and stabilities o f thermophilic and mesophilic
enzymes in organic media of various types. Further research also needs to be focussed
towards understanding the interactions of organic solvents and enzymes. Such an
understanding will ultimately lead to optimisation of their performance using the
techniques reviewed in this chapter. As first outlined in the Introduction to this thesis,
there is also substantial scope for the isolation of new extremophile and extremozyme
biocatalysts.

This review of the literature has shown the potential o f extremozymes in organic media,
but it is clear that they have yet to be put to the test in a number o f forms of organic
media. Many of the techniques that enzyme technology has to offer have also yet to be
exploited in the application of- and search for- extremozymes. This thesis aims to
address some of these issues.

Firstly, the activity and stability of extremophilic forms of the enzyme citrate synthase
were studied in aqueous-organic media. The aim of these experiments was to establish
any advantage, in terms of their activity and/or stability in aqueous-organic media, of
using thermophilic (Chapter 4) or halophilic enzymes (Chapter 5) instead of their
mesophilic and psychrophilic counterparts. In these activity studies, the activities of the
citrate synthases were studied as a function of the concentration o f three water-miscible
solvents

(dimethylsulfoxide,

N,N-dimethylformamide,

and

glycerol).

Solvent

concentrations of up to 70vol% were used in such experiments, at temperatures
appropriate for the given enzyme. The effects of temperature, enzyme purity, and ionic
strength on the activity o f selected extremophilic citrate synthase in the presence of the
solvents were also explored. These are important variables that may be useful in
improving enzyme activity or stability in aqueous-organic media. As an aid to the
analysis of the results, the solvent concentrations used in these activity experiments
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were converted into water activities using a thermodynamic model obtained from the
literature. Finally, the stability of the enzymes was explored in aqueous-organic media
containing up to 30vol% solvent, in experiments designed to complement the activity
studies.

The next part of the thesis, Chapter 6 , aimed to apply some of the results gained in the
previous work. The performance of thermophilic enzymes in organic media was to be
exploited in a novel biotransformation reaction. Few examples of such a process exist in
the literature, so the aim of this experiment was to establish thermophilic enzymes as
potential high-performance biocatalysts for use in organic media. To generate sufficient
quantities of the selected enzyme for these reactions, and to facilitate purification, its
gene was to be cloned and over-expressed in E. coli. The enzyme selected was a Pglycosidase from the thermoacidophile Sulfolobus shibatae, because of its expected
broad specificity and potential for synthesising novel sugar-based compounds. A novel
process for preparing a sugar/amino-acid conjugate was proposed. The gene cloning
process is reported in this thesis.

The final part of the thesis, Chapter 7, was mainly performed in the Antarctic, and
highlights the potential of uncultivated organisms for providing new biocatalysts. While
some research efforts are aimed at improving the performance of enzymes through
engineering the enzyme molecules themselves, the approach presented in this thesis
involves using the untapped resource simply for finding an enzyme with the desired
characteristics. A comparison of the molecular and microbiological methods that can be
used for finding new biocatalysts is presented. Such methodologies can be applied to
any environment.

36

CHAPTER 3

MATERIALS AND METHODS

3 .1 : I n t r o d u c t i o n

This chapter describes the materials and experimental methods used in an order that
follows closely that of the laboratory work. Starting with a list of the general chemicals
used in experiments (Section 3.2), the chapter then covers the microorganisms,
plasmids, and culture media used (Section 3.3). Section 3.4 covers the cultivation of the
microorganisms and the preparation of cell-free extracts used for enzyme assaying and
purification. The purification of citrate synthase and dihydrolipoamide dehydrogenase
from cell-free extracts of recombinant E. coli strains is reported in Section 3.5. Section
3.6 details the methods used for the identification o f p-galactosidase activity in
extremely halophilic archaea, then Section 3.7 details the methods for cloning the gene
encoding a thermophilic archaeal p-glycosidase. The methods employed in the study o f
Antarctic sponge-associated microorganisms (Section

3.8) and the isolation of

meltwater pond bacteria (Section 3.9) follows. The remainder of the chapter (Section
3.10) describes the analytical techniques used, including enzyme activity assays, error
analysis, electrophoretic methods, DNA sequencing, and calculation o f thermodynamic
water activity.

3 .2 : G e n e r a l c h e m i c a l s

Table 3.1 lists all general chemicals used, together with the suppliers, catalogue
number, and purity/grade. This table comprises all chemicals used in experiments and
analytical work, except components of kits and pre-prepared commercial reagents.
Organic solvents were used without further purification or drying. Due to its high
viscosity, glycerol was dispensed by weight using the supplier’s density value of
1.26g/ml at 20°C (BDH). Water for enzyme studies was purified by an Elgastat Reverse
Osmosis system (Elga, High Wycombe, UK), while ultra pure water for molecular
biology was prepared using a Millipore Elix 3 system (Millipore, Watford, UK). Glassdistilled water was used for preparing all growth media.
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Table 3.1: Chemicals list

Supplier

Cat. No.

Purity (%)
or grade

BDH
N/A
Oxoid
Helena Biosciences
Fisons
Sigma
BDH
Sigma
Sigma

A/0400
N/A
CM3
8201-03
A/3920
A4418
10033
A9518
A1685

>99.7
N/A
N/A
Mol. Biol.
>99.5
Mol. Biol.
>99.5
>98
>99

Sigma
BDH
Sigma

B6755
27410
B7021

>99
>99.5
ACS reageni

C
Calcium chloride dihydrate
Carbenicillin, disodium salt
Chloroform
Cobalt sulfate heptahydrate
Coenzyme A, free acid
Coenzyme A, lithium salt
Copper chloride dihydrate
Copper sulfate pentahydrate

Sigma
Sigma
Aldrich
Fisons
Sigma
Sigma
BDH
Fisons

C3881
C1389
27, 063-6
N/A
C4282
C3019
10088
C/8520

approx. 99
N/A
99.9
N/A
90-95
approx. 95
>98
N/A

D
DMF
DMSO
DMSO
DTNB
DTT

Fisons
Fluka
Sigma
Sigma
Sigma

D/841/08
N/A
D8779
D8130
D0632

>99.5
N/A
ACS, >99.9
N/A
>98

E
Ethanol, 96vol%
Ethidium bromide
EDTA, free add

BDH
Sigma
Sigma

10476
E1510
E9884

93.8-94.7 w/v
N/A
>99.4

F
FAD

Sigma

F6625

>94

G
Gelrite Gellan Gum
Glutathione, reduced form (GSH)
Glutathione, oxidised form (GSSG)
Glycerol
Glycine
Guanidine hydrochloride

Sigma
Sigma
Sigma
BDH
Sigma
Sigma

G1910
G4251
G4376
24387
G8898
G3272

N/A
>98
approx. 98
98%, 1.26g/m
99%
>99

Chemical Name

A
Acetic acid, glacial
Acetic Anhydride
Agar, Nutrient
Agarose
Ammonium chloride
Ammonium sulfate
Ammonium sulfate
Ampicillin
t-Amyl alcohol

B
Bis Tris Propane
Boric acid
Bromophenol blue, sodium salt
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Table 3.1: Chemicals list continued

Supplier

Cat. No.

Purity (%)
or grade

BDH

28507

N/A

Sigma
BDH
Sigma Diagnostics
Sigma

12399
28400
405-7
16758

99
>99.5
N/A
N/A

L
Lactose
N-Lauroyl sarcosine (sarkosyl)
Lauryl sulfate, sodium salt (SDS)

Fisons
Sigma
Sigma

L/0200
L5/25
L3771

N/A
>97
approx. 99

M
Magnesium chloride, hexahydrate
Magnesium sulfate, anhydrous
Manganese chloride, tetrahydrate
p-Mercaptoethanol
Methanol

Sigma
Sigma
BDH
Sigma
BDH

M0250
M7506
10152
M3148
29/92

>99
>99.5
>99
>98
>99.5

N
Nalidixic acid, free ad d
P-NAD
oNPGal

Sigma
Sigma
Sigma

N8878
N1511
N1127

N/A
approx. 99
N/A

O
OAA

Sigma

04126

approx. 98

P
Peptone, N-Z-Soy
PMSF
Phytagel (Gellan Gum)
Potassium chloride
di-Potassium hydrogen orthophosphate
Potassium hydroxide

Sigma
Sigma
Sigma
Sigma
Fisons
BDH

P1265
P7626
P8169
P4504
P/5240
10210

N/A
>99
N/A
>99
>98.5
>85

Chemical Name

H
Hydrochloric acid, 35-37wt%
I
Imidazole
Iron (II) sulfate
Isopropanol, anhydrous
IPTG, dioxane-free

J
N/A
K
N/A

Q
N/A
R
N/A
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Table 3.1: Chemicals list continued

S u p p lie r

Cat. No.

Purity ( % )
or grade

Sodium acetate
Sodium azide
Sodium chloride
Sodium citrate
Sodium hydrogen carbonate
Sodium hydroxide
Sodium molybdate
Sodium perchlorate, anhydrous
Sodium tetraborate, anhydrous
Sucrose

BDH
Fisons
Sigma
BDH
BDH
Sigma
BDH
Sigma
BDH
Sigma

10236
N/A
S7653
10242
301515
S5881
10254
S1513
33021
S0389

>99
>99%
>99.5
>99

Tris hydrochloride
Tris base
Tryptone
Triton X-100
DL-6,8-Thioctic acid amide
L-Tryptophan

Sigma
Sigma
Sigma
Sigma
Sigma
Fluka

T3253
T6791
T7293
T9284
T5875
93659

reagent grade
>99.9
N/A
SigmaUltra
99-100
99.50%

U
Urea

Sigma

U0631

SigmaUltra

Aldrich

N/A

N/A

X
X-Gal

Sigma

B4252

>98

Y
Yeast Extract
Yeast Extract

Sigma
Sigma

Y0875
Y4250

N/A
N/A

Zinc sulfate heptahydrate

Fisons

Z/1550

>98.5

Chemical Name

Vanadyl sulfate dihydrate

>98
99.5
99
>98.5
>99

W
N/A

Suppliers addresses
Aldrich
BDH
Fisons
Fluka
Helena Biosciences
Sigma
Oxoid

c/o Sigma-Aldrich Company Ltd, Poole, UK
Poole, UK
N/A
c/o Sigma-Aldrich Company Ltd, Poole, UK
Sunderland, UK
c/o Sigma-Aldrich Company Ltd, Poole, UK
Basingstoke, UK
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3.3: S t r a i n s ,

p l a s m i d s , a n d c u l t u r e m e d ia

3.3,1: B a c t e r ia l

3 .3.1.1:

a n d a r c h a e a l s t r a in s

Recombinant

E.

coli

for

the

production

of

citrate

synthase

and

dihvdrolipoamide dehydrogenase
The strains for extremophilic citrate synthase production were obtained as glycerol
stocks (stored at -70°C ) from the Centre for Extremophile Research, University of
Bath. They are listed below:

Arthrobacter sp. citrate synthase (DsCS): E. coli W620 pRCS12
Thermoplasma acidophilum citrate synthase (TpCS): E. coli MOB154 pCSEH19
Sulfolobus solfataricus citrate synthase (ssCS): E. coli JM109 pREC7
Pyrococcus furiosus citrate synthase (PfCS): E. coli JM109 pREC7

Haloferajc volcanii citrate synthase (hvCS): E. coli BL21 (DE3) pET-3a
H f volcanii dihydrolipoamide dehydrogenase (hvDHlipDH): E. coli BL21 pET-3d

Additional stocks of E. coli MOB154 pCSEH19 (TpCS) were prepared using a frozen
stock o f the plasmid pCSEH19 as described in Appendix 1.

3.3.1.2: Extremophile microorganisms for the production of B-glvcosidase
All extremophile microorganisms were obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen, DSMZ, (Braunschweig, Germany) and supplied in
freeze-dried form in double-vial glass ampoules. The cultures were stored at 4°C until
needed, and re-hydrated using the appropriate growth media listed in Section 3.3.3. The
following Archaea (Type strains) were obtained, listed with their DSM identification
numbers in parentheses: the extreme halophiles Halobacterium salinarium (DSM
3754), Haloferax mediterranei (DSM 1411), Halorubrum saccharovorum (DSM 1137),
and Halococcus saccharolyticus (DSM 5350), and the extreme thermophile Sulfolobus
shibatae (DSM 5389).

3.3.1.3: E, coli for transformation experiments
E. coli JM109 was first used as the host for transformation experiments during the
cloning of a gene encoding a thermophilic p-glycosidase, packaged into the pET-3a
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system (Novagen, Madison, WI, USA). This strain of E. coli does not have an
endogenous (3-gal activity (essential for blue/white screening and recombinant fl-Gly
expression). E. coli JM109 was cultured overnight on LB/X-Gal but no blue stain was
observed, confirming the absence of |3-Gal activity. Competent cells of E. coli JM109
(Promega, Southampton, UK) were prepared from stock LB-agar cultures and
transformed as described in Section 3.7.12.

Later experiments used this strain as a host for pGEM-T Easy vectors containing
archaeal 16S rDNA inserts, prepared in Antarctica. “High Efficiency JM109”
(Promega) competent cells were used according to the manufacturer’s instructions.

3.3.1.4: Bacteria isolated from a meltwater pond on the McMurdo Ice Shelf, Antarctica
Samples were taken from meltwater ponds o f the McMurdo Ice Shelf, Antarctica, at
Bratina Island during a survey of the environment. Bacteria were isolated from a sample
taken from Salt Pond, located at 78° 00.966”S, 165° 32.866”E. The sample was denoted
BRTsl. It consisted of sediment taken from the pond shallows with some overlying
water containing clusters of sodium sulfate crystals. Bacteria were isolated from the
aqueous fraction. The location of the sampling and survey sites were determined using a
Magellan Global Positioning System (GPS) receiver.

Sampling was performed using sterile polypropylene tubes. Taking care to avoid
excessive damage and contamination of the pond with exogenous organisms, sediment
was scooped into the tube and the remaining volume was allowed to fill with the
overlying water. Some sodium sulfate crystals were also collected. This sample was
denoted BRTsl. Another tube of mainly sediment (with some water, but no crystals)
was also collected and denoted BRTs2. This sample, and a similar sample from the
freshwater Conophyton Pond (denoted BRTcl), do not feature further in this thesis. The
tubes were transported to the McMurdo Station in an insulated carrier. Upon return to
the Crary Science and Engineering Center, at the McMurdo Station, the tubes were
stored in the dark at 4°C (in a cold room) for approximately two weeks. On later
inspection, the salt crystals in BRTsl were found to have dissolved. The samples were
frozen by immersion into liquid nitrogen for transport to the UK. The samples were
transported in dry ice, and stored at -70°C upon arrival in the UK. BRTsl was later
stored at -20°C during the isolation of bacteria, before returning to -70°C.
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3.3.2: P l a sm id s
The vector pET-3a was selected for the cloning and over-expression o f a gene encoding
a (3-glycosidase from the thermoacidophilic archaeon Sulfolobus shibatae. The ligation
o f bgaT into Nde/- and Bam///-digested pET-3a formed the putative plasmid pGSl.
Since the vector and bgaT sequences were quoted in different orientations, the bgaT
sequence was reverse-complemented in order to fit into the double-digested pET-3a
sequence, resulting in the map for the putative 6101bp plasmid.

pGEM-T Easy (Promega) was used for packaging the 16S rDNA fragments amplified
from archaeal DNA extracted from two o f the Antarctic marine sponges analysed. The
plasmids isolated were designated according to the sponge from which the DNA
originated, the ligation reaction that yielded them, and the clone that hosted them. The
general assignation for the vector-insert combination is pSAxx. The assignations for
each plasmid isolated are given in Table 3.2 below:

Table 3.2: Classification o f sequenced plasmids containing Antarctic archaeal 16S
rDNA inserts

Sponge sample

Ligation

Clone no.

Plasmid name

insert:vector

B1

2 :1

1

pSA121

B1

2 :1

4

pSA124

B1

2 :1

5

pSA125

B3

2 :1

4

pSA324

3.3.3: MEDIA FOR MICROBIAL ISOLATION. MAINTENANCE, AND CULTIVATION
Table 3.3 gives an overview of the culture media used, and the microorganisms
cultivated. The media are applicable to both liquid and solid culture, except those
supplemented with the chromogen X-Gal (X-Gal was only used in selected solid
media). Further details on the media preparation can be found in Sections 3.3.3.13.3.3.4.

43

Table 3.3: Summary of media used for cell cultivation

M edium name

Organism/s cultivated

M edium reference

LB

E. coli K12,

Sambrook et al. (1989)

E. coli JM109
LB/X-Gal

E. coli K12

Sambrook et al. (1989)

LB/Amp

recombinant E. coli JM109

Sambrook et al. (1989)

LB/Amp/X-Gal

E. coli JM109 pSAxxx

Sambrook et al. (1989)

18% SW MGM

Hb. salinarium,

Dyall-Smith et al. (1999)

H f mediterranei,
Hr. saccharovorum,
25% SW MGM

He. saccharolyticus,

Dyall-Smith et al. (1999)

18% SW minimal 1

Hf. mediterranei

Dyall-Smith et al. (1999)

18% SW minimal 2

He. saccharolyticus

Dyall-Smith et al. (1999)

FSW

Antarctic eubacteria

Gerhardt etal. (1994)

Marine Agar 2215

Antarctic eubacteria

Gerhardt et al. (1994)

T 8 a (tryptone)

S. shibatae

Robb et al. (1995)

T 8 b (sucrose, yeast extr.) S. shibatae

Robb et al. (1995)

T 8 a/X-Gal

S. shibatae

Robb et al. (1995)

T 8 b/X-Gal

S. shibatae

Robb et al. (1995)

3.3.3.1: Recombinant E. coli
Recombinant E. coli was cultivated in Luria Bertani (LB) medium. This consisted of
lOg tryptone, 5g yeast extract, and lOg NaCl per litre, as described in Sambrook et al.
(1989). The pH was then set to 7.2 with 4M KOH. For solid media, 14g nutrient agar
was then added for every litre of medium. The medium was then autoclaved at 121 °C
(14.7 psig) for 15 minutes. When cultivating E. coli strains harbouring plasmids, the
sterile medium was supplemented with ampicillin to give a final concentration of
lOOpg/ml when the medium had cooled to below 60°C, forming the medium denoted
LB/Amp. LB/Amp/Agar was poured into 90mm-diameter sterile Petri dishes. These
were stored at room temperature overnight (or for several hours at 37°C) to allow
excess water evaporation before storage at 4°C. Agar plates o f all the strains were
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prepared from the glycerol stocks described in Section 3.3.1.1, by inoculating with ice
crystals removed from the surface of the frozen culture using a sterile loop.

3.3.3.2: Extremely halophilic archaea
As recommended by DSMZ (the suppliers of the halophiles), Haloferax mediterranei,
Halorubrum saccharovorum, and Halobacterium salinarium were used with DSMZ
medium 97, while Halococcus saccharolyticus was used with DSMZ medium 372.
These were prepared according to the recipes supplied by DSMZ. In these media, Hf.
mediterranei, Hr. saccharovorum, and Hb. salinarium grew poorly on agar plates (but
did form turbid liquid cultures), but He. saccharolyticus required several weeks of
incubation before small colonies were seen. Hf. mediterranei was cultivated in DSM 97
medium, modified to use 0 .8 % (w/v) lactose as a carbon source, 0 . 1 % (w/v) yeast extract
as a nitrogen source, and 0.1M MES as a buffer. This was initially used to confirm the
ability of this halophile to use lactose as a carbon source. Solid DSM medium 97 was
also prepared in a similar way with 1.2% (w/v) lactose and 40pg/ml X-Gal.

New growth media were needed in order to obtain good solid-media growth. As a
result, the “Modified Growth Medium” (MGM) and “Minimal Medium 1” reported by
Dyall-Smith et al. (1999) were used. The basal medium was prepared from a solution of
artificial concentrated seawater (SW) with a total salt content o f 30% (w/v). Each litre of
prepared SW contained 240g NaCl, 30g MgCl2-6 H 2 0 , 35g MgS 0 4 -7 H2 0 , and 7g KC1.
The pH was adjusted to 7.4 with 1M Tris-HCl (pH

8 ),

and the SW sterilise by

autoclaving at 121 °C for 15 minutes.

For general purposes, 18% and 25% SW MGM was used, and was prepared as by
adding 367ml water, 5g peptone, and lg yeast extract to 600ml 30% SW as directed by
Dyall-Smith et al. (1999). The pH was adjusted to 7.5 with 1M Tris-HCl (pH 8 ) or with
4M KOH. The medium was then autoclaved at 121°C for 15 minutes. To test the ability
of halophiles to grow on lactose as a sole carbon source, 18% Minimal Medium 1 was
used. 322ml distilled water was added to 600ml 30% SW, and the solution autoclaved at
121°C for 15 minutes. When it had slightly cooled the following was added to complete
the medium: 20ml 1M Tris-HCl (pH 7.5), lactose (2g, 5g, or 12g) in 50ml water, 5ml
1M NH 4CI, 2ml 0.5M K2HPO4 (pH 7.5), 1ml trace elements solution. All solutions
except the trace elements solution were autoclaved at 121°C for 15 minutes before
addition. In preparing the trace elements solution, the following were added to 100ml
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water: 36mg MnCl2-4H20, 44mg ZnS 0 4 -7 H 2 0 , 230mg FeS 0 4 -7 H 2 0 , 5mg CUSO45 H 2O.

A few drops of 4M aq. HC1 were added to keep the salts in solution. The solution

was then filter sterilised (0.2pm). 15g agar per litre o f medium was added when
preparing solid media and poured into sterile 90mm plastic Petri dishes. A minimal
medium based on the DSM 97 medium was also used. The yeast extract concentration
was reduced to 0.1% w/v, and lactose was added to 1.2% w/v. This was also solidified
with agar. 40pg/ml X-Gal was present for the chromogenic screening of halophiles for
P-galactosidase activity.

The salt content of the “Modified Growth Medium” or “Minimal Medium 1” depended
on the halophile to be cultured. 18% SW medium was used to cultivate Hf. mediterranei
and Hf. saccharovorum, while 25% SW medium was used for Hb. salinarium and He.
saccharolyticus (Hb. salinarium could grow at 18%, but more slowly than at 25%; for
practical purposes, He. saccharolyticus can be regarded as unable to grow at 18%)

3.3.3.3: The extremely thermophilic archaeon Sulfolobus shibatae
The medium used for cultivating S. shibatae was a general Sulfolobus medium recipe
reported by Robb et al. (1995). The basal medium is referred to as T8 in this thesis. T8a
and T8b refer to the basal T8 media used with different carbon and nitrogen sources.
The medium contained the following quantities in one litre: either 2g tryptone (for T8a),
or 2g sucrose and lg yeast extract (for T8b), with the remainder of the medium
consisting of 1.3g (NH4)2S 0 4 , 0.28g KH2P 0 4 , 0.25g M gS04.7H20 , 0.07g CaCl2.2H20 ,
F eS04.7H20 , 1.8mg MnCl2.4H20 , 4.5mg Na2B4O7.10H2O, 0.22mg ZnS04.7H20 ,
0.5mg CuC12.2H20 , 0.03mg NaM o04 , 0.03mg V 0 S 0 4.2H20 , O.Olmg C oS04.7H20 .
The latter five compounds were made up in a 2000x concentrate in 50ml water. When
dissolved in water at neutral pH, this solution was black and opaque. Acidification with
a few drops of

1M

H2SO 4 resulted in complete dissolution of the salts (with no

precipitation over time), yielding a transparent lime-green solution. 500pl of this
solution was added to every litre of medium. The pH of the medium was set to 3.5 with
1M H 2SO 4 before autoclaving at 121°C for 15 minutes. For T 8 b, a solution of 20% (w/v)
sucrose was autoclaved separately. A small amount o f precipitation of medium
components occurred during autoclaving, but was re-dissolved after cooling with brief
agitation.
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3.3.3.4: Bacteria isolated from a meltwater pond on the McMurdo Ice Shelf, Antarctica
The bacteria to be isolated from Salt Pond were thought to be of marine origin, or
capable of growth at marine salinity. This determined the growth media to be used for
isolation trials. Initial subcultures of the Antarctic sample were performed using a
natural seawater medium solidified with agar. Seawater was collected from the UK and
vacuum-filtered with a 0.45pm membrane (Whatman). As in the recipe given in
Gerhardt et a l (1994) for an artificial seawater medium, natural seawater was
supplemented with peptone, yeast extract, and nutrient agar to 0.5%, 0.1%, and 1.5%
(all w/v) respectively. This medium was denoted FSW/Agar. The pH was set to 8.3 after
adding agar (to counter the small pH drop upon adding the agar) and autoclaved at
121°C for 15 minutes. A precipitate formed during autoclaving and this was allowed to
settle. The plates were poured, and the bottom fraction containing the precipitate was
discarded. When set, the chilled plates were inoculated by applying the sample to the
plate surface and spreading with an ethanol-flamed glass rod, or streaked using the
normal method.

For strain purification, isolates were sub-cultured onto plates of Marine Agar 2216
(Difco Laboratories/Beckton Dickinson, Sparks, MD, USA), prepared in accordance
with the manufacturer’s instructions. The composition of the medium (excluding agar)
was reported by the manufacturers as follows (with masses of hydrated salts per litre,
unless stated otherwise): peptone 5g, yeast extract lg , Fe-citrate O.lg, NaCl 19.45g,
M gS0 4 (anhydrous) 5.9g, N aS0 4 3.24g, CaCl2 1 .8 g, KC1 0.55g, NaHCOs 0.16g, KBr
0.08g, SrCl2 34mg, H 3BO 3 22mg, Na-silicate 4mg, NaF 2.4mg, NH4 NO 3 1.6mg,
Na 2H P0 4

8 mg.

40pg/ml X-Gal was used for P-galactosidase activity screening, using

plates prepared from Marine Agar 2216 (no pH adjustment).

3 .4 : C u l t i v a t i o n

o f m i c r o o r g a n is m s a n d p r e p a r a t io n o f c e l l - f r e e e x t r a c t s

3.4.1: R e c o m b in a n t

a n d n o n - r e c o m b in a n t

E. c o l i

s t r a in s

When cultivating up to 250ml E. coli strains for the production of recombinant
enzymes, LB medium was placed in a 500ml baffled shake flask. The neck was sealed
with a foam plug, the flask top covered with aluminium foil, and sterilised by
autoclaving. For recombinant strains, a sterile-filtered 25mg/ml ampicillin solution was
added to the medium to give a final concentration of lOOpg/ml, once the medium had

47

cooled to room temperature (20-25°C). After inoculation from a flame-sterilised wire
loop, the strain was cultivated in a shaking incubator at 140 rpm, 37°C.

However, when preparing competent E. coli JM109 for transformation, the protocol
reported by Sambrook et al. (1989) was followed. 100ml of LB medium was placed in a
1000ml flask and autoclaved at 121°C for 15 minutes. The use of a low medium volume
in a large flask ensured good aeration of the medium during cultivation. The antibioticfree medium was inoculated and incubated at 37°C, with agitation at 225 rpm, for

6

hours. The culture was divided equally between two sterile 50ml polypropylene tubes,
and cooled in an ice bath for 10 minutes. Sterile 0.1M CaCH was also cooled in an ice
bath. The two 50ml aliquots were centrifuged at 4000 rpm for 10 minutes in a Jouan B4i
centrifuge with a Jouan AB50.10 rotor. The supernatant from each tube was decanted
and replaced with 2ml of the ice cold 0.1M CaCL solution. The cells were then gently
resuspended. The tubes were stored at 4°C and used after a period of 12-24hrs.
Sambrook et al. (1989) reported that this has the effect of increasing the transformation
efficiency. The cells were then ready to be transformed. The transformation protocol
used is described in Section 3.7.12 (pET-3a vectors) and Section 3.8.7 (pGEM-T Easy
vectors). When transforming E. coli JM109 cells with pGEM-T Easy containing 16S
rDNA inserts, competent cells were purchased from Promega.

For small cultures of E. coli strains for plasmid preparation,

8 - 10ml

pre-sterilised

medium was transferred to a sterile 50ml polypropylene tube using aseptic techniques.
After inoculation, the tube was placed in a shaking incubator at 225 rpm, 37°C. Agar
plate cultivation was performed at 35°C in a static incubator.

3.4.2: E x t r e m e l y

ha lo ph ilic a r c h a e a

These organisms were cultivated in Modified Growth Medium with volumes o f up to
250ml in the same way as the recombinant E. coli strains (described in the previous
section, 3.4.1), but at 35°C and a shaking speed o f 250 rpm for all cultures. The salt
concentration used depended upon the halophile to be cultured. This was detailed in
Section 3.3.3.2. The increased shaking speed helps overcome the low solubility of
oxygen in the high-salt media. Plates o f Modified Growth Medium solidified with agar
were prepared in the same way as LB/Agar. The Petri dishes used were sealed with
Parafilm-M (BDH; Cat. No. 235/0416/04) to avoid desiccation of the solid medium
during incubation.
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3.4.3: T h e e x t r e m e l y t h e r m o p h i l i c a r c h a e o n S u l f o l o b u s s h ib a t a e
Sulfolobus shibatae was initially cultivated on plates of medium solidified with Gelrite,
directly from the rehydrated DSMZ lyophilised culture. Seed cultures of l-10ml were
cultivated in disposable tubes, in a static incubator at 77°C. For larger volumes, S.
shibatae was initially cultivated using a bioreactor with a capacity of

1

litre, and

equipped with an aeration system, temperature control system, and a condenser (see
Section 3.4.4). This was also an effective apparatus for preparing inocula for even larger
cultures. It then became possible to use a shaking incubator capable of reaching
temperatures of over 80°C, for preparing up to eight 1-litre cultures of S. shibatae,
including the seed cultures.

Culture volumes for Sulfolobus shibatae were increased using small dilutions. Initial
culture attempts failed when the inoculum was subjected to dilutions of the order of
lOOx. Cultivation was successful when the maximum dilution factor was set at 25x.
Cells from a Gelrite plate were used to inoculate 5-10mls medium, which was cultivated
in a static incubator for 2 days. This then formed the inoculum for 250mls medium,
cultured in a shaking incubator at 250 rpm for 2 days, before being made up to a final
volume of 1250ml by the addition of sterile medium. Each 1250ml culture was then
maintained for at least 2 days at 78°C and 250 rpm until sufficient turbidity was seen.
At this stage of the project, only the generation of sufficient biomass for genomic DNA
was required. The agitation speed of 250 rpm was used for the latter two cultures to
compensate for the reduction in oxygen solubility at high temperature. Acidophiles
(such as S. shibatae) can only maintain a neutral cytoplasm pH when growing, and
storage at 4°C and pH 3.5 will lead to cytoplasm acidification and cell lysis. For
overnight storage (to be ready for further use), cultures were allowed to cool and the pH
set to

6

with aqueous NaOH, before storage at 4°C.

For solid culture of S. shibatae, plates were prepared by autoclaving the medium in
three aliquots: 2x-concentrate aqueous Gelrite, 2x-concentrate medium salts containing
yeast extract, and 20% w/v sucrose. After autoclaving, the solutions were mixed to give
the correct final concentrations, and resulting solution was poured into the Petri dishes
while still hot. Yeast extract (protein hydrolysate) and Gelrite (polysaccharide) were
autoclaved separately to prevent cross-reaction by the Maillard reaction. Autoclaving
Gelrite in the absence of salts also guarantees its complete dissolution. In initial
experiments, the Gelrite solution was adjusted to pH 3 before autoclaving. The plates
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that resulted had poor gelling characteristics, presumably due to some hydrolysis of the
polysaccharide. Subsequently, the Gelrite solution was autoclaved without any pH
adjustment. The pH of the medium concentrate was then adjusted slightly to
compensate for this, giving plates that set readily after pouring. After inoculation, the
plates were wrapped twice in cling-film to retain moisture, and incubated inverted at
77°C. After a period of 2 weeks, the plates were sub-cultured. Some plates were
supplemented with 50pg/ml X-Gal to confirm the (3-Gly activity of S. shibatae.

3.4.4: D e v e l o p m e n t o f a

b i o r e a c t o r f o r s m a l l - s c a l e S u l fo lo b u s

sh ib a t a e

CULTIVATION

For producing cultures of S. shibatae of up to 1 litre, a small bioreactor was developed.
A photograph of the reactor can be seen in Figure 3.1, with its major features
highlighted. The basis of the reactor was a 1 litre, 3-necked round-bottomed glass flask
(Quickfit,

BDH; Cat. No.

244/0940/07). Heat was

supplied by a magnetic

stirrer/hotplate, transferred to the reactor using a bath of silicone oil (Dow Coming
210H/100cS, Merck; Cat. No. 630187Y). Both the medium and oil were agitated using
the magnetic stirrer. The reactor was insulated with several layers of laboratory tissue
wrapped in aluminium foil. Air from an in-house compressor passed through a
rotameter and was sterilised with an autoclaved Hepa-Vent filter (BDH, Cat.
No.402/0953/02), before bubbling into the medium (without a sparger). This also
provided additional agitation. An arbitrary flow rate of 2 litres/min was used. The high
evaporative losses expected were countered by fitting a condenser to the air exhaust.
This was supplied with tap water. Condensate formed was able to drip back into the
medium, to maintain pH, culture volume, and nutrient concentrations. Exhaust air was
finally released to the atmosphere after passing through another Hepa-Vent filter.
Silicone rubber tubing was used for all water and air lines.

The medium temperature was measured with a thermometer immersed permanently in
the culture, but the oil temperature was maintained using an electronic controller linked
to the hotplate. This was required due to the low rate of heat transfer from the oil to the
medium, through the glass vessel wall. Oil temperature was monitored using a type K
thermocouple, linked to the controller. The medium temperature was set by altering the
oil bath’s temperature set point, and allowing the system to reach steady state. The oil
temperature was increased in increments until the desired medium temperature was
achieved, and the medium was subsequently inoculated. At thermal equilibrium, an oil
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temperature o f 88-91 °C resulted in a medium temperature o f 75°C. The value o f the oil
temperature required depending on the culture volume (an effect o f the wetted area o f
the flask). Small cultures were initiated in the reactor, and developed by adding sterile
pre-heated medium into the central flask neck (after temporarily raising the condenser).

The reactor, condenser, aeration system, and all tubing used within the zone o f
containment were autoclaved at 121 °C for 15 minutes. The reactor was assembled and
filled with sterile medium in a sterile flow cabinet. The thermometer used to monitor
culture temperature was sterilised by soaking in 70vol% ethanol.

Condenser
and exhaust
(not visible)

Thermocouple
oil temp.)
leading to
controller

Thermometer
(culture
temperature)

Air inlet line
with filter
and rotameter

Insulated
1-litre flask
with culture

Oil bath
and
hotplate/
stirrer

Figure 3.1: Bioreactor for the cultivation o f the aerobic extreme thermoacidophile
Sulfolobus shibatae.
The bioreactor was photographed in operation, and in the diagram above the major
features are highlighted.
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3.4.5: P r e p a r a t i o n o f r e c o m b i n a n t E.

c o li

c e ll-fre e e x tr a c ts

Recombinant E. coli strains were used for producing psychrophilic, halophilic, and
thermophilic citrate synthase. Sterile LB medium containing lOOpg/ml ampicillin was
inoculated from a stock LB/Agar/Amp plate with the relevant E. coli strain. The 250ml
culture was maintained in an orbital shaking incubator at 180 rpm, 37°C overnight.
Initially, the strains were cultivated to A 6oo values of 0.5, 0.6-0.8, and 0.8-1.1, for the
DsCS, hvCS, and both ssCS and PfCS cultures, respectively. Subsequently, higher
enzyme yields were obtained after overnight cultivation (16 hours). E. coli MOB 154
pCSEH19 (for TpCS production) was always cultivated overnight. Enzyme production
was induced as follows.

(i) DsCS: The culture of E. coli W 620 pRCS12 was allowed to cool to 20°C before
addition of nalidixic acid to a final concentration (f.c.) of 50pg/ml.

(ii) hvCS: The culture of E. coli BL21 (DE3) pET-3a-hvCS was cooled to 25°C before
addition of IPTG to 0.4mM (f.c.).

(iii) TpCS: Induction was not required, due to ZacZ-controlled constitutive expression.

(iv) ssCS and PfCS: Both E. coli JM109 pREC7 cultures were induced at 37°C by
addition of nalidixic acid to 50pg/ml (f.c.).

After induction, cultures were maintained at the induction conditions for up to 12 hours.
Cells were then harvested by centrifugation at 7000 rpm for 20 minutes at 4°C, in a
Sorvall RC-5B centrifuge using a GSA rotor.

E. coli cells were resuspended in 5ml buffer (20mM Tris, 2mM EDTA, pH 8 ; lOOmM
KC1 present for DsCS and PfCS; 2M NaCl present for hvCS) in a 15ml polypropylene
tube. To weaken the E. coli cell wall, 0.1 volumes of lvol% Triton X-100 and lysozyme
(to a final concentration of lOOpg/ml) were added to the suspension, and incubated
statically for 1 hour at 37°C. In the case of DsCS, the enzyme lability prompted the
addition of PMSF to a final concentration of ImM (from a concentrated stock solution
prepared in methanol) to inhibit intracellular proteases solubilised during lysis. Lysis of
the E. coli cells was completed by sonication (MSE 150W Ultrasonic Disintegrator).
The ultrasound generator amplitude was set to 9pm, and the ultrasound was transmitted
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to the sample through an exponential probe. The probe tip:generator resonance ratio
specified by the sonicator manufacturers was 7:1, so the actual amplitude of the probe
tip was in the region of 63pm (this varied slightly according to the integrity of the
sample). The probe was inserted into the E. coli suspension until the tip was l-2cm from
the base of the polypropylene tube. Although this reduced the sonication efficiency,
cavitation was avoided thus minimising both recombinant enzyme denaturation and the
input of heat into the E. coli suspension. During sonication, the tube was also held in an
ice bath to remove any heat generated during the sonication. Seven applications of
ultrasound were applied, each of 15 seconds duration with 30 seconds rest in between
each application to allow for cooling. The tube was often removed from the sonicator
between applications, to mix the contents and monitor progress by visually gauging the
viscosity and turbidity of the lysate. No changes in the solution were observed after
these seven ultrasound applications, and lysis was deemed complete. The extract was
then centrifuged at 5000 rpm for 20 minutes to remove any insoluble cell debris. With
the thermophilic citrate synthases, a subsequent heat treatment step was performed to
precipitate most of the contaminating E. coli protein. This step involved immersing a
polypropylene tube containing the extract into a water bath set to 65°C (for TpCS) or
75°C (for ssCS and PfCS) for 15 minutes. The sample was allowed to cool in the
ambient air, and stored at 4°C. Affinity chromatography was then performed (usually
immediately after the heat treatment step) to obtain pure recombinant citrate synthase.

3 .5 r

P u r if ic a t io n

and

a p p l ic a t io n

of

c it r a t e

sy n t h a se

and

PIHYDROLIPOAMIDE DEHYDROGENASE

Citrate synthase from porcine heart (specific activity 215U/mg; Sigma C3260) was used
as supplied i.e. suspended in 2.2M (NH^SC^ containing 6 mM phosphate and 0.5mM
citrate. In all other cases, enzymes for study in AAA/OOO media were produced from
recombinant E. coli strains and purified by affinity chromatography. This is described in
the next section, Section 3.5.1. After purification (and concentration, if necessary),
citrate synthase and dihydrolipoamide dehydrogenase were studied in AAA/OOO
media. This was done in two ways:

1) Measuring enzyme activity directly in an aqueous solution of an organic solvent
(after a 2-minute incubation of the enzyme) as described in Section 3.5.3.
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2) Incubating the enzyme in an aqueous solution of an organic solvent, and assaying an
aliquot of the enzyme in buffer at given time intervals, as described in Section 3.5.4.

3.5.1: P u r ific a t io n

o f p s y c h r o p h il ic a n d t h e r m o p h il ic c it r a t e sy n t h a s e by

AFFINITY CHROMATOGRAPHY

Recombinant enzymes present in cell-free extracts (prepared as described in Section
3.4.5) were purified by dye-ligand affinity chromatography. The basic method, using
using Dyematrex Gel Red A (Amicon, Danvers, MA), was reported by James et a l
(1995) and has been employed here.

A Bio-Rad Poly-Prep 0.8cm x 4cm disposable column (Cat. No. 731-1550) was
employed. The matrix was gently mixed in its bottle (containing 20vol% ethanol as a
preservative) to form a slurry and added to the column using a Gilson pipettor. The
ethanol solution was allowed to drain from the column while the slurry was added,
which continued until 2 ml matrix (drained volume) had been loaded into the graduated
column. When purchased, excess dye had leached into the ethanol solution, so the
matrix was washed extensively with water before use. Two matrix samples were used in
all experiments, and were regenerated after each use. The Poly-Prep column was
supported with a clamp stand, and eluent was collected in 1.5ml micro-centrifuge tubes
held in a rack below the column. Buffers were added to the reservoir using a 5ml Gilson
pipettor, with care to avoid disturbing the matrix, and allowed to flow through the
column under gravity.

All purification experiments were conducted at room temperature (20-25°C). In the case
of DsCS, the purification was performed with buffers (and column) pre-cooled to 4°C.
The method used is as follows. The matrix was equilibrated with 20ml purification
buffer (20mM Tris-HCl, 2mM EDTA, pH 8 ; lOOmM KC1 present for DsCS and PfCS;
2M NaCl present for hvCS). Up to 5ml cell-free extract was added (the eluent was re
applied once to the column to ensure saturation of the matrix), and the matrix washed
with 30ml buffer. The eluent from this step was discarded. Initial fractions of the
washing eluent were as turbid as the cell-free extract, but later fractions became clear.
The citrate synthase was then selectively eluted with 5ml buffer containing 5mM OAA
and ImM CoA, collected in 1ml fractions. To regenerate the matrix, the following
solutions were applied sequentially: 10ml water, 15ml 5M urea, 10ml 0.5M NaOH
(during which the matrix colour became deep red), and a final wash with
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2 0 ml

water

(returning the matrix to its original colour). The matrix was then washed with (and
stored under) 20vol% ethanol for storage at 4°C. Active fractions were pooled and
dialysed against buffer (20mM Tris, 2mM EDTA, pH 8 ; lOOmM KC1 present for DsCS
and PfCS; 2M NaCl present for hvCS) to substantially remove OAA and CoA present
in the elution buffer. Dialysis was performed overnight in 1 litre of buffer using freshly
prepared dialysis tubing (Sigma, D0530). The tubing was washed with distilled water,
soaked in boiling distilled water for 5 minutes, and washed again with water before use.
The tubing ends were sealed with plastic clips. Dialysis was performed with gentle
agitation using a magnetic stirrer at room temperature (20-25°C) for the thermophilic
citrate synthases, and in a cold room at 4°C with DsCS. If necessary, purified enzymes
were concentrated using centrifugal concentrators with a 50kDa MWCO (Flowgen,
Litchfield, UK; Cat. No. OD050C040). Samples were applied to the membrane, and
centrifuged until the retentate solution had an activity greater than or equal to 0.5U/ml.
All pure enzyme samples were finally stored at 4°C and used as soon as possible
thereafter.

3.5.2:

P r o d u c t io n

of

h a l o p h il ic

d m y d r o l ip o a m id e

deh y d ro g en a se

from

INCLUSION BODIES

hvDHlipDH was according to Connaris et al. (1999). E. coli BL21 (DE3) pET-3dhvDHlipDH was grown overnight in 250ml LB medium at 37°C, and enzyme
production was induced by the addition of IPTG to a final concentration of 0.4mM. The
culture was left shaking at 37°C for 6 hours. Cultures were then centrifuged at 7000 rpm
for 20 minutes at 4°C (in a Sorvall RC-5B centrifuge, with a GSA rotor), the
supernatant discarded, and the cells resuspended in 10ml buffer (20mM Tris, pH

8

,

containing 2mM EDTA and 2M NaCl). The cells were pre-treated with Triton X-100
and lysozyme, and sonicated as described in Section 3.3.2.1. The lysate was centrifuged
at 5000 rpm for 20 minutes, washed with buffer, and re-centrifuged. Whereas in the
case of citrate synthase, the supernatant at this point was retained (as this contained the
recombinant enzyme), here the pellet was retained as this consisted of the inclusion
bodies with other insoluble material. The insoluble fraction containing the inclusion
bodies was dissolved in 10ml of 20mM Tris (pH 8 ) containing 2mM EDTA, 8 M urea
and 50mM dithiothreitol. Some material was insoluble in this solution, so it was
clarified by centrifugation at 4000 rpm for 20 minutes. The supernatant was diluted 20fold with renaturation buffer (20mM Tris, pH 7.5, containing 2mM EDTA, 2M NaCl,
0.3mM GSSG, 3mM GSH, and lOpM FAD. The renaturation buffer was added
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dropwise to the dissolved inclusion bodies (in

8M

urea) on a magnetic stirrer. The

solution was left at room temperature overnight before final storage at 4°C.

In preparation for the purification process, an aliquot of renaturation buffer was dialysed
twice against 800ml column running buffer (50mM potassium phosphate, pH 7.0,
containing 2mM EDTA and 2M NaCl). A solution of lOOmM imidazole in the above
buffer was prepared. Immobilised Metal-Ion Affinity Chromatography (IMAC) of the
renatured hvHDlipDH was performed with a HiTrap Chelating column (Pharmacia).
The matrix (with a volume of 10ml) was washed with 10ml water, 15ml 0.1M CUSO4 ,
and 10ml water using a syringe via an adapter to the top of the column. The column was
then attached to a BioRad BioLogic FPLC system (BioRad, Hemel Hempstead, UK).
The enzyme solution was clarified by passing through filter paper (Whatman, No.5)
under gravity, in readiness for application to the column. The column was used with a
flow rate of 1 ml/minute.

After loading, the eluent was re-applied in order to maximise the binding of
hvDHlipDH. The matrix was washed with 10ml buffer before applying the elution
buffer. Eluent was collected in 1.5ml fractions. Elution was with a stepwise gradient of
elution buffer, from OmM to lOOmM imidazole in lOmM intervals. Each step was
maintained for a period of 5 minutes (i.e. 5ml buffer). To remove non-eluted protein
from the matrix, the column was supplied with 10ml 50mM EDTA. The matrix was
then washed with

1 0 ml

water, followed by

1 0 ml 2 0 vol%

ethanol for storage.

As a result of an inability to identify activity in the eluted fractions, hvDHlipDH was
eluted using EDTA in later purification experiments. The column was prepared, loaded,
and washed as before. The enzyme was eluted with 50mM di-sodium EDTA prepared
in the running buffer. Three 1.5ml active fractions were identified, and were strongly
coloured due to the presence of the CUSO4 removed from the column. The fractions
assayed for activity before and after dialysis against 50mM Tris (pH

8 ),

containing

2mM EDTA and 2M NaCl.

3.5.3: M e a s u r e m e n t o f e n z y m e

a c t iv it y in

AAA/OOO

m e d ia

The activity of citrate synthase and dihydrolipoamide were assayed in aqueous solutions
of the solvents DMF, DMSO, and glycerol using the protocols described in Section
3.10.2. The pH of the experiments was set at 7 in the absence of solvent and at the
56

relevant assay temperature. Figure legends quote “pH’ 7”. pH’ simply identifies that the
aqueous (solvent-free) buffer pH is set at that value, but that presence of polar solvents
will make the actual pH deviate from this value. The actual pH deviation was not
quantified, but issues relating to pH measurement in AAA/OOO media were discussed
in Section 2.2.3.

3.5.4: M e a s u r e m e n t o f e n z y m e

s t a b il it y in

AAA/OOO

m e d ia

Stock enzyme (halophilic and non-halophilic CS) of the required dilution (to give 0.5
U/ml in a standard aqueous assay) was incubated in pre-warmed buffer in a heating
block (Grant Instruments, Royston, UK; Model QBT2) at the stated temperature with
the stated solvent concentration. For each enzyme, the concentration in the incubated
AAA/OOO solution was higher than in the activity assays, but equal to the stock
enzyme solutions from which the enzyme for activity studies was drawn. In the case of
pigCS and DsCS, the buffer was not pre-warmed before the enzyme was added, and
was at room temperature (20-25°C). Significant initial denaturation took place in
aqueous buffer when this was not done, and did not give reliable results.

After adding and mixing the enzyme, a sample was quickly taken and regarded as the
t=0 sample. Aliquots of 55pl were taken at intervals and cooled rapidly on ice. The
samples were then assayed as soon as possible in the relevant buffer at standard
conditions, as described in Sections 3.10.2.3 and 3.10.2.4. For assaying, the enzyme was
added just before OAA to minimise any further incubation time in the cuvette.

3.5.5: E ffe c t o f o r g a n ic

so lv e n t s o n m e d iu m

pH

To assist the analysis o f the data of the activity of psychrophilic, mesophilic, and
thermophilic citrate synthase in AAA/OOO media, the effect of the solvents on buffer
pH was studied. DMSO, The polar organic solvents DMF, DMSO, and glycerol were
mixed with 50mM Tris, pH 7 and allowed to equilibrate at room temperature (24°C).
The buffer was prepared by making a solution of 7.02g/L Tris base and 0.67g/L TrisHC1 to give a solution with a theoretical pH of 7. The solution pH required slight
correction, achieved by the addition of aq. HC1.

With this method, the buffer salts were diluted by the solvent, with reduced buffering
capacity at higher solvent concentrations. pH was measured using a Coming pH Meter
215 with a Mettler Toledo General Purpose Combination Probe. The probe was filled

with saturated potassium chloride (Sigma P7429) and calibrated at with aqueous
reference buffers of pH 4, 7, and 10 (Sigma B5020, B4770, and B4895 respectively).
All pH measurements for this experiment were taken at 24°C.

3.6: S c r e e n in g

o f e x t r e m e h a l o p h il e s f o r

B-g a l a c t o s id a s e

a c t iv it y

After the completion of experiments studying the activity and stability of citrate
synthase and dihydrolipoamide dehydrogenase in AAA/OOO media, the application of
extremozymes in a biotransformation process was proposed. A (3-galactosidase was
desired, due to the great potential of these enzymes in the development of novel
industrial processes. The lack of uptake of halophilic enzymes prompted a search for a
suitable enzyme from an extremely halophilic archaeon.

3.6.1: C u l t iv a t io n

o f e x t r e m e hat .ophtt.f s on l a c t o s e as a s o l e c a r b o n s o u r c e

Extreme halophiles were cultivated in minimal medium 1 supplemented with lactose
(Section 3.3.3.2) in liquid form and solidified with agar. The normal cultivation
methods used for halophiles (described in Section 3.4.2) were followed.

3.6.2: W h o l e -c el l p l a t e

assay of

B-g a l a c t o s id a s e

Extreme halophiles cultivated on 18% SW MGM agar plates and minimal medium 1
supplemented with lactose (Section 3.3.3.2) were tested for their ability to cleave the
chromogenic (3-Gal substrate X-Gal. Media were prepared, and supplemented with
40pg/ml X-Gal after autoclaving. Halophiles were then cultivated on these plates in the
normal manner. Cleavage of the substrate would yield colonies with a blue colour.

3.6.3: PERMEABILISATION OF EXTREME HALOPHILES
The “X-Gal Agarose Overlay Assay” method of Herskowitz et al. (1999 - unpublished)
was

used.

The

protocol

was

obtained

from

the

World

Wide

http://www.sacs.ucsf.edu/home/HerskowitzLab/protocols/xgalagar.html.

Web

site

The method

described here was not originally intended for use with halophiles, but was adapted by
the author by adding 180g/l NaCl to the recipe. A solution o f 0.5M K 2HPO4 , 6 vol%
DMF, and 180g/L NaCl was prepared and set to pH 7. Agarose (SeaKem LE Agarose,
FMC Bioproducts, Rockland, ME, USA) was added to a concentration of 5mg/ml, and
the solution heated in a microwave oven. SDS, (3-mercaptoethanol, and X-Gal were then
added to final concentrations of 0.1% w/v, 0.05vol%, and 0.1 mg/ml respectively. The
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solution was allowed to cool to near-ambient temperature, before pouring over
established agar plate cultures of halophiles. The halophiles tested were as follows: Hb.
salinarium

(negative control,

saccharovorum

(lactose

on

minimal

DSM
medium

97/Agar),

Hf

mediterranei

and Hr.

1/Agar), H f

mediterranei

and Hr.

saccharovorum (18% SW MGM/Agar). The cells lysed immediately on contact with the
solution and the agarose then set rapidly. The plates and overlays were then incubated at
37°C for 3 hours to allow any blue stain to develop as a result of X-Gal hydrolysis.

3.6.4: A ssa y o f B-g a l a c t o s id a s e
A method reported in the “Halohandbook” o f Dyall-Smith et al. (1999) was initially
used to assay halophilic p-galactosidase. A solution of 50mM Tris containing 2.5M
NaCl and lOpM MnCk was used as the assay buffer. This solution was degassed by
sparging with

helium,

set to pH 7.2,

and supplemented with 0.1vol%

p-

mercaptoethanol. Another solution of 2vol% Triton X-100 in water was prepared. An
assay consisted of 750pl assay buffer, lOOpl Triton X-100 solution, and lOOpl
suspension of extreme halophile cells in assay buffer. The Triton X-100 lyses the cells
directly in the assay to release the p-galactosidase for assaying. The assay was started
by the addition o f 50pl of an 8 mg/ml solution o f oNPGal (prepared as described in the
“Halohandbook”). The absorbance at 405nm was monitored in a spectrophotometer. An
identical assay was performed using cell extracts, prepared from cell pellets (from
250ml culture) by sonication in the same way as recombinant E. coli (Section 3.4.5), but
using assay buffer to resuspend the cells and without the addition of Triton X-100 to the
assay.

3.6.5: H a l o p h il ic

ser in e p r o t e a s e

A halophilic serine protease, Halolysin R4, was proposed for peptide synthesis in
organic media, supplementary to the biotransformation process proposed for the
extremophilic P-galactosidase. A method for the production and purification of this
enzyme is presented in Appendix 3.
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3 .7 :

C lo n in g

of

th e

gene

e n c o d in g

th e

B -g ly c o s id a s e

of

S u lfo lo bu s

S H IB A T A E

This section details the Materials and Methods for the cloning of bgaT, the gene
encoding the (3-glycosidase of S. shibatae. Refer to Figures 6.5 and

6 .6

for a diagram

illustrating the polymerase chain reaction-based cloning strategy.

3.7.1: bgaT

se q u e n c e

The total mRNA sequence was obtained under the accession number L47841 from the
GenBank database (http://www.ncbi.nlm.nih.gov). The sequence of bgaT together with
flanking regions of the mRNA sequence used to design PCR primers is shown in
Appendix 4.

3.7.2: I s o l a t i o n o f gDNA f r o m S u l f o l o b u s s h i b a t a e
A method detailed by Connaris (1995; unpublished data) for isolating genomic DNA
(gDNA) from Sulfolobus solfataricus was used, due to the similarity of this organism to
S. shibatae. S. shibatae was cultured to a final volume of 250ml in T 8 b medium at
78°C, pH 3, and maintained for 4 days. This would provide a sufficient quantity of cells
for a single gDNA isolation procedure as reported here. The culture was centrifuged at
7000 rpm for 15 minutes, using a Sorvall RC-5B centrifuge and a GSA rotor. The cells
were then washed by re-suspending in 50mM K2HPO4 buffer (pH 6.5), and transferred
to a 50ml polypropylene tube before and centrifuging at 4000 rpm for 20 minutes in a
Jouan B4i centrifuge with a Jouan AB50.10 rotor. The supernatant was discarded, and
the pellets were used for gDNA isolation while fresh or stored at -20°C until required. A
highly concentrated solution of gDNA was prepared successfully with little shearing
from both fresh and frozen cells using this method.

The cell pellet produced above (approximately 1ml in volume) was resuspended in 5mls
TENS buffer (lOmM Tris, ImM EDTA, 0.1M NaCl, pH

8 ),

prepared by mixing

appropriate amounts of autoclaved stock solutions (1M Tris pH 7.5; 0.2M EDTA, pH 8 ;
4M NaCl, unadjusted for pH) in a sterile 50ml polypropylene tube. 20pl

8 mg/ml

N-

lauroyl sarcosine (“sarkosyl”) solution was added and the suspension held at 37°C in a
static incubator for 20 minutes. 1ml of 0.2M EDTA (pH 8 ) was added to inhibit any
DNAase activity in the cells, followed by 0.88ml of 20% w/v SDS to aid the dissociation
of any DNA-bound protein. The suspension was mixed and incubated in a water bath at
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65°C for 7 minutes, to complete the cell lysis. Finally, 1.8ml of 5M sodium perchlorate
was added, also to aid the dissociation of DNA-bound protein.

Protein was extracted by precipitation using 25:24:1 phenol'.chloroform: isoamyl alcohol
(Sigma, P2609). This was equilibrated to pH

8

before use with the supplied buffer to

prevent the protonation of the gDNA and its partitioning in the organic layer. When
extracting the protein, an equal volume of the phenolchloroform:isoamyl alcohol
reagent was added to the DNA solution and the biphasic solution gently mixed in the
polypropylene tube on a rocking platform for 30 minutes. Centrifugation was performed
at 5000 rpm for 20 minutes in a Jouan B4i centrifuge with a Jouan AB50.10 rotor. This
concentrated the precipitated protein at the aqueous-organic interface. The upper
(aqueous) layer containing the gDNA was carefully removed to avoid withdrawing any
of the protein and to avoid shearing the gDNA. Two further extractions were performed.
To precipitate the nucleic acids, 0.8 volumes of iPrOH at 4°C was added, and the
solution put in an ice bath until the precipitation appeared complete. Previous trial runs
showed that centrifugation could not pellet the crude nucleic acids, so the established
glass-spooling technique was used. A glass pipette with a long, thin tip section was
heated in a flame and the tip melted to seal the capillary and form a slight hook. The
gDNA was spooled onto the tip in a single unbroken piece, dipped into 70% ethanol to
remove any salts, and finally dissolved in 1ml sterile water. A few drops of chloroform
were added to prevent microbial growth in the sample during storage at 4°C. The
integrity of the gDNA was examined by agarose gel electrophoresis.

3.7.3: P r e p a r a t io n

of

D N A a s e -fr ee R N A a se A

The gDNA preparation prepared as described above was contaminated with RNA. This
required removal by RNAase digestion before further work was undertaken. However,
since many RNAase preparations are contaminated with DNAase (capable of
completely digesting the gDNA during the RNAase digestion reaction), the RNAase A
preparation used was treated to remove this contaminating activity. The protocol
reported by Sambrook et al. (1989) was followed. Bovine pancreatic RNAase A
(Sigma, R5000; EC 3.1.27.5) was dissolved to a concentration of lOmg/ml in lOmM
sodium acetate, previously adjusted to pH 5.2 with dilute acetic acid. The RNAase was
dispensed in 1ml aliquots into 1.5ml micro-centrifuge tubes, and held in a heating block
at 100°C for 15 minutes. The RNAase was allowed to cool to room temperature (2025°C) before adding 0.1ml 1M Tris-HCl (pH 7.4) to each 1ml aliquot. An untreated
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sample of RNAase was stored at 4°C during the heat treatment of the remaining sample.
lOpl of the untreated and treated samples was mixed with an equal volume o f “2x SDS
sample buffer” (Novex, San Diego, CA, USA). 6 pl and 12pl of each were subjected to
SDS-PAGE analysis, as described in Section 3.10.3. The aliquots of DNAase-free
RNAase A were then stored at -20°C.

3.7.4: R e m o v a l

o f R N A fr o m

gDNA

The RNA digestion method was based on that of Connaris (1995; unpublished data).
400pl gDNA solution was added to lOOpl lOx digestion buffer (lOOmM Tris, lOmM
EDTA, pH 8 ) in a sterile micro-centrifuge tube, followed by 490pl autoclaved water and
lOpl of lOmg/ml RNAse A (DNAse-free, prepared in Section 3.7.3). The micro
centrifuge tube was incubated at 37°C in a water bath for 1 hour. The RNAse A was
extracted once with

1

volume of phenol:chloroform:isoamyl alcohol reagent in the

micro-centrifuge tube with a number of gentle inversions and centrifuged at 13,000 rpm
for 5 minutes. DNA was precipitated with 0.8 volumes of cold iPrOH. The precipitate
was collected by centrifugation at 6500 rpm for 10 minutes. The supernatant was
discarded, and the pellet was washed briefly with 1ml 70vol% EtOH (without
resuspending the pellet) to remove salts. The 70vol% EtOH was removed, the pellet air
dried, and finally resuspended in 200jxl sterile water. A drop of chloroform was added
as an anti-microbial agent. This method was validated initially, by performing a reaction
at half of the above scale. Electrophoresis in 0.8% agarose was performed to compare
the RNAse-treated and untreated samples. 15pl DNA (untreated and treated) was mixed
with 3 pi 6 x loading buffer. 6 pl and 12pl were applied to the gel.

3.7.5: D e s ig n

o f p r im e r s f o r t h e

PCR

a m pl ific a t io n o f

bm T

The mRNA sequence for Sulfolobus shibatae (3-glycosidase was obtained as described
previously in Section 3.7.1. The coding sequence (between bases 813 and 2282) was
highlighted, possessing the expected start (ATG) and stop (TAG) codons. The PCR
product was to be cloned into the pET3a vector (Promega, Southampton, UK).
Therefore the forward primer (FI) was designed to include a restriction site for Nde/
(5’-CATATG-3’) by mutating the 3 residues immediately upstream of the ATG start
codon. The primer included 18 bases downstream of the start codon. FI is 33 bases
long, has a theoretical Tm of 61.7°C, and a GC content o f 24%. The reverse primer (R2)
started 14 bases downstream of the stop codon, including the BamHI restriction site (5’GGATCC-3’) a further 13 bases downstream by mutating six bases of the mRNA
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sequence. The primer sequence is then the complementary sequence of this region, and
quoted in reverse (5’ to 3’) for synthesis. R2 is 31 bases long, has a theoretical Tm of
68.9°C, and a GC content of 41%. The primer sequences are given below, with the
restriction sites underlined:

FI

5 ’-GT A/AGT/A A A/C AT/ATG/T AT/TC A/TTT/CC A/A A A/A AC/-3 *

R2

5 ’-GAG/GTT/A A A/AGA/GGA/TCC/TTT/TGG/TGT/GTT/G-3 ’

Primers were obtained from MWG-Biotech AG (Ebersberg, Germany) at the 0.05pmol
scale in Highly Purified Salt-Free (HPSF) form. Primer Tm and GC content information,
derived from the primer sequence, was determined with the Primer Premier Mini PC
software package (Premier Biosoft Inc., Palo Alto, CA, USA). Primers were supplied as
lyophilised pellets, and were stored at 4°C until needed. The pellets were then
suspended in sterile water, as directed in the manufacturer’s instructions, to obtain a
lOOpmol/jul stock. This was diluted 10-fold before use to allow more accurate pipetting.
Primer solutions were stored at -20°C.

3.7.6: P o l y m e r a s e C h a in R e a c t io n (PCR)

a m pl ific a t io n o f

bsaT

Using the primers, described in Section 3.7.5, lOOpl PCR reactions were performed in a
Perkin Elmer Cetus DNA Thermal Cycler using Vent DNA Polymerase (New England
Biolabs, Hitchin, UK; Cat. No. M02542) originating from the hyperthermophilic
archaeon Thermococcus litoralis. To maintain the concentrations of the reagents in the
PCR tube, 50pl mineral oil (Sigma M5904) was layered on top o f each reaction mixture
to ensure minimal water evaporation. Water for PCR was prepared by filter sterilising
(0.2pm) ultra pure water. A solution of the four deoxy nucleotide triphosphates (dNTPs)
was prepared by mixing equal volumes o f the 50mM master stocks o f the individual
dNTPs (BioLine, Reno, NV, USA), giving a concentration o f 12.5mM of each dNTP.
This served to dilute the dNTPs for pipetting and to avoid repeated freeze-thaw
operations of the master solution. Vent polymerase, with an activity of 2000U/ml, was
kept at -20°C in a cooling block during use, and stored in a -20°C freezer. Sufficient
Mg2+ for the polymerase was provided by ThermoPol lOx buffer (New England
Biolabs; Cat. No. B90045). The final concentrations of the reagents were as follows:
0.5pM per primer, 200pM per dNTP, and 2U polymerase. When using gDNA as a
template, 2pl or 4pl of the gDNA solution prepared in Section 3.7.2 was added. Two
control reactions were also performed, each with only one of the two primers.
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The protocol began with a hot start (96°C for 5 minutes) and a polymerase loading
period (85°C, with 30 seconds allowed for each sample). A cycle of denaturation at
96°C for 75 seconds, annealing at 55°C for 120 seconds, and primer extension at 72°C
for 120 seconds was performed 30 times. A final 10-minute extension step at 72°C
followed, before cooling to 4°C (held until the samples were retrieved).

5pl of each reaction was mixed with lpl 6 x loading buffer, and electrophoresed in 1%
agarose with lOObp and lkb ladders to confirm the MW o f any amplified fragments. If
successful, the remaining volume of each PCR reaction (95pl aqueous fraction, plus
overlaid mineral oil) was added to 15pl 6 x loading buffer on a piece of parafilm. The
mineral oil does not mix with the bromophenol blue-stained loading buffer, and forms a
transparent halo around the blue aqueous fraction. The blue aqueous fraction was easily
removed using a Gilson pipettor and applied to a 1% agarose gel. This is performed
because some sample will float out of the wells when entrained with any droplets of
mineral oil present. Wider wells were used to accommodate such large sample volumes.

After electrophoresis, the 1.5kb bands were excised and extracted (see Section 3.7.7).
Subsequent electrophoresis in 1% agarose with a lkb ladder confirmed the MW and
purity of the DNA that resulted.

3 .7.7: A g a r o s e

g e l pu r ific a t io n o f

DNA

fr a g m e n t s

To purify DNA o f a particular size, a large sample of the DNA was electrophoresed
alongside appropriate markers. With the gel under UV trans-illumination, the desired
band/s were selected and excised with a clean razor blade. The DNA in the slice was
easily visible as a pink band under UV trans-illumination, so excess agarose was easily
removed with the razor blade. The gel slices were inserted into sterile micro-centrifuge
tubes. A Qiaex II Gel Extraction Kit (Qiagen, Crawley, UK) was used, with minor
modifications o f the manufacturer’s instructions. 800pl o f the gel dissolution buffer
QX1 was used (instead of adding QX1 in proportion to the gel mass), and the volume of
DNA-binding matrix used was 20-30pl depending on the amount o f DNA present
(estimated from the gel band intensity). DNA was eluted in two aliquots on 30pl water.
5pl of the purified DNA solution was mixed with lp l
electrophoresed in 1% agarose to confirm purity.
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6x

loading buffer, and

3.7.8: P r e p a r a t i o n o f p u r e p la s m id DNA f r o m E .

coli

JM1Q9 pET-3 a

An initial sample of pET-3 a was obtained from the Centre for Extremophile Research,
University of Bath, but further pET-3a was obtained from a positive transformation
control prepared as in Section 3.7.12. The plasmids were isolated using a Clontech
NucleoSpin Plasmid MiniPrep kit (Clontech, Palo Alto, CA, USA) according to the
manufacturer’s instructions. 10ml of LB-Amp was inoculated with E. coli JM109 pET3a and cultivated overnight. A 1.5ml aliquot was centrifuged at 5000 rpm for 10
minutes in a microcentrifuge, and the supernatant replaced with a further 1.5ml of
culture. The sample was re-centrifuged and the supernatant discarded. The kit reagents
were then applied to the pellet, and the isolated plasmids were then subjected to
restriction digestion.

3.7.9: R e st r ic t io n d ig e st io n

of

PCR p r o d u c t a n d pET-3a v e c t o r

Double restriction digestion of the PCR product served to expose the cloning sites
engineered into the insert, ready for ligation into pET-3a (also double digested with the
same restriction endonucleases). To provide controls for host strain transformation and
suitably digested vector for cloning, pET-3a was singly and doubly digested
respectively. The restriction endonucleases Nde/ (Cat. No. 11 IS, 20000U/ml) and
BamHI (Cat. No. 136S, 20000U/ml) were obtained from New England Biolabs. Since
the restriction enzymes were supplied in 50vol% glycerol, the protocol was designed to
ensure that <5vol% glycerol was present in the digestion reaction to avoid inducing
“star activity” (non-specific DNA cleavage). The D N A concentration in the pET-3a
solution (and for other DNA samples) was not quantified, but judged visually from
agarose gel band intensities. In the double digests, choice of buffer was important. The
enzyme BamHI had more specific buffer component requirements than Nde/, so B am ///
buffer was always used for double digests as recommended by the restriction enzymes
suppliers (New England Biolabs). This buffer was also compatible with Nde/. It was
also used in all single digests, for experimental consistency. The recipes follow:

bgaT PCR product double digest: 40pl purified PCR product, 6 pl (lmg/ml) BSA, 6 pl
B am /// buffer (lOx), 2pl Nde/, 2pl Bam///, 4pl water. Total 60pl.
pET-3a single digest: 5pl pET-3a solution, 2.5pl (lm g/m l) BSA, 2.5pl BamHI buffer
(lOx), 2pl Nde/, 13pl water. Total 250pl.
pET-3a double digest: lOpl pET-3a solution, 5pl (lm g/m l) BSA, 5pl BamHI buffer
(lOx), 2pi Nde/, 2pl BamHI, 26pl water. Total 50pl.
65

After digestion, each reaction was purified from a 1% agarose gel as described in
Section 3.7.7 (DNA eluted from matrix in 30pl water).

3.7.10: M u t a g e n e sis

of in t e r n a l

N de/ r e c o g n it io n

site

PCR was exploited to mutate the internal Nde/ recognition site of bgaT. Kammann et
al. (1989) reported a method for the insertion of short DNA sequences using PCR.
Good et al. (1992) also reported an optimised thermal cycle for the mutagenesis
process. The protocol applied here was based on these principles. The internal
CATATG (Nde/) recognition site was located in the gene sequence, and a strategy was
developed for removing Nde/ recognition.

Firstly, the “frame” of the gene sequence was determined manually (i.e. separating the
sequence into its individual codons, each of three amino acids) starting from the ATG
start codon. The codons relate to the amino acid sequence, although the restriction
enzymes only recognise a given sequence, regardless of its frame. There is redundancy,
with most amino acids encoded by several codons. This allowed the introduction of
“silent mutations” - mutations in the gene sequence (to remove the N de/ restriction site)
that do not change the amino acid sequence of the gene product. The GCA/TAT/GAT
region (with the N de/ recognition site underlined) encoding the residues Ala-Tyr-Asp
was mutated to GCC/TAC/GAT. A 27bp PCR primer, denoted M l, was designed to
encompass this region and 9bp of the flanking bgaT gene sequence (upstream and
downstream) for annealing. The primer was then used to amplify a region o f bgaT
incorporating the altered sequence, which then becomes a reverse primer for PCR to
reconstruct the remainder of the gene (known as a “megaprimer” because of its size).
The bgaT gene with the internal Nde/ site removed has been denoted bgaT\

M l was obtained from MWG-Biotech AG in HPSF form at the 0.05pmol scale (as for
the primers FI and R2). The sequence of the M l primer follows, with the position of the
former N de/ site underlined:

Ml

5 ’-CAT/GCT/AGA/GCC/TAC/G AT/GGA/ATA/A AG-3 ’

This primer has a Tm of 63.4°C and a GC content of 44% as determined by the Primer
Premier Mini software package. The primer M l was prepared for PCR in the same way
as primers FI and R2 (see Section 3.7.5)
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PCR amplification of the megaprimer employed both gDNA and an undigested sample
of PCR-amplified bgaT as templates (in separate reactions), directed by the FI and M l
primers using the protocol described in Section 3.7.6. ThermolPol buffer was
unavailable, so lOx Pfu (Pyrococcus furiosus DNA polymerase) buffer was used
instead. This was of a similar composition to ThermoPol, and compatible with Vent
polymerase. It was used in all subsequent PCR reactions. The megaprimer products
amplified from two reactions (using undigested bgaT as a template) were gel purified as
described in Section 3.7.7. Each sample was eluted twice in 30pl water (both eluents for
each sample were pooled).

As briefly mentioned above, in order to reconstruct the b g a T gene, the megaprimer was
used as the reverse primer for a second PCR reaction. 50pl megaprimer was used, with
FI as the forward primer, lpl undigested bgaT was used as the template. The remainder
o f the PCR protocol was the same as described in Section 3.7.6, but the thermal cycle
differed in that the annealing step proceeded at 45°C for 5 minutes. This was not
successful, so the process was repeated using the remaining 70pl of megaprimer, an
annealing step at 45°C for 15 minutes, 2 pi template (doubled from previous attempt),
and 2pl Vent polymerase (doubled from previous attempt). A Techne GeneE Thermal
Cycler was used for this reaction. The entire reaction was gel purified from 1% agarose
as described in Section 3.7.7. In case of low yields from this final reaction, the 1.5kb
amplicon (mixture of the b g a T product, and the bgaT template) can be reamplified with
FI and R2 as described in Section 3.7.7. Two such reactions were performed using 10
and 20pl of template respectively exactly as described in Section 3.7.6, and the entire
reactions electrophoresed in 1 % agarose.

3.7.11: L ig a t io n

o f in se r t s in t o

pET-3a

Ligation of double-digested PCR product into double-digested pET-3a was performed
using a Lightning DNA Ligase Kit purchased from BioLine (London, UK; Cat. No.
UGK0050). The T4 DNA Ligase employed is capable of ligating double digested
vector and insert in 5 minutes at room temperature (20-25°C; as stated by the suppliers).
This method was used, but resulted in a low yield of plasmid product. The reaction time
was therefore extended to 30 minutes.
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3.7.12: T r a n s f o r m a t i o n o f E.

c o li JM109

The preparation and transformation of competent cells was performed according to
Sambrook et a l (1989). The protocol for competent cell preparation was described in
Section 3.4.1. All pipetting of the competent cells was performed with sterile wide-bore
Gilson pipettor tips, and with great care due to the fragility o f competent cells. 200pl
aliquots of competent cells were transferred to sterile 1.5ml micro-centrifuge tubes. Up
to lOpl D N A was added, and the cells stored on ice for 30 minutes. A small quantity of
pure pET-3a vector (Promega) supplied by the Centre for Extremophile Research was
used to generate positive control transformants. A heating block (Grant Instruments;
model QBT2) was pre-warmed to 42°C and the wells were part-filled with water to
ensure good thermal contact between the block and the tubes. The temperature of the
water in the heating block wells was checked using a thermocouple before performing
the experiment. The tubes containing the cells and DNA were then placed in the heating
block at for a period of 90 seconds. After allowing the cells to cool to room
temperature, 800pl of LB medium was slowly added (to avoid forming vortices in the
medium that may shear the cells) and incubated in a water bath for 45 minutes at 37°C.
200pl of each reaction was spread over single plates of LB/Agar/Amp using a glass rod
(sterilised by soaking in ethanol and flaming), and incubated overnight. The formation
o f colonies would then indicate successful transformation.

Transformants were maintained on LB medium (pH 7.2) supplemented with 1.4% w/v
agar and lOOpg/ml carbenicillin or ampicillin. Transformants were screened using
LB/Agar/Amp (lOOpg/ml ampicillin) supplemented with 0.4mM IPTG (from sterile
40mM stocks), and 50pg/ml X-Gal (from a stock solution in EtOH). The plates were
incubated overnight at 37°C to allow time for growth and for any blue stain to develop
because o f the very low activity (at 37°C) of the thermophilic glycosidase encoded in
the vector.

3.8:

I d e n tific a tio n an d

16S rDNA

s e q u e n c in g o f a r c h a e a a s s o c ia t e d w it h

A n t a r c t i c m a r in e s p o n g e s

3.8.1: S a m p l in g

a n d m a in t e n a n c e o f m a r in e s p o n g e s

Samples o f Antarctic marine sponges were collected by the author with the help o f Dr.
Stacy Kim (Moss Landing Marine Laboratories, CA, USA), at depth o f 30m from the
“Zoo” ice hole near the McMurdo Station jetty. The location of the hole was determined
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as 77° 51.067” S, 166° 39.880” E using the GPS receiver. Dr. Kim also provided the
identities of all sponges except for one example. Specimens were maintained in open
plastic bags immersed in an aquarium at the Crary Science and Engineering Center,
McMurdo Station. The aquarium was continuously supplied with seawater pumped
from McMurdo Sound at a temperature of approximately -1.6°C . The sponges were
identified as follows: Sphaerolyticus antarcticus - “tubular sponge” (1), Homaxinella
balfurensis - “bush sponge” (2), Haliclona dancoi - “finger/pipe sponge” (3), Dendrilla
antarctica - “cactus sponge” (6 ), Kirkpatrickia variolosa - “red sponge” (8 ). The author
identified sponge 9 as Asbestopluma aff. Lycopodina.

Photographs of all six sponges, taken by Norbert Wu, were obtained from the World
Wide Web (WWW) site “An Underwater Field Guide to Ross Island and McMurdo
Sound, Antarctica” (http://scilib.ucsd.edu/sio/nsf/fguide/index.html). They have been
reproduced in this thesis with the permission of Norbert Wu Productions (Pacific Grove,
CA, USA). This guide was used by the author to identify sponge 9 as mentioned
previously.

3.8 .2: S AMPLE PREPARATION
Two small samples of tissue from each sponge were removed with a sterile scalpel, and
transferred into sterile 15ml polypropylene tubes. Excess seawater was drained from the
samples. One sample of each sponge was stored at -80°C for later DNA extraction,
while one of other sample of each was processed for FISH (see Section 3.8.3).

3.8.3: F l u o r e s c e n t In -S it u H y b r id is a t io n (FISH)

of s p o n g e - a s s o c ia t e d m ic r o b e s

Small pieces of sponge tissue (not weighed) removed with a sterile scalpel were placed
in 1.5ml micro-centrifuge tubes, and suspended in 0.9ml sterile 0.2pm-filtered seawater.
0.1ml 37% formaldehyde was added and the sample was stored overnight at 4°C. The
supernatant was removed after 1 day and replaced with 2% NaCl in 50vol% ethanol
before returning to storage at 4°C. The samples were briefly dissociated using a FIFE
tissue homogeniser, directly in the micro-centrifuge tube. These samples were then
ready for FISH experiments.

FISH was performed on gelatin-subbed glass slides, prepared by dipping the slides into
a solution of gelatin and chrom alum and allowing them to dry on the laboratory bench.
This gave an adhesive surface to the slide, so that the sponge material would remain on
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the slide during repeated washings in the variety of buffers used in this process. Two
spots of 20pl sponge sample were applied to each slide and air-dried. The samples were
dehydrated by immersion (for 1 minute each) in solutions of 50, 80, and 95vol% ethanol
and finally air-dried. The hybridisation protocol for the polyribonucleotide probes
reported by DeLong et al. (1999) was followed. This is reported here briefly. Table 3.4
gives the recipes for the hybridisation buffers, prepared to a final volume of 10ml. SET
buffer (20mM Tris-HCl, ImM disodium EDTA, 150mM NaCl, pH 7.8) formed the
basis of the hybridisation buffer.

Table 3.4: Polyribonucleotide probe hybridisation buffers

Component

Component amounts added for
50% formamide

2 0 pl

70% formamide

buffer

buffer

Formamide

5ml

7ml

Water (sterile-filtered)

2ml

none

25x SET buffer

2ml

2ml

Dextran sulfate

lg

20% w/v SDS

50gl

lg
50pl

lOmg/ml PolyA

lOOpl

lOOpl

of hybridisation buffer was added to each sponge extract

(2

per slide). 2 pl of each

probe was then added (each from a stock solution o f 50ng/pl), and a coverslip applied.
The probes used were either:

1) a mixture of eubsictcha.-fluorescein and Archaea-Cy5
2) Group 1 Aschaea-fluorescein alone

(The names of the fluorescent labels on the probes are italicised). The slides were
incubated at 55°C or 65°C for low or high stringency hybridisation conditions,
respectively. A reservoir of 3.75M NaCl inside the sealed hybridisation container
prevented desiccation of the samples. After

8

hours (or overnight), the coverslips were

removed by dipping the slides in lx PBS. The slides were then placed in a preheated
wash buffer (made by mixing 0.4ml 25x SET, 25ml formamide, and 24.6ml water) and
incubated at 45°C for 2 hours. After washing in lx PBS, the slides were soaked for 1
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minute in 50ml lx PBS supplemented with 0.5ml stock (lOOmg/ml) DAPI, before
washing again in lx PBS. After drying at room temperature, a drop of Citifluor
antioxidant (Ted Pellar Inc., Redding, CA, USA) and a glass coverslip was added. The
slides were studied in a darkroom by epifluorescence microscopy. The instrument used
was a Zeiss Axioskop epifluorescence microscope, with sample excitation using a Zeiss
AttoArc HBOIOOW light source. The samples were examined visually through
appropriate filter sets (one filter each for DAPI, fluorescein, and cy3). Immersion oil
was used to provide a low refractive index medium between the microscope objective
lens and sample, improving the quality of the images. A number of greyscale images of
the samples were captured with a Hanamatsu C5985 chilled CCD camera controlled by
an IBM PC, and stored electronically in the Tagged Image File Format (TIFF).

3.8.4: P r e p a r a t io n

of a t o t a l

DNA

extract o f

A n t a r c t ic

spo ng es

A MoBio UltraClean Soil DNA Extraction kit (MoBio, Solana Beach, CA, USA; Cat.
No. 12800-100) was used to extract total DNA. A 0.25g sample o f each sponge was
used, and total DNA extracted in accordance with the manufacturer’s instructions. The
lysis method of the kit employed either bead beating or a heat step. Both methods were
used and compared, to identify the best method. Bead beating was performed using a
BioSpec Products Mini Bead Beater at 5000 rpm for 30 seconds, in plastic screw
capped tubes with a quantity of glass beads, supplied with the kit. Heat treatment was
performed at 70°C for 5 minutes.

3.8.5: A m p l ific a t io n o f s p o n g e a ss o c ia t e d

archaeal

16S rDNA

genes by

PCR

Archaeal and bacterial rDNA was amplified by the Polymerase Chain Reaction (PCR)
employing TaqPol (Promega) in a Perkin Elmer Gene Amp PCR System 9600
thermocycler. The presence of a heated lid in the thermocycler removed the need for a
mineral oil layer on top of the reaction mixture.

Primer sequences for the PCR reactions are given in Table 3.5, with the abbreviations
for base degeneracy (M, Y, etc.) defined in Appendix 7. The numbers within the primer
designation refer to the locations relative to the E. coli 16S rRNA gene. The protocol
observed was as follows: The samples were heated to 94°C for 3 minutes, followed by
35 cycles of 94°C for 1 minute, 55°C for 1 minute, and 72°C for 15 minutes. Finally,
the sample was kept at 72°C for 5 minutes before cooling to 4°C, and maintaining at
this temperature until the samples were collected. Positive archaeal control DNA was
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obtained from Haloferax volcanii, and the negative archaeal control DNA was obtained
from the eubacterium Shewanella baltica. The composition of the PCR master mix was
the same as reported in Section 3.7.6. The reaction volumes for the archaeal and
bacterial reactions were 25 and lOOpl respectively. DNA for all PCR reactions was
quantified using a Hoefer DyNa Quant 200 fluorometer, using the supplied dye and
DNA concentration standard solution. It was used according to the manufacturer’s
instructions. 50ng total sponge DNA was added to each PCR reaction.

Table 3.5: PCR primers for the amplification of partial 16S rDNA sequences

Primer

Sequence (5’-3’)

Reference

Bacteria
27F

AGA/GTT/TGA/TCM/TGG/CTC/AG

Lane (1991)

1492R univ*

GGT/T AC/CTT/GTT/ACG/ACT/T

Lane (1991)

ARCH21F

TTC/CGG/TTG/ATC/CYG/CCG/GA

DeLong (1992)

ARCH958R

YCC/GGC/GTT/G AM/TCC/AAT/T

DeLong (1992)

Archaea

* 1492R is a universal reverse primer

3.8.6: L ig a t io n o f 16S rDNA in t o pGEM-T E a s y f o r

s e q u e n c in g

A pGEM-T Easy cloning kit (Promega) was used according to the manufacturers
instructions. The PCR-amplified 16S rDNA fragments were ligated directly from the
PCR reaction mixture after completion of the thermal cycles. This employed the TA
cloning method, ligating the overhanging “A” generated at the amplicon 3 ’ termini by
Taq polymerase to the compatible sites (overhanging “T” at the 3’ termini) of the
linearised pGEM-T Easy vector. Ligation was performed for 5 hours at room
temperature (20-25°C) and was continued overnight at 4°C. After the reaction, DNA
ligase was thermally inactivated by storing the reaction mixtures in a heating block at
70°C for 10 minutes. Electrophoresis in 1% agarose was used to determine the extent of
ligation. The ligated samples were frozen, transported to the University of Bath in a
polystyrene box filled with dry ice, and stored at -70°C until prepared for sequencing.

72

3.8.7: T r a n s f o r m a t i o n o f E . c o l i JM 1 0 9 a n d s e l e c t i o n o f t r a n s f o r m a n t s

High Efficiency E. coli JM109 competent cells (Promega) were transformed with
pGEM-T Easy vectors containing the archaeal 16S rDNA inserts. The transformation
protocol supplied with the competent cells was followed.

2 pl

of each ligation reaction

was added to sterile 15ml polypropylene tubes, and briefly centrifuged to ensure the
DNA solution was at the tube base. The competent cells were removed from storage at 70°C, thawed in an ice bath, and gently flicked to agitate the cell suspension. 50pl of
these competent cells was added to the vector using sterile wide-bore pipettor tips with
great care to avoid shearing the fragile cells. The tubes were stored in an ice bath for 20
minutes, and heat-shocked by immersion in a water bath at 42°C for 50 seconds. After
cooling on ice for 2 minutes, 950pl of sterile LB medium was added and the cells were
incubated for 1 hour 45 minutes at 37°C with agitation at 150 rpm. lOOpl o f each
transformation reaction was applied to LB/Agar plates containing 80pg/ml X-Gal,
0.5mM IPTG, and lOOpg/ml ampicillin. The cells were spread gently over the surface
with a glass loop, previously sterilised by soaking in ethanol and flaming. Overnight
incubation at 37°C was allowed for colony formation, and colour development was
enhanced by subsequently storing the plates for a day at 4°C.

The ligation of inserts into the pGEM-T Easy vector results in insertional inactivation of
its (3-gal gene. White colonies were therefore selected for sub-culturing (for subsequent
plasmid isolation). The number of white and blue colonies was recorded, in order to
evaluate the transformation efficiency.

3.8.8: I so l a t io n

o f p l a s m id s f o r se q u e n c in g

The white colonies obtained in the transformation reaction described in Section 3.8.7
were sub-cultured and maintained on plates of LB/Amp/Agar (stored at 4°C). Clones
were cultivated overnight in 8 ml LB/Amp. Plasmids were then isolated in the same way
as reported in Section 3.7.8, except that extra washing steps described in the Clontech
kit protocol were followed in order to obtain high-purity plasmids for sequencing.

A method reported by Bowman (2000a, 2000b) was used briefly in an attempt to find a
rapid screening method for unique inserts. Colonies of the Zs. coli JM109 pSAxxx
subcultured clones were picked off the agar plate with a sterile loop, and the cells lysed
in 0.1ml 2% w/v SDS (sterile filtered). The protein was extracted once with an equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1), and centrifuged at 5000rpm
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for 15 mins. lOpl of the aqueous fraction for each clone was electrophoresed alongside
6 pl

lkb ladder for molecular weight calibration in a 1 % agarose gel.

Restriction digestion was then performed on plasmids isolated using a commercial kit,
as described previously, using the enzymes Pstl and Smal (New England Biolabs).

3 .9 : I s o l a t io n

o f b a c t e r ia f r o m t h e m e l t w a t e r p o n d s o f t h e

M cM

urdo

Ice

S h e l f . A n t a r c t ic a

Samples containing the bacteria were obtained as described in Section 3.2.1.3. The
media used for isolation was described in Section 3.2.4.3. A small amount of the
aqueous sodium sulfate fraction (the upper layer of the polypropylene) of the sample
BRTsl was allowed to melt, and the supernatant poured onto the surface of a chilled
plate. The sample was returned to the freezer immediately. The liquid was spread over
the surface with an ethanol-flamed glass loop and allowed to absorb into the agar. Plates
were incubated in a cold-room held at a temperature o f 4.5°C (±0.5°C). Colonies were
selected as they appeared and were first sub-cultured on FSW-Agar. All subsequent
sub-culturing was performed using Marine Agar 2216, prepared according to the
manufacturer’s instructions. A precipitate formed during autoclaving, and could not be
redissolved. This was allowed to settle and discarded. For basic subculturing work, the
medium was adjusted to pH 8.5 using KOH. For use with X-Gal, the medium was
prepared without additional pH adjustment, which would result in a pH of 7.5 (as stated
by the manufacturers). Isolates were selected and the plates were inoculated using a
sterile loop before incubating in a cold room at 4.5°C.

3 .1 0 : A n a l y t i c a l

m ethods

3.10.1: T o t a l p r o t e in

a ssa y

Colorimetric assaying of total soluble protein was measured using the Coomassie Plus
Protein Assay Reagent Kit reagent obtained from Pierce (Rockford, IL, USA). The
micro assay protocol was used. All absorbances were measured using water as a
reference. Although normally stored at 4°C, the reagent was allowed to reach room
temperature (20-25°C) overnight before use. The room temperature at the time of each
experiment was recorded. The “Micro Protocol” was observed. Equal volumes of
reagent and protein solution were mixed, and the absorbance at 595nm measured
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instantly. Although the protocol recommended using 1ml o f both the reagent and
protein sample, only 0.5ml of each were added to a 1ml disposable cuvette. Preliminary
experiments showed identical results with both methods, since the volume ratio between
reagent and sample was conserved. The supplied ampoules o f 2mg/ml BSA were used
to calibrate the assay, with final concentrations of 2.5, 5, 10, 15, 20, and 25pg/ml BSA.
A blank absorbance reading (0.5ml sample buffer without protein added to 0.5ml
reagent) was subtracted. The corrected absorbance values for these standards were then
plotted against concentration to form the calibration graph.

3.10.2: E n z y m e

a ssay s

3.10.2.1: Acetyl Coenzyme A synthesis
Acetyl-CoA for assaying citrate synthase was prepared from Coenzyme A (Connaris,
1997 - personal communication; Danson, 1997 - personal communication). Briefly,
lOmg of Coenzyme A (free acid or lithium salt) was dissolved in 1ml of water, and
0.2ml of 1M KHCO 3 was added. The solution was cooled to 0°C in an ice bath. 6fil of
acetic anhydride was added and the solution was mixed before returning to the ice bath.
After 10 minutes at 0°C, the extent of reaction was determined by titrating any
remaining thiol groups with DTNB. 20/xl of the Acetyl-CoA solution was added to
0.2mM DTNB in 50mM Bis Tris Propane, pH 7.0. If A412 <0.02 (relative to the buffer
containing DTNB), the reaction has proceeded to completion. In all preparations, the
measured A 412 was zero indicating complete acetylation. The synthesis above yielded a
solution o f approximately 7.5mM Acetyl-CoA.

3.10.2.2: Dihvdrolipoamide synthesis
A sample of DHlip used for assaying hvDHlipDH was obtained from the Centre for
Extremophile Research, University of Bath. A sample of dihydrolipoamide was
prepared, but not used in any enzyme assays. Dihydrolipoamide was synthesised from
lipoamide by reduction with sodium borohydride, and its structure confirmed by one
dimensional proton nuclear magnetic resonance (]H-NMR) as reported in Appendix 2.

3.10.2.3: General enzyme assay methods
Enzyme

activity

was

measured

using

a

Pharmacia

Ultrospec

ID

UVATS

spectrophotometer (Pharmacia LKB Biochrom, Cambridge, UK). Absorbance was
normally monitored over

2

minutes at 412nm, and the slope obtained using the
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“Enzyme Kinetics” personal computer software (Pharmacia). Values of the rate of
change of absorbance (A/min) were converted to the reaction rate observed in the
cuvette

( U / m l reactio n )-

This was performed by applying Beer’s Law, with the molar

extinction coefficient for the relevant reaction product, at the experimental absorbance
wavelength. A dilution factor, obtained by dividing the reaction volume by the volume
of enzyme added, was then applied to give the reaction rate in terms of a millilitre of the
added enzyme

( U / m l enzy m e).

Assay temperature was set by employing a jacketed spectrophotometer cell supplied
with water from a bath by a circulating heater (Techne TE8A, Cambridge, UK). The
bath water temperature was adjusted to give the correct equilibrium temperature of the
cuvette contents, measured with a thermocouple. Such monitoring also allowed
determination of the time required for the contents to reach thermal equilibrium,
essential for the development of a reproducible assay protocol. For all assay buffers,
temperature effects on the buffer pKa were accounted for. At the measured solution
temperature, pH was adjusted in order that the correct pH of 7.0 would be achieved at
the working temperature of the buffer, in the absence of solvent. All other assay
components were stored in ice during experiments.

Buffer concentrate, water, and solvent were mixed directly in 1ml disposable cuvettes,
sealed with parafilm, and pre-warmed. After a period of time for temperature
equilibration in the cuvette (10 minutes), the assay components were slowly added with
the exception of cofactor (usually the most heat-labile of the assay components). After a
further two minutes, the assay was started with the addition of the remaining
component. The cuvette was then sealed with a piece of parafilm, inverted several times
to mix the contents, and absorbance data was then collected. In all cases, plotted data
points represent the averages of duplicate assays.

3.10.2.4: Citrate synthase assay
The assay described here was used to measure the activity o f the psychrophilic,
mesophilic, and thermophilic enzymes with modifications noted as follows.
The citrate synthase assay was based on a method reported Srere et al. (1963). Assays
were performed in 50mM Bis Tris Propane (pH 7.0) containing 2mM EDTA, with final
concentrations of 0.15mM Acetyl-CoA, 0.2mM OAA, and 0.2mM DTNB. Cosolvent
was present (where relevant) at the stated volumetric concentration. lOOmM KC1 was
76

present for DsCS and PfCS. Enzyme was diluted from stocks to give a final activity of
0.5 U/mlenzyme in aqueous buffer (in the absence of solvent). Absorbance at 412nm was
monitored, the wavelength of maximum absorbance of the CoA-TNBS complex. One
Unit of citrate synthase activity is defined as the liberation o f lpmol CoA per minute.
The molar extinction coefficient of the CoA-TNBS complex at 420nm was taken as
13.6xl03 M ' W .

DsCS was assayed at 23°C, pigCS at 30°C, but TpCS, ssCS, and PfCS were all assayed
at 55°C. OAA instability restricted the assay temperature to 55°C. Solvent volatility at
elevated temperatures is also an important consideration. lOmM DTNB stock solutions
were made up in 0.5M Tris-HCl (pH 8.0) containing 2mM EDTA. This strong buffer
solution was required in order to dissolve the DTNB. These stocks were stored at -20°C
until required. Solutions of lOmM OAA in 50mM Bis Tris Propane -HC1 (pH 7.0)
containing 2mM EDTA were prepared freshly. Aliquots of Acetyl-CoA solutions were
stored at -20°C and (as with DTNB) were used within 2 weeks o f preparation.

3.10.2.5: Halophilic citrate synthase assay
Halophilic citrate synthase activity was measured as in the previous section (3.10.2.4),
at 30°C in the same buffer but supplemented with 2M NaCl.

3.10.2.6: Halophilic dihydrolipoamide dehydrogenase assay
hvDHlipDH activity was measured at 340nm according to Jolley et al. (1996), by
monitoring the liberation of NADH from the enzyme-catalysed reaction. The assay was
performed at 30°C in 50mM Bis Tris Propane (pH 7.0) containing 2mM EDTA, 2M
NaCl, l.OmM NADH, 0.4mM DL-DHlip, and cosolvent (where relevant). Since
DHlipDH is specific to the L-isomer of DHlip, the effective substrate concentration is
0.2mM. A stock solution of 40mM DHlip was prepared in 100vol% ethanol and stored
at 4°C. A stock solution of 20mM NAD was also prepared, in 50mM Bis Tris Propane
(pH 7.0) containing 2mM EDTA, and stored at -20°C. One unit o f DHlipDH activity is
defined as the production of lpm ol NADH per minute. The molar extinction coefficient
of NADH at 340nm was taken as 6.33x103 M'1 cm"1 at 340nm. The enzyme loading in
all activity and stability experiments was 0.5

to 0.55

U/ml, when assayed

instantaneously in aqueous buffer (i.e. in the absence of solvent) under standard
conditions.
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3.10.3: A n a l y s is

o f e x p e r im e n t a l e r r o r s

Each data point that represents the activity of citrate synthase is the result of duplicate
assays using the same stocks of enzyme, solvent, and buffer. These values were then
averaged and plotted as a percentage of the solvent-free or zero time activity for the
activity and stability experiments respectively. The duplicates rarely differed by greater
than 4%. As a result, the size of the data points reasonably represents the variance of the
average activity data plotted. In the fluorescence experiments, duplicate runs were
performed, each run being the average of ten readings. Each duplicate value of MEW
differed by as little as zero but no more than 0.5nm. No statistical tests were performed
on the experimental data. However, great care was taken in the comparison o f enzyme
activity values (of two enzymes at the same solvent concentration, for example) in both
the activity and stability experiments to ensure that any differences were real, and were
not artefacts resulting from errors in the activity measurements.

Due to the use of saturating concentrations of both substrates in all experiments except
those involving DsCS (due to its extremely high Km for Acetyl-CoA), the largest source
of error between duplicates is likely to be in the addition of enzyme to the cuvette.
When pipetting enzyme into the cuvette, any excess enzyme solution (in the form of
droplets adhering to the exterior of the pipette tip) was carefully removed with tissue
paper and was found to improve the data quality. Great care was also taken to ensure
that the temperature of the assays was correct and reproducible. Experiments were
performed to measure the rate of thermal equilibration of the contents when the cuvette
was placed in the spectrophotometer, and that the temperature was the correct value
(allowing for the temperature drop between the circulating water in the jacket and the
cuvette contents). These results controlled the incubation time o f the cuvette in the
spectrophotometer that was required before the assay could be started.

3 . 10.4: S o d iu m D o d e c y l S u l f a t e - P o l y a c r y l a m id e G e l E le c tr o ph o r esis

(SDS-PAGE)
Materials and apparatus for SDS-PAGE were obtained from Novex. Pre-cast 4-20%
Tris-Glycine gradient gels were run with up to 22pl of sample per well, previously
diluted with an equal volume of 2x SDS Sample Buffer (Novex; supplemented after
purchase with 50pl p-mercaptoethanol per ml buffer). Samples were denatured for 5
minutes in a bath of boiling water and allowed to cool to room temperature (20-25°C)
before applying to the gel. Electrophoresis was performed at room temperature (2078

25°C) with a constant voltage of 125V for lhour 45 minutes. Novex SeeBlue protein
standard solution was used for molecular weight calibration. The solution contained the
following reference proteins, with molecular weights in kDa given in parentheses:
myosin (250), BSA (98), glutamate dehydrogenase (64), alcohol dehydrogenase (50),
carbonic anhydrase (36), myoglobin (30), lysozyme (14), aprotinin (6), insulin B-chain
(4). These molecular weights are greater than the native proteins due to the
complexation of SDS with the proteins in this pre-stained standard solution. Coomassie
staining was normally performed overnight (or for not less than 3 hours) on a rocking
platform using the Colloidal Blue Staining Kit (Novex) according to the manufacturer’s
instructions. The gel was destained (again on a rocking platform) with de-ionised water
until a clear background was achieved. The gels were then dried using the Gel-Dry
drying system (Novex) according to the manufacturer’s instructions.

3.10.5: M e a s u r e m e n t

o f p r o t e in u n f o l d in g b y t r y p t o p h a n f l u o r e s c e n c e

Tryptophan fluorescence was performed using a luminescence spectrometer, also
known as a fluorimeter (Perkin Elmer, Beaconsfield, UK; model LS5B) at the
Department of Pharmacy and Pharmacology, University of Bath. Water from a heated
bath was circulated through a jacketed cell to set the cuvette contents to 23°C. The slit
widths for excitation and emission were set to 4nm (giving the best results during trial
runs), and the excitation wavelength was 295nm to avoid interference from tyrosine
residues (Kijima et ah, 1994). Ten spectra were obtained for each sample, and the ten
values of maximum emission wavelength (Xmax, or MEW) obtained from the emission
spectra were averaged. Each data point represents the average MEW value o f duplicate
samples. The fluorimeter was controlled using an IBM PC. Data was collected and
analysed using the “FL WinLab” software package (Perkin Elmer). A single 500pl
quartz fluorimetry cuvette was used initially, but 4ml plastic fluorimetry cuvettes (clear
on all sides) were found to give more reproducible results.

For generating reference data, a stock of 5mM L-tryptophan was prepared in the DsCS
fluorescence buffer. The concentration of tryptophan in the cuvette was set at 25 pM, as
this gave similar fluorescence intensities to DsCS in buffer. Subtraction o f the DsCS
MEW from the tryptophan MEW gives a true indication of the change in exposure of
the residues in DsCS to the solvent. In the DsCS unfolding experiments, 8M urea was
prepared in 180mM Tris (pH 7.0 at 23°C). The Tris concentration was higher than that
normally used in experiments. The cationic Tris buffer removes any CN’ generated by
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urea degredation through complex formation. Since CN" is a protein-modifying agent, it
is important to protect DsCS from any effects it may have on the fluorescence spectrum,
so the Tris was increased in concentration to allow for this. The stock urea solution was
diluted to the appropriate final concentration using water and the same concentrated
assay buffer (lOx) used in enzyme activity experiments. In all fluorescence experiments,
this assay buffer had final concentrations of 50mM Bis Tris Propane, lOOmM KC1, and
2mM EDTA. The pH of this buffer was 7.0 at 23°C, in the absence of any other
components. Because of the volume taken up by the assay buffer and enzyme, the
maximum urea concentration in these experiments was 7M. A stock solution of 6M
GdnHCl was prepared with 50mM Tris (pH 7.0 at 23°C), but duplicates were not
performed with this denaturant.

3.10.6: C o n v e r s i o n o f s o l v e n t c o n c e n t r a t i o n (v o l % ) i n t o t h e r m o d y n a m ic
WATER ACTIVITY

To facilitate the analysis of the results of AAA/OOO enzyme activity experiments,
values of solvent concentration in vol% were converted into water activity (aw) using
the model and data presented by Bell et al. (1997). This paper did contain some
typographical errors in the equations presented, and the corrected equations are shown
in this section.

The process for calculating water activity from mole fractions (including the corrected
equations) is presented as follows. Firstly, the solvent concentration in vol% was
converted to a mole fraction:

*„ =

Wl
(fhvVs +

3.1

(1 — (fhv)Vw

where xw, V s, and <|)w are the water mole fraction, solvent molar volume, and volume
fraction of water respectively.

80

The Wilson coefficients given by Bell et ah (1997) were then used to calculate
intermediate values:

Vs
Aws = —
Vw

Vw
A sw =

— (A.WS — A<ww)

exp

3.2

RT

exp

Vs

(X.SW — A ,ss)

3.3

RT

where Aws and Asw, Vs, Vw, (Aws-^ww) and (Xsw-Xss), R, T, are the two intermediate
Wilson coefficients, solvent molar volume, water molar volume, the two Wilson
coefficients, universal

gas constant (8.314 Jmol^K'1), and absolute temperature

respectively. From these, the activity coefficient of water was calculated:

In Yw ——ln[ Xw —A>vsXy]
3.4

Aws

+ Xs

X w — Aws-Xs

AswXw + Xs

where Yw and xs are the activity coefficient of water and solvent mole fraction
respectively. Water activity (aw) is the product of the activity coefficient and the mole
fraction of water:

3.5

a w — x w .y w

The model was applied by developing a Microsoft Excel spreadsheet to allow the direct
conversion of solvent concentration into a water activity or water mole fraction value at
a known temperature, for solutions of DMSO and DMF. This spreadsheet allowed the
re-plotting of the experimental data for citrate synthase activity in AAA/OOO media
given in Chapter 4 (Section 4.5.2), in terms of water activity.

The spreadsheet described above was also used to calculate the water activity
corresponding to a value of water mole fraction in a range from 0 to 1, in increments of
0.01. The resulting data was plotted to give the standard water activity vs. water mole
fraction relationships for the solvents DMSO and DMF. The graphs shown by Bell et al.
(1997) for each solvent were successfully reproduced (Section 4.5.1; Figure 4.7 for
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DMSO-water and Figure 4.8 for DMF-water), and helped confirm that the spreadsheet
model had been executed correctly.

Fundamental data for glycerol was not available from the literature. Additionally, it is
not possible at present to calculate water activity in aqueous/organic solutions at 2M
NaCl. This model was therefore only applied to non-halophilic enzymes in the presence
of DMSO and DMF.

3.10.7: A g a r o s e e l e c t r o p h o r e s is

of

DNA

DNA was electrophoresed in agarose gels, prepared to concentrations of 0.8% for
gDNA and 1% for general purposes. The running buffer used (unless stated otherwise)
was lx TBE (45mM Tris, 45mM boric acid, ImM EDTA, pH 8) as described in
Sambrook et a l (1989), diluted from a lOx stock solution, lx TAE (40mM Tris, 40mM
acetic acid, ImM EDTA, pH 8) and 0.5x TBE was sometimes used (ibid). An
appropriate amount o f agarose was added to the running buffer and dissolved by heating
in a domestic 600W microwave oven for 1 minute, when a clear solution was obtained.
5pl of a lOmg/ml stock solution of ethidium bromide was added for every 100ml of gel.
The gel was mixed thoroughly before pouring into the cassette (10cm x 10cm) with the
well comb in place. The gel was stored at room temperature (20-25°C) until it had
formed a soft gel then placed in a fridge at 4°C to set firmly. DNA samples were mixed
with “6x sample buffer IV”, described by Sambrook et al. (1989), containing 0.25% w/v
bromophenol blue and 40% w/v sucrose in water. If necessary, sterile water was added to
the sample to obtain a lx sample buffer final concentration. Samples were often
electrophoresed alongside DNA size markers. lOObp and lkb ladders were used (Gibco
BRL/Life Technologies, Paisley, UK; Cat. Nos. 15628019 and 15615016 respectively).
Gels were routinely run at 5V/cm (i.e. applied voltage/linear distance between
electrodes). A reduced voltage was used when molecular weight estimation of
fragments was important and when running DNA for agarose gel purification. The
lower migration rates (and lower heat generation by the current) resulted in sharper
bands and better resolution of fragments. Gels were photographed with trans
illumination using Polaroid Type 667 (ISO 3000) monochrome film at f5.6 for Vs*
second, or Vi second for fainter bands. All gel photographs shown in this thesis were
digitised using a scanner and an IBM PC, and have been annotated with lane numbers at
the top. The sizes o f molecular weight markers have included at the sides (where
relevant).
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In the case of work carried out at the McMurdo Station, Antarctica, agarose gels were
prepared without ethidium bromide (for waste management reasons) and run with 0.5x
TBE. Gels were stained in aqueous ethidium bromide (50pg/ml) for 20 minutes, and
destained in water for another 20 minutes. Waste EtBr solution was decontaminated
with activated carbon as described by Sambrook et al. (1989). Gels were photographed
as described above. Loading buffer (6x) obtained from Promega (employing two
tracking dyes) was added to the DNA samples before electrophoresis.

3.10.8: D e n a t u r in g G r a d ie n t G e l E l e c t r o p h o r e s is (DGGE)
This method was applied to the study of community structure of archaea and bacteria
within the tissues of Antarctic marine sponges. The methods described here can be
applied to any study involving the community structure o f archaea and bacteria without
modification.

3.10.8.1: PCR primers for preparation of GC-clamped 16S rDNA gene fragments
Established PCR primers were used for preparing the 16S rDNA fragments for DGGE
analysis. Table 3.6 lists the sequences and their sources.

Table 3.6: Primers for PCR amplification of GC-clamped 16S rDNA fragments

Primer
Bacteria
GC358F
BACT517R
Archaea
ARGC347F
UNIV519R

Sequence (S’-S*)

Reference

CGC/CCG/CCG/CGC/CCC/GCG/CCC/GTC/CCG/CCG
/CCC/CCG/CCC/CCC/TAC/GGG/AGG/CAG/CAG
ATT/ACC/GCG/GCT/GCT/GG

Murray et al. (1996)

CGC/CCG/CCG/CGC/CCC/GCG/CCC/GTC/CCG/CCG
/CCC/CCG/CTC/CGG/GCG/CAG/CAG/GCG/MGA/A
GWA/TTA/CCG/CGG/CKG/CTG

Murray (1998)

Muyzer et al. (1993)

Stahl etal. (1986)

3.10.8.2: PCR protocol
The protocol given in Table 3.7 was used for the heating-cooling cycles. This type of
protocol is known as “touch-down PCR”, since the annealing temperature reduces by
2°C per two cycles. This reduces the incidence o f mispriming. The primers amplified a
shorter segment of the 16S rDNA gene than used for sequencing, and the forward
primer had a 40-bp “GC-clamp” at the 5 ’ end.
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Table 3.7: PCR protocol for preparing GC-clamped 16S rDNA fragments

Temperature (°C)

Step time

denaturation-annealing-extension

(each temp.)

No. of cycles

94 Hold

3 min.

-

94-65-72

30s

2

94-63-72

30s

2

94-61-72

30s

2

94-59-72

30s

2

94-57-72

30s

2

94-55-72

30s

17

72 Hold

5 min.

-

4

forever

3.10.8.3: DGGE of GC-clamped 16S rDNA amplicons
A BioRad DCode Universal Mutation Detection System was used for DGGE.
Denaturing gradients are expressed in % denaturant, where 100% denaturant consists of
7M urea and 40vol% formamide. Gradients always increased in the direction of DNA
migration. Gels were prepared in accordance with the manufacturer’s instructions,
resulting in gel of the dimensions 160mm x 160mm x 1mm, with 16 sample wells. A
denaturing gradient of 40-80% was employed, in an 8% acrylamide gel. Samples were
mixed with 1 volume of loading buffer and electrophoresed for up to 5 hours at 200V
and 60°C, in lx TAE buffer.

Due to the nature of DGGE, references are employed in place o f standards. Unknown
samples were electrophoresed with GC-clamped amplicons (prepared in the same way)
of the 16S rDNA genes of known organisms. GC-clamped 16S rDNA fragments from
the marine bacteria Deleya cupida, Pseudomonas nautica, and Shewanella baltica were
used for bacterial DGGE, and Haloferax volcanii was used for archaeal DGGE. To
determine the point where the GC-clamped fragments denatured within the gel, samples
were loaded at intervals in the same gel. By comparing the migration distances between
the sample fragments over different electrophoresis times, the status o f the fragment
(denatured or denaturing) could be determined. Only denatured DNA bands are
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appropriate for comparison. Bacterial GC-clamped fragments were subjected to 800,
950, and 1000 volt-hours, while archaeal GC-clamped fragments were subjected to 650,
750, 900, and 1000 volt-hours. In the 16-well gels, the number of samples determined
how many loadings could be performed.

3.10.9: DNA

s e q u e n c in g

DNA sequencing was performed using the dideoxy nucleotide triphosphate (ddNTP)
method (Sanger et a l, 1974) with dye terminators. This PCR-based sequencing method
was used with Taq polymerase. Samples were prepared in a volume of 6pl, consisting of
plasmid, sequencing primers and sterile water, and submitted to the University o f Bath
Automated DNA Sequencing Service. This service employs a PE Biosystems ABI 377
DNA Sequencer. Sequence data files were visualised using the Chromas PC software
package (Technelysium Pty Ltd, Australia).

M13 primers (Gibco BRL; M13f - Cat. No. 18257-014, M13r - Cat. No. 18424-010)
were used for sequencing the inserts of the pGEM-T Easy vectors. The sequences of the
M l3 sequencing primers are as follows:

M 13f

5 ’-CCC/AGT/C AC/GAC/GTT/GTA/A A A/CG-3 ’

M13r

5 ’-AGC/GGA/TA A/CA A /nT /C AC/ACA/GG-3 ’

During the PCR reaction that forms the basis of the sequencing process, these primers
anneal to the a-peptide regions of the lacZ gene on the pGEM-T Easy vector. Since this
gene is insertionally inactivated by the ligation o f an insert into the vector, the primer
annealing sites therefore flank the insert sequence (i.e. the 16S rDNA gene fragment).
The read length with this method o f sequencing is approximately 600 bases. Two
separate reactions were performed with each plasmid, and each of these reactions used
one of the sequencing primers. With one sequence reading from the M 13f primer, and
the other reading from the M13r primer (reverse complemented), the entire insert
sequence could be obtained. The sequence obtained using the M l3 reverse primer
required reverse complementation in order to give the sequence of the coding strand in
the correct orientation (5’-3’). The small parts of the pGEM-T Easy vector flanking the
insert sequenced, together with the PCR primer sequences (used to originally prepared
the inserts), were used to identify the beginning and end of the insert sequence.
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In cases where the uncertainty in the identity of a particular base reached a threshold
value, the D NA sequencer recorded an “N ”. Such bases were identified manually by
examining the chromatogram produced by the sequencing system. Both the forward and
reverse sequences overlapped to the extent where it was possible to combine only the
portions of the forward and reverse readings with the highest fidelity, to obtain the
completed insert sequence. The TA cloning method used to prepare the vectors (with
16S rDNA fragment inserts) does not control the orientation of the ligated insert, since
both ends of the insert (and the ends of the linearised vector) are identical. It is also
possible with the TA method for more than one insert to be ligated into the vector. The
sequences of the PCR primers were therefore used to check the sequence had the correct
orientation, and that only one insert was present, which is essential for correct
phylogenetic analysis. DNA sequences (5’-3’) were then converted to RNA by
replacing thymine (T) bases with uracil (U) in the sequence, before performing
sequence and phylogenetic analysis.

3 .1 0 .1 0 : M u l t ipl e

Protein

a l ig n m e n t o f a m in o - a c id se q u e n c e s

sequences

were

obtained

from

the

NCBI

online

database

(http://www.ncbi.nlm.nih.gov) and entered into the BioEdit PC software package.
Sequence alignments were performed using the ClustalW program, embedded into the
BioEdit package. Using the alignments thus generated, the software package then
produced the identity matrices shown.

3 . 10.11: P h y l o g e n e t ic

a n a l y s is b a s e d o n

16S rRNA p a r t ia l

seq u en c es

The completed 16S rRNA sequences were submitted to the Ribosomal Database Project
II,

http://www.cme.msu.edu/RDP/htmlindex.html.

using

the

“Sequence

Match”

function. This was used to identify the sequences in the RDP database with the highest
similarity to the derived sequence. The “Chimera-check” function was also utilised, and
from the results, chimera formation during multi-template PCR was ruled out. Since the
Sequence Match program sometimes identified partial, incomplete sequences as having
the highest identity to the target sequence, this was not used further for phylogeneitc
analysis. For the retrieval of sequences for alignment and phylogenetic tree
construction, the sponge archaea 16S rDNA sequences were submitted to the BLAST
nucleotide database at http://www.ncbi.nlm.nih.gov. A number o f the most relevant
sequences were recovered in GenBank format ready for alignment and tree construction.
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These sequences are described as follows, together with their GenBank accession
numbers, sequence length (in parentheses), organism description, and the source of the
organism:

AB019723 (1398bp) - unidentified archaeon pM C2Al, hydrothermal vent
AF052949 (916 bp) - uncultured marine archaeon TS235C310, fish digestive tract
AB019724 (1398bp) - unidentified archaeon p M C lA ll, hydrothermal vent
AB015274 (914bp) - unidentified archaeon JTB168, cold seep
AB019722 (1398bp) - unidentified archaeon pIVWAlOl, hydrothermal vent
AB015275 (914bp) - unidentified crenarchaeote JTB167, cold seep
ABO15278 (914bp) - unidentified archaeon JTA226, cold seep
AAU11043 (909bp) - archaebacterium clone ANTARCTIC 12, marine picoplankton
AB015277 (914bp) - unidentified crenarchaeote JTA47, cold seep
AB019725 (1398bp) - unidentified archaeon pM ClA103, hydrothermal vent
D87348 (914bp) - unculturable Mariana archaeon, Mariana trench sediment
AB015276 (914bp) - unidentified crenarchaeote JTB153, cold seep
AF290533 (868bp) - uncultured marine archaeon AEGEAN_70, Aegean Sea
AF290529 (870bp) - uncultured marine archaeon AEGEAN_67, Aegean Sea
CSU51469 (1474bp) - Cenarchaeum symbiosum, marine sponge symbiont

The Clustal PPC computer software package was used for this purpose, initially running
on an Apple Macintosh computer. The default settings pre-set into the package were
used. Firstly, the all the 16S rDNA sequences (from the Antarctic archaea and the
closest matching sequences from GenBank) were aligned using the neighbour-joining
method. Bootstrapping was performed when generating the tree, to derive confidence
values for the groupings in the tree. N random samples of sites from the alignment were
taken by the software, N trees were drawn (1 from each sample), and the number of
times each grouping from the original tree occurs in the sample trees becomes the
reported confidence value. This is the number displayed alongside the root o f each
branch. N was set to 100.
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CHAPTER 4

ACTIVITY AND STABILITY OF PSYCHROPHILIC,
MESOPHILIC, AND THERMOPHILIC CITRATE
SYNTHASES IN AQUEOUS/ORGANIC MEDIA

4 .1 : I n t r o d u c t i o n

a n d a im s

In the Centre for Extremophile Research, University of Bath, citrate synthase has been
used as a model enzyme in studies of thermostability and thermoactivity (Russell et a l,
1994; Connaris et a l, 1998; Russell et a l, 1997). The availability of crystal structures
for almost all of the citrate synthases studied at the Centre for Extremophile Research
facilitates the study of activity and stability in organic solvents.

Literature reports of thermophilic enzymes often state that these enzymes are more
stable than their mesophilic counterparts. Such reports, however, do not cite references
to support these statements. A comprehensive survey o f the literature has not yielded
any information that sheds light on this important issue. While many thermophilic and
mesophilic enzymes have been studied in organic media, in isolation, there has been no
systematic comparison of homologous thermophilic, mesophilic, and psychrophilic
enzymes in organic media. With the industrial potential of extremozymes, there is a
great need for information on their activity and stability in organic media, especially in
comparison with mesophilic counterparts. The work reported in this chapter represents
the first step towards a greater understanding o f the performance of these enzymes in
organic media, and their advantages over the “conventional” mesophilic counterparts. It
also aims to promote further understanding of the nature o f protein-solvent interactions
in AAA/OOO systems, information that may be used to enhance these enzymes or their
application.
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This chapter reports and discusses the activity, stability, and structure o f citrate synthase
from organisms that grow over a 100°C temperature range (i.e. 4-104°C) in aqueous
solutions of polar organic solvents (AAA/OOO media). The three solvents used here dimethylsulfoxide (DMSO), N ,N ’-dimethylformamide (DMF), and glycerol - are fully
miscible in water and have been widely used in literature reports with a variety of
enzymes.

The main aim of this research was to establish a link between the thermostability of
citrate synthase and its resistance to denaturation by polar solvents. The effects of
DMSO, DMF, and glycerol on citrate synthase were studied by measuring the activity
and stability of the enzymes in the presence of these solvents. These are reported in
Sections 4.3 and 4.7 respectively. The data in Section 4.3 was re-expressed in terms of
water activity (Section 4.5), using a model described in Section 4.2.9.

The observations made with psychrophilic citrate synthase in the presence of DMSO led
to a structural study that further probed the effects of this solvent (Section 4.4). As part
o f this study, a brief discussion of the effects of solvents on enzymes in AAA/OOO
systems has also been presented (Section 4.8.3).

4.2: An o v e r v ie w

o f c it r a t e s y n t h a s e

4.2.1: I n t r o d u c t io n
Citrate synthase (CS; EC 4.1.3.7) is the first enzyme of the tricarboxylic acid (TCA)
cycle. CS forms a carbon-carbon bond between the C4 species passed around the TCA
cycle (oxaloacetate) and the C 2 species generated by glycolysis (the acetyl moiety on
acetyl-S-CoA), yielding a Ce species (citrate), as follows:

acetyl-S-CoA + oxaloacetate + H2O —> citrate + CoA-SH

The reaction proceeds via an intermediate, citryl-S-CoA, which is hydrolysed to citrate
and CoA-SH (Remington, 1992). CoA-SH is reformed into Acetyl-S-CoA by pyruvate
dehydrogenase or the multi-enzyme pyruvate dehydrogenase complex (PDHC) or, in
archaea, by pyruvate oxidoreductase. Ferredoxin is the electron acceptor in thermophilic
and halophilic Archaea, while eukarya and eubacteria use NAD+ as the electron
acceptor.
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Many

metabolic

enzymes,

including

glutamate-,

lactate-,

malate-,

and

3-

isopropylmalate- dehydrogenase, have been studied as part of adaptation to extreme
conditions. As stated by Vetter et al. (1997) the physiological performance and
capability of the host organism should be reflected in the properties o f its enzymes. The
importance of the study of an extremophilic metabolic enzyme is also supported by the
wealth of data available for a number of mesophilic homologues. CS is particularly
important due to its presence in almost all organisms (Muir et a l, 1994).

The oligomeric and regulatory properties of CS have been found to correlate with the
host taxonomy (Sutherland et al., 1990) - eukaryotes and gram positive eubacteria have
dimeric CSs, inhibited isosterically by ATP; gram negative eubacteria have hexameric
CSs with two trimers combining to form a dimer, inhibited allosterically by NADH. In
both cases, the subunit MW is approximately 50kDa. The sequence identities of citrate
synthase from a variety of organisms have been presented by Danson & Hough (1992).
In the study reported in this chapter, all the enzymes used are dimeric, with high
structural homology, but are drawn from all three domains. In the future, pending the
further exploitation of advances in the isolation of genes from uncultivated organisms,
citrate synthases (or other enzymes) from psychrophilic and mesophilic archaea that are
known to proliferate in the biosphere may become available, so that homologous
archaeal enzymes across life’s temperature range may be subjected to comparative
study.

4.2.2: P s y c h r o p h i l i c c i t r a t e s y n t h a s e f r o m A r t h r o b a c t e r spp.
Citrate synthase was identified in an Antarctic bacterium, originally catalogued as DS23R. Arthrobacter spp. was isolated from stream sediment at the Darwin Glacier,
Antarctica. Despite an optimum growth temperature of around 23°C, it is regarded as a
psychrophile here due to its ability to grow at 4°C. Several other organisms with higher
optimum growth temperatures were isolated from the same site, and may yield citrate
synthases with thermostabilites between DsCS and mesophilic CS. The citrate synthase
gene was successfully cloned and expressed in E. coli, as reported by Gerike et al.
(1997). DsCS was expressed in E. coli W620, a strain deficient in citrate synthase (and
therefore requiring glutamate for growth). When purifying recombinant DsCS from
cell-free extracts, any host CS activity would be purified at the same time as DsCS,
interfering with activity and kinetic studies. However, since only recombinant
thermophilic citrate synthases are heat-treated (and assayed at high temperature), in
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such cases contamination with a mesophilic CS from the expression host would not be a
problem.

DsCS

showed a temperature optimum of 31°C, but was assayed at 23°C.

Characterisation performed by Gerike et al. (1997) revealed a high Km for Acetyl-CoA
of 230 ±130 pM at 23°C. A high Km value has the effect of maximising catalytic
efficiency at low temperature by reducing the enzyme-substrate complex activation
(Feller & Gerday, 1997). However, enhancement of catalysis is probably not the driving
force for the high Km value - rather, it is likely to reflect the intracellular Acetyl-CoA
concentration (Danson, 1999 - personal communication) and the respiration rates of this
Antarctic isolate. Km can be used to gauge intracellular concentrations, as changes in
substrate concentration have greatest effect on enzyme activity when in the region of
Km, and is a useful property to be exploited for the purposes of metabolic regulation
(Hochachka & Somero, 1984). The only other extremophilic citrate synthase that is
known to have a similar Kmvalue is that of Halobacterium halobium, at 211pM at 30°C
(Danson et al., 1985). Other kinetic data for DsCS are Km (OAA) = 6.9 ±2.0 pM, and
Vmax = 30 ±6 U/mg (Gerike et al., 1997).

DsCS was recently subjected to X-ray crystallography (Russell et al., 1998). From the
3D structure, significant features of cold adaptation were proposed: the reduced
numbers of H bonds, salt bridge interactions, and Leu/Pro clusters; extended and highly
charged surface loops; low Arg/(Arg+Lys) content; increase in Gly and Ser residues
close to the active site. Other features were implicated in cold adaptation. At pH 7.0,
DsCS was reported to have 28 negative charges on its surface, compared to zero for
PfCS at physiological pH. Positive charges were concentrated around the active site,
aiding the binding of the negatively charged substrates. It has been inferred that the
overall negative surface charge in conjunction with the positive charges around the
active site helps focus the substrates toward the active site. This can help DsCS
overcome the effects o f low temperatures on reaction kinetics. The presence of the
negative charges require that a concentration of lOOmM KC1 in vitro be maintained for
enzyme stability, by screening negative-negative charge interactions (this is also a main
feature of halophilic enzymes, but present here to a much lower extent). Site-directed
mutagenesis on DsCS has found, however, that the high accessibility of the active site
in DsCS has no role in the cold-activity of DsCS (Gerike, 1999 - unpublished data).
Protection against cold denaturation is another key to the activity and stability of
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psychrophilic enzymes - DsCS contains more intramolecular ion-pairs, overcoming the
reduction in the stabilising hydrophobic effect at low temperatures.

4 .2 .3 : M eso ph il ic

c itr ate s y n t h a s e f r o m po r c in e h e a r t

The structures of two mesophilic citrate synthases have been solved: porcine heart
(pigCS) and chicken heart (chCS) - however pigCS has been used most often as the
basis for comparison of enzyme structures and amino-acid sequences. The three
dimensional crystal structure of pigCS was reported by Remington (1992). The basic
homodimeric structure can be denatured reversibly, but each subunit contributes
functional groups to the active site. Oligomeric integrity is therefore essential for
catalytic activity. Each subunit, with a MW of 50kDa, contains large and small domains
of 15 and 5 helices respectively. The cleft between these domains forms the substratebinding site. Upon substrate binding the enzyme undergoes a large conformational
change, allowed by the structure-dominating helices. The ability to undergo this
conformational change is essential for catalytic activity. Substrate binding is ordered
with OAA binding first, dramatically increasing the binding constant for Acetyl-CoA.

Johnson & Srivastava (1991) analysed the binding of substrates to pigCS in the
presence of urea at 25°C and pH 8. At a fixed, high concentration of Acetyl-CoA, a plot
of Vpigcs activity and V[oaa] for 0.0, 0.5, and 1.0 M urea implied uncompetitive inhibition.
Urea binding to the CS-OAA complex was found to enhance the affinity of pigCS for
OAA to the extent where a dead-end complex is formed.

4.2.4: T h e r m o p h ilic c i t r a t e s y n t h a s e f r o m T h e r m o p l a s m a

a c id o p h il u m

Russell et a l, (1994) reported the crystal structure of TpCS. TpCS has a physiological
temperature of around 55°C, is optimally active at 60°C, and has a half-life of 57
minutes at 70°C. It showed good structural similarity with pigCS when their structures
were overlaid despite a sequence identity of only 20%. The substrate-binding residues
in pigCS (His274, His320, Asp375) are also found in TpCS (His222, His262, Asp317),
confirming conservation of the catalytic mechanism. Of the major structural differences,
one was the absence in TpCS of a helix that - in pigCS - is found folded over the
surface. This makes the TpCS sequence 35 residues shorter. However, it was concluded
that this was not strictly a feature of thermostability, having been observed in two
mesophiles - the dimeric forms of CS from E. coli and Pseudomonas aeruginosa (these
are in addition to the hexameric forms initially identified in these bacteria - see Section
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4.2.7 for further details). TpCS has 16 helices per subunit, equating to 57% of the total
number of residues. Upon dimerisation, 20% of accessible surface area is buried. As in
pigCS, the large domain of each subunit has 15 helices, but the small domain has 4
fewer helices than pigCS making TpCS more compact. The subunit interface consists of
4 pairs of antiparallel helices - denoted F, G, L, M. In pigCS, the helices F, L, M are
hydrophobic and G is hydrophilic. However, in TpCS all are hydrophobic with an
increased Ala content - Ala stabilises helices by increasing their hydrophobicity and
reducing flexibility.

E. coli MOB 154, a CS negative strain, was transformed with pCSEH19 containing the
TpCS gene insert as reported by Sutherland et a l (1990, 1991), and was validated in
Appendix 1. TpCS expression is controlled by the lac promoter and IPTG addition up to
5mM was seen to have little effect on expression levels. TpCS o f 5.3U/mg was obtained
from the cell free extract, a 20-fold enhancement over T. acidophilum. The subunit MW
from the sequence of 384 amino acids was calculated at 42942Da, corresponding to the
SDS-PAGE value for recombinant TpCS of 43 ± 2 kDa.

4.2.5: E x t r e m e l y t h e r m o p h ilic c i t r a t e s y n t h a s e f r o m S u l f o l o b u s s o l f a t a r i c u s
Recently, ssCS was expressed in recombinant E. coli, and homology modelled with the
TpCS crystal structure (Connaris et al., 1998). ssCS is intermediate in thermostability
between TpCS and PfCS, with a half-life of 8 minutes at 95°C and a physiological
temperature o f 87°C. It is also intermediate with regard to content of thermolabile Glu
residues - pigCS (17), TpCS (10), ssCS (8), PfCS (5). At the subunit interface, Met99 of
TpCS is replaced with Glu in ssCS, capable of forming an extra salt-bridge and
enhancing thermostability. Further structural details will be known upon solution of its
crystal structure.

4 .2 .6 : H y p e r th e r m o p p iilic c i t r a t e s y n t h a s e f r o m P

y r o c o c c u s f u r io s u s

Russell et al. (1997) reported the crystal structure of PfCS. PfCS has a half-life of 17
minutes at 100°C. A major feature is its compactness - the study o f TpCS (Russell et al.,
1994) stated that compactness caused by smaller loop structures could be a
manifestation of the primitive nature of the enzyme, and has not necessarily evolved
specifically for enhancing thermostability. Nonetheless, smaller loop structures are less
likely to unfold under thermal stress. Another factor in its thermostability is the
increased content of intersubunit ion-pairs, ensuring dimeric integrity at high
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temperatures (Russell et al., 1997). The thermolabile residues (Asn, Gin, Cys) in this
hyperthermophilic enzyme have not been eliminated from PfCS, merely reduced in
number relative to pigCS, but it is likely that the remaining thermolabile residues may
be sterically protected from degradation under physiological conditions. PfCS has the
lowest content of thermolabile residues in all of the CSs studied to date. The increased
Glu content in surface regions of PfCS also correlates with the presence of up to
600mM KC1 concentration in the P. furiousus cytoplasm, P. furiosus being a marine
organism (Muir et al., 1995). The half-lives in vitro at 102 and 104°C are 6 minutes and
1 minute respectively. The presence of intracellular solutes is believed to confer
additional enzyme stability in vivo, sufficient to explain the upper limit of 105°C for
growth of P. furiosus.

4 .2.7: 2 -M e t h y l c it r a t e

s y n t h a s e a c t iv it y

It was recently reported that E. coli possessed a second gene encoding CS (Patton et al.,
1993). As reported by Gerike et al. (1998), a CS negative strain was mutated producing
a CS positive revertant. Both produced an inactive hexameric CS (previously believed
the only CS present in E. coli), where the Asp essential for catalysis was replaced with
Asn. The CS positive revertant was then found to produce an active dimeric CS. Nterminal sequencing of the dimeric enzyme showed that it was encoded by a different
gene to that of the hexameric CS. Characterisation o f the dimeric enzyme identified it as
a 2-methylcitrate synthase (EC 4.1.3.31; abbreviated to 2-MCS), which possessed some
degree of citrate synthase activity. The reaction catalysed is shown below:

propionyl-S-CoA + oxaloacetate + H2O —> 2-methylcitrate + CoA-SH

This enzyme forms part of the proposed 2-methylcitrate pathway (2MC) i.e. propionate
is converted into propionyl-S-CoA, and then condensed with OAA to form 2methylcitrate and CoA by 2-MCS (this CoA is then recycled). 2-methylcitrate is then
converted to 2-methylaconitate, 2-methylisocitrate, and then to pyruvate, or succinate
(to re-enter TCA cycle). The two forms of CS have been found in mutants of
Acinetobacter Iwoffi and Pseudomonas aeruginosa. The 2MC pathway has been
observed in the yeasts Saccharomyces cerevisiae and Yarrowia lipolytica.

DsCS was found to possess both CS and 2MCS activity, with the 2MCS activity having
a value of 75.8% o f the CS activity at 23°C. 2MCS activity was found with other CSs

(relative to each enzymes’ CS activity): <0.1% with pigCS at 37°C, 18.3% with TpCS
at 50°C, and 4.1% with PfCS at 68°C. In all cases, assay o f CS and 2MCS activity was
with 0.2mM Acetyl-CoA and 0.17mM Propionyl-CoA respectively. The CS and 2MCS
activities of DsCS were unaltered when Arthrobacter spp. (DS2-3R) was grown on
propionate instead of glucose. Measurement o f substrate competition and consideration
of the high 2MCS activity showed that DsCS alone was involved in both the TCA cycle
and 2MC pathway in DS2-3R. This is contrary to E. coli and the other propionatemetabolising organisms highlighted, where a separate enzyme is responsible for 2MCS
activity. The 2-MCS activity measured in parallel with CS activity in DsCS, for
example, could help probe the effects of solvents on the enzyme.

4.2.8: P r o d u c t io n o f c it r a t e

sy ntha se

Citrate synthases from the Antarctic bacterium DS2-3R (Gerike et a l, 1997), Haloferax
volcanii (James et al., 1991), Thermoplasma acidophilum (Sutherland et al., 1990;
Sutherland et al., 1991), Sulfolobus solfataricus (Connaris et al., 1997), and Pyrococcus
furiosus (Muir et a l, 1995) have been expressed as active and soluble enzymes in E.
coli. The purified recombinant enzymes have all been confirmed to be identical to those
obtained directly from the extremophilic hosts.

To purify thermophilic CS expressed in E. coli, the thermostability of the recombinant
enzyme has been exploited in a heat treatment step (Sutherland et al., 1991; Connaris et
al., 1998). This is performed at 65 or 75°C for 15 minutes (depending on the
thermostability o f the enzyme), and the precipitated E. coli proteins are removed by
centrifugation (Russell et a l, 1993). While this is useful in removing much of the
contaminating protein, a chromatography step is needed to obtain homogeneous enzyme
(as determined by SDS-PAGE). Citrate synthase can be selectively adsorbed onto a
biomimetic dye-linked matrix (Dyematrex Gel Red A, from Amicon, Danvers, MA).
The matrix consists of the dye “Procion Red” covalently bound to cross-linked agarose,
and exploits the molecular domains common to both NAD and Acetyl-CoA that are
bound by enzymes that use these cofactors. Its use in purifying CS was first reported by
Weitzman & Ridley (1983), and James et a l (1995) first reported its application with
archaeal CSs. Preferential elution of CS is ensured with application o f a buffer
containing OAA and CoA, and was shown to produce pure citrate synthase with a high
yield. Dialysis or size exclusion chromatography (e.g. Sephadex G-25) can then be used
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to remove the OAA and CoA, the presence of which will interfere with subsequent
enzyme assays.

4 .2 .9 : T h e

u s e o f t h e r m o d y n a m ic w a t e r a c t iv it y a s r e l e v a n t t o th e s t u d y o f

CITRATE SYNTHASE IN ORGANIC MEDIA

Thermodynamic water activity (aw) was used to analyse the effects of polar solvents on
citrate synthase. Sections 2 .2 .5 and 2 .2 .6 briefly introduced water activity, but in this
section, the importance of water activity as a parameter in organic media biocatalysis
and methods for its quantification and calculation will be discussed in some more detail.

In multiphase systems, thermodynamic activity is the guiding parameter for inter-phase
mass transfer of a species. It can be also used to determine the equilibrium position of a
chemical reaction. In biocatalysis, water activity can be used to express the amount of
water in a solvent (or the capacity of a solvent to remove water from a biocatalyst
preparation), and to design solvent hydration control systems. Since all phases in
equilibrium have the same water activity, the solvent aw at hydration equilibrium can
also give a measure of the amount of water required by an enzyme for catalysis.
However, it must be remembered that no matter how low the water content of a solvent
is (resulting in a great driving force for the removal o f water from an enzyme), enzymes
will retain an amount of water bound to their surfaces that cannot be removed. In
biocatalysis, water activity is almost always used in non-aqueous (O hO O ) systems i.e.
non-polar, hydrophobic solvents. These systems employ humidity sensors in the reactor
headspace. Water activity can only be measured accurately for these systems. Miscible
solvents can interfere with (and foul) humidity sensors, especially instruments using
optical methods of humidity measurement. Semiconductor water activity sensors are
also being developed, but can only measure the small water contents encountered in
O hOO systems and do not give sufficiently accurate or reproducible results. The use of

aqueous-organic (AAA/OOO) media in the experiments reported in this chapter
therefore demands the use of thermodynamic expressions for calculating aw.

A model presented by Bell et al. (1 9 9 7 ) was used for re-expressing the experimental
data presented in this thesis. This model used the Wilson equation for calculating water
activity coefficients, although other expressions e.g. NRTL can also be used. At present,
suitable models for calculating the water activity of aqueous-organic solutions at high
NaCl concentrations are unavailable. There is also a lack of suitable vapour-liquid
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equilibrium data for solvents such as glycerol and other polyhydroxylic species that
enable the generation of the parameters essential for water activity calculation. The
UNIFAC group contribution method could be applied to generate the required data, but
is less desirable than accurate experimental data collected under appropriate conditions.
As a result of these issues, the model of Bell et a l (1997) has only been applied to nonhalophilic citrate synthase operating in aqueous solutions of DMSO and DMF.

Carrea & Riva (2000) covered the use of water activity in their review o f medium
engineering, but O hOO media dominates the use of this parameter. They reported that
for any given value of water activity (and, it follows, any level of enzyme hydration),
the water content is lower for solvents of increasing hydrophobicity. This is a useful
consideration when comparing enzyme activity between solvents of different polarities.
Many reports have found enzymes to be more active in hydrophobic solvents than
hydrophilic ones (as covered by Carrea & Riva, 2000), but of course one must take into
the form of the enzyme (dissolved, lyophilised, etc.), and that non-polar solvents tend to
not to be in direct contact with enzyme molecules in lyophilised preparations, for
example. In other words, differences in physical effects must be removed so that the
chemical effects can be probed. Due to the use o f aw almost entirely in OhOO media, a
review of the application o f aw would be beyond the scope of this chapter. The review
paper o f Carrea & Riva (2000) should be consulted for an intelligent but concise
overview of the state of water activity as a useful parameter in organic media
biocatalysis.

The remainder o f this chapter reports the results o f an investigation into the activity and
stability of citrate synthase from a psychrophile, mesophile, thermophile, extreme
thermophile, and hyperthermophile. For clarity, the introductions to Sections 4.3 to 4.7
refer to the appropriate sections of Chapter 2 (Materials and Methods) for the
experimental methods used.
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4 .3 : R e s u l t s - T h e

e f f e c t o f p o l a r o r g a n ic s o l v e n t s o n c it r a t e s y n t h a s e

ACTIVITY

This section reports the results of experiments conducted to determine the effects of the
polar solvents dimethylsulfoxide (DMSO), N,N’-dimethylformamide (DMF), and
glycerol on the catalytic activity of citrate synthase from a number of extremophilic
sources (relative to a mesophile control).

The production of citrate synthase for these (and the following) experiments was
effective, and the affinity chromatography step was found to produce pure enzyme as
determined from specific activity values (matching the published values closely). A
purification table for DsCS, TpCS, and PfCS can be seen in Appendix 9.

Each figure presented in this section shows, on the y-axis, the enzyme activity measured
after a two-minute incubation (for thermal equilibration) in the presence of a known
solvent concentration, which itself is given on the x-axis. Enzyme activity has been
normalised to the value in buffer, free of solvent. Solvent concentration was expressed
in vol%, but water activity (aw) was also used. Because of the use of concentrated
buffers, the maximum solvent concentration in these activity experiments was 70vol%.
The enzyme activity data has been normalised to the value of activity in the absence of
solvent (i.e. 100% activity). The materials and methods for this section (4.3) are given
in Sections 3.5.3 (an introduction), 3.10.2.3 (general assay method), and 3.10.2.4
(citrate synthase assay). The results for the activity of CS in the solvents are described
in the following sections: DMSO (4.3.1), DMF (4.3.2), and glycerol (4.3.3).

4.3.1: D im e t h y l s u l f o x id e (DMSO).
Figure 4.1 shows the effects of DMSO on psychrophilic, mesophilic, and thermophilic
citrate synthase. With the noticeable exception of DsCS, DMSO has deactivating effects
on citrate synthase. The thermophilic enzymes all decrease in activity (with increasing
DMSO concentration) with a concave profile. When the enzymes are listed in order of
decreasing activity observed - DsCS > pigCS > ssCS > PfCS > TpCS - it can be seen
that there is a bias towards thermophilic enzymes at the lowest activities over the most
of the range of DMSO concentrations. PigCS has lost all its activity at 50vol%, where
DsCS has only 5% activity. The steepness of the profile would indicate full inactivation
at a DMSO concentration slightly above 50vol%. PfCS loses activity at 60vol%, TpCS
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has 2% activity, and both these enzymes appear to have indistinct activity-concentration
profiles in this solvent, ssCS has only 1% activity at 70vol%, and shows higher activity
than TpCS and PfCS at all solvent concentrations.

The activation observed with DsCS makes it stand out from the other citrate synthases
studied here. A broad peak is seen between 20 and 30vol% DMSO, with maximal
activity (158%) seen at 30vol% DMSO. A previous experiment with a lower DsCS
loading (0.32 U/ml when assayed in buffer) gave a profile o f an identical shape but with
higher activities than observed with the 0.5U/ml DsCS loading used in Figure 4.1.
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Figure 4.1: Effect of DMSO on the activity of psychrophilic, mesophilic, and
thermophilic citrate synthases at pH ’ 7.

Assays were performed at 23°C (DsCS), 30°C (pigCS), and 55°C (TpCS, ssCS, PfCS).
There is a large activation observed with DsCS. The thermophilic CSs show lower
activity than pigCS up to 40vol% DMSO, but retain their activity up to higher
concentrations. TpCS and PfCS appear to have almost identical performance.

DMSO concentrations required for inactivation (or <5% residual activity):
DsCS and pigCS - 50vol% (5% and 0% activity respectively)
TpCS and PfCS - 60vol% (2% and 0% activity respectively)
ssCS - 70vol% (1% activity)

4 .3 .2 : N .N ’-D im e t h y l f o r m a m id e (D M F ).

The effect of DMF on the activity of psychrophilic, mesophilic, and thermophilic citrate
synthase is shown in Figure 4.2. Here, without exception, there is a deactivation trend
for all the enzymes studied. Over the range 0-30vol%, the activities appear higher than
with the same range of DMSO concentrations. The profiles for pigCS and ssCS appear
lnear, while the remainder of the profiles are clearly sigmoidal. The main trend in this
figure is opposite to that seen with DMSO - there is a clear bias towards thermophilic
enzymes at highest activities seen across the range o f solvent concentrations. In order of
decreasing activities over the range of DMF concentrations used, the trend PfCS >
TpCS > pigCS > ssCS > DsCS can be seen. A slight deviation is seen only at 20vol%
DMF, where the activity of pigCS is higher than TpCS. The presence o f DMF did not
induce significant activation in any of the enzymes.

The psychrophilic DsCS is intolerant of DMF, and has lost almost all activity at
20vol%. PigCS and ssCS show similar tolerances to each other, although ssCS
generally shows lower activity across the range o f solvent concentrations, with the
difference most noticeable between 10vol% and 30vol%. The pigCS and ssCS profiles
appear identical above 30vol% DMF. TpCS and PfCS are clearly the most tolerant,
PfCS showing higher activity than the other enzymes at all DMF concentrations. TpCS,
PfCS, and DsCS also show a sigmoidal form of deactivation profile, whereas the other
enzymes appear to decay with a profile hitting the x-axis at a steep angle.

The PfCS activity o f 104% at 10% DMF appear to be a real activation, but nonetheless
represents only a small increase in activity. Both TpCS and PfCS were still active at
70vol% (both with 4% activity), the highest DMF concentration that could be used with
the concentrated buffers. When comparing the profiles o f the three thermophilic
enzymes, they are most similar between 30vol% and 40vol%, after which only TpCS
and PfCS are active. Outside the range 30-40vol% DMF, there appears to be an activity
difference of around 10% between the active thermophilic enzymes. However, the most
prominent feature o f all the profiles of enzyme performance in DMF is that PfCS has
the highest activity o f all the enzymes used, at all concentrations.
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Figure 4.2: Effect of DMF on the activity of psychrophilic, mesophilic, and
thermophilic citrate synthases at pH’ 7.

Assays were performed at 23°C (DsCS), 30°C (pigCS), and 55°C (TpCS, ssCS, PfCS).
PfCS was activated by DMF, and shows a sigmoidal profile along with TpCS. DsCS is
the least tolerant of DMF, intermediate tolerances shown by pigCS and ssCS. TpCS is
more tolerant, with PfCS showing the highest activity at all DMF concentrations.

DMF concentrations required for inactivation (or <5% residual activity):
DsCS - 20vol% (with 3% activity)
pigCS and ssCS - 40vol% (0% and 4% activity respectively)
TpCS and PfCS - 70vol% (3% and 4% activity respectively)
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4.3.3: G l y c e r o l (P r o p a n e -1 . 2.3, - t r io l )
The effect of glycerol on the activity o f psychrophilic, mesophilic, and thermophilic
citrate synthase can be seen in Figure 4.3. Since the effects of glycerol on enzymes are
very well known, glycerol was used as a reference with which to compare the activity of
citrate synthase in the other solvents, DMSO and DMF.

DsCS can be seen to have the best performance in this solvent. It showed an apparently
linear decrease in activity up to concentrations of 40vol% glycerol, where it had an
activity of 82%. The activity decreased more sharply at higher glycerol concentrations,
also in an apparently linear fashion. The high activity of DsCS at glycerol
concentrations that strongly deactivated all the other enzymes is a significant finding.
DsCS had 16% activity at 70vol% glycerol.

The only enzyme inactive in 70vol% glycerol was pigCS, but this enzyme had the
second highest activity at all glycerol concentrations up to 47vol%. In order of
decreasing activity across the range of glycerol concentrations - DsCS > pigCS > PfCS
> ssCS > TpCS - show an interesting trend when considering only the thermophilic
enzymes. PfCS and ssCS (the most thermophilic enzymes and the only two enzymes
assayed more than 7°C below their optimum temperatures) have identical performance
in glycerol. All three thermophilic enzymes have identical performance in glycerol at
concentrations above 60vol%, and all are still active at 70vol% (all with between 3 and
4% activity).
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Figure 4.3: Effect of glycerol on the activity of psychrophilic, mesophilic, and
thermophilic citrate synthases at pH’ 7.

Assays performed at 23°C (DsCS), 30°C (pigCS), and 55°C (TpCS, ssCS, PfCS). DsCS
is the most active at all DMSO concentrations. pigCS has the second highest activities
(up to 47vol%), ssCS and PfCS both show the third highest activities, and TpCS is the
least active. At 60vol%, the thermophilic enzyme activity profiles merge.

Glycerol concentrations required for inactivation (or <5% residual activity):
DsCS - >70vol% (still has 16% activity at 70vol%)
PigCS - 70vol%
TpCS, ssCS, PfCS - 70vol% (3 to 4% activity)
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4.4:

R e s u lts

- The

e ffe c t

o f d im e th y ls u lfo x id e

on

th e

try p to p h a n

FLUORESCENCE OF PSYCHROPHILIC CITRATE SYNTHASE

Tryptophan fluorescence was employed as a tool for probing the structural changes in
psychrophilic citrate synthase (DsCS) induced by the solvent DMSO. This experiment
was prompted by the large activation observed in aqueous DMSO during the activity
studies reported in Section 4.3.1 (and shown in Figure 4.1). After excitation with UV at
295nm, to specifically excite the tryptophan residues of DsCS, the wavelength of the
light emitted - from the protein by fluorescence - with the greatest intensity (maximum
emission wavelength; X ^ or MEW) was recorded.

MEW is only dependent upon the environment of the excited tryptophan residues, and
is a robust way of gauging structural changes that alter the exposure o f tryptophan
residues to the bulk solvent. This was compared with the activity/DMSO concentration
profile shown in Figure 4.1 in an attempt to correlate any structural changes with the
changes in enzymatic activity over a range of DMSO concentrations.

The results are reported in Section 4.4.1. The fluorescence properties of free tryptophan
in aqueous DMSO solutions are reported in Section 4.4.2, forming reference data for
that described in Section 4.4.1. Control experiments were then performed using
chaotropic agents that are known the unfold proteins. Urea and guanidine hydrochloride
were used so that the DsCS MEW could be monitored under unfolding conditions, and
the results are shown in Section 4.4.3. The Materials and Methods for this section (4.4)
were given in Section 3.10.4.

4.4.1: E f f e c t

o f d im e t h y l s u l f o x id e

on

flu o r esc en c e a n d

c o m p a r is o n w it h

CATALYTIC ACTIVITY

Figure 4.4 shows the changes in DsCS activity and maximum emission wavelength
(MEW) of its tryptophan residues as the DMSO concentration increases. The
experiment was performed at 23°C, and pH’ 7, using the same enzyme loading as the
activity experiments reported in Section 4.3.1.

The data of MEW for DsCS obtained in the experiments was highly consistent, and is
essential because of the small changes in MEW being exhibited by DsCS in aqueous
DMSO.
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Figure 4.4: Effect of DMSO concentration on the fluorescence spectrum of
psychrophilic citrate synthase (DsCS), overlaid with the effect of DMSO concentration
on enzyme activity, at 23°C and pH’ 7.

The MEW of DsCS is 327.5nm in buffer, and reduces to a value of 324.75nm at 70vol%
DMSO. When comparing the two profiles, however, there does not appear to be a match
between activity changes and the structural changes measured by fluorescence.
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Figure 4.4 shows a consistent drop in the MEW of DsCS - over the range 0-70%
DMSO, the MEW reduced from 327.5nm to 324.75nm, a drop of 2.75nm.

To determine if DsCS was undergoing a folding or unfolding trend, the DsCS MEW
was subtracted from L-Trp MEW (using the data in the next section, shown in Figure
4.5). The MEW deviations (in parentheses) at each DMSO concentration are as follows:
20vol% (23.5nm), 30vol% (23.25nm), 40vol% (22.25nm), 50vol% (23.5nm), 60vol%
(21.75nm), 70vol% (21.75nm). It can be that as the DMSO concentration increases, the
MEW of DsCS approaches that of free tryptophan.

4.4.2: E ffe c t

o f d im e t h y l s u l f o x id e o n t h e f l u o r e s c e n c e o f l - t r y p t o p h a n in

SOLUTION

To provide reference data for the MEW of DsCS in DMSO solutions, a similar study
was performed using free L-tryptophan, which will then approximate the MEW of fully
unfolded DsCS. The results are shown in Figure 4.5.

At 0 and 10% DMSO, the values for the MEW of Trp appear to be in error. Since both
the data points are well defined (from the duplicates), the error is likely to be due to
some experimental fault but the exact source of the error is not known. The remaining
data, however, shows a clear linear trend of reducing MEW as the DMSO concentration
increases. A linear regression analysis was performed this region (20 and 70vol%
DMSO) and extrapolated to 0vol% DMSO. A value of 352nm was obtained for the
MEW of Trp in solvent-free buffer.
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Figure 4.5: Effect of DMSO concentration on the fluorescence spectrum of free Ltrvptophan.

L-Tryptophan was present at a concentration of 25pM, and the experiment performed in
the same way as with DsCS. The nature of the structural change (folding or unfolding)
is determined by measuring the DsCS MEW relative to the MEW of tryptophan (giving
the fully unfolded MEW) at the same DMSO concentration.

The free tryptophan MEW is then subtracted from the enzyme MEW (at a given solvent
concentration). A folding event coincides with an increasing difference between enzyme
MEW and tryptophan MEW, and vice versa, as solvent concentration increases.
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4.4.3: E ffe c t

o f c h a o t r o p ic sa lts o n th e f l u o r e s c e n c e o f p s y c h r o p h il ic c itra te

SYNTHASE

Further assistance in the analysis of the fluorescence data of DsCS in the presence of
DMSO was afforded by the use of chaotropic salts. Urea and guanidine hydrochloride
(Gdn-HCl) are well established as agents that promote the unfolding (denaturation) of
proteins, by disrupting ionic and hydrophobic interactions.

Figure 4.6 shows the effect of increasing concentrations of urea and guanidine
hydrochloride (Gdn-HCl) on DsCS at 23°C. In this figure, a large difference can be seen
between the effect of urea and Gdn-HCl. Urea has little effect on the MEW of DsCS.
The initial MEW of 327.75nm in buffer had increased to 328.25nm at a urea
concentration of 7M. This increase is barely noticeable on the profile in Figure 4.6. The
value of MEW for DsCS in buffer only (no chaotropes or solvent present) is identical to
that obtained during the DMSO study reported in Section 4.4.1.

Gdn-HCl had a more striking effect on DsCS than urea, and is clearly a more powerful
denaturant. Above a concentration of 4M, DsCS did not show any further change in
MEW when the Gdn-HCl concentration was increased to 6M. The final MEW value of
351nm of DsCS in Gdn-HCl is almost identical to the value o f the MEW of free
tryptophan, in the absence o f solvent (352nm) obtained in Section 4.4.2.
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Figure 4.6: Effect of the chaotropic salts urea and guanidine hydrochloride on the
fluorescence spectrum of psychrophilic citrate synthase (DsCS) at 23°C, pH ’ 7.

Urea can be seen in the above figure to have a minimal effect on the tryptophan
fluorescence of DsCS. Gdn-HCl, however, appears to unfold the enzymes with MEW
reaching a plateau at around 4M, with an MEW of 351nm.
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4.5: R e s u l t s - T h e

e f f e c t o f w a t e r a c t iv it y o n t h e c a t a l y t ic a c t iv it y o f

CITRATE SYNTHASE IN AQUEOUS SOLUTIONS OF DIMETHYLSULFOXIDE AND N,N’DIMETHYLFORMAMIDE.

Previously, the activity of citrate synthase in AAA/OOO media has been based on the
percentage by volume (vol%) of the organic solvent in the medium of the enzyme assay.
In this chapter, the data presented in Section 4.3 has been re-expressed in terms o f water
activity instead of vol% solvent. The use of water activity here enables all citrate
synthase activity data to be compared, whatever solvent was used in the experiment.
The initial use o f vol% demands comparison of data for one solvent only as DMSO,
DMF, and glycerol have different molar volumes. Water activity allows a more realistic
comparison to be made between data sets for enzyme activity in the presence of
different solvents. A more detailed view of the use of water activity was given in
Section 4.2.9. A literature model for calculating water activity (Bell et a l, 1997) used
parameters derived from vapour-liquid equilibrium data, and was used to convert the
solvent content (expressed as vol%) firstly into water mole fraction, then into water
activity, as described in Section 3.10.5 (Materials and Methods). The data of Section 4.3
was then re-plotted against water activity. The results of such manipulation appear in
this section.

In order to confirm the success in reproducing the model o f Bell et al. (1997) within the
spreadsheet, the standard plots of water activity vs. water mole fraction for DMSO and
DMF were generated.

Section 4.5.1 reports the generation of the standard water activity plots for DMF and
DMSO as generated by Bell et al. (1997) using the thermodynamic model. This was
done to confirm that the model was successfully reproduced. Section 4.5.2 shows the
replotted citrate synthase activity data from Section 4.3. Section 4.5.2.1 covers DsCS,
pigCS, and TpCS, while Section 4.5.2.2 covers ssCS and PfCS.

4.5.1: R e l a t io n s h ip

b e t w e e n w a t e r m o l e f r a c t io n a n d w a t e r a c t iv it y in pu r e

AQUEOUS SOLUTIONS OF DIMETHYLSULFOXIDE AND N.N* -DIMETHYLFORMAMIDE

The standard plots given in this section, Figures 4.7 and 4.8, show the relationship
between water activity and water mole fraction aqueous solutions o f DMSO and DMF
respectively. These were generated for a temperature 25°C, but the effect of temperature
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changes on water activity is very small over the temperature range used in this work.
Although the effect of temperature was accounted for when re-expressing the citrate
synthase activity data, the effect of temperature is small enough to be neglected when
comparing enzymes used at different temperatures.

The ideal (y=x) line in these figures (4.7 and 4.8) would hold if all species present had
intermolecular forces o f equal magnitude. Deviations from ideality can be used to infer
the nature of the solvent-solvent and solvent-water interactions, and for this reason the
y=x line is present in the figures. A negative deviation from ideality occurs where the
relationship for a given solvent is below the ideal line on the standard plot (where the
magnitude of the water activity is smaller than that o f the water mole fraction). The
opposite is true for positive deviations from ideality.

Figure 4.7 shows the relationship between water mole fraction in a solution of DMSO,
and the water activity. A large negative deviation from the ideal (y=x) relationship
dominates the profile at low water mole fractions (high DMSO concentrations). The
magnitude of the water activity deviation reaches a maximum o f 0.2 units at a water
mole fraction of 0.5 (80vol% DMSO). When the water activity increases past 0.92
(25.5vol% DMSO), the deviation is then positive.

Figure 4.8 shows the relationship between water mole fraction and water activity in an
aqueous solution of DMF. There is always a large positive deviation in the profile of
DMF, reaching a maximum at a water mole fraction water of 0.3 (91vol% DMF) as
water mole fraction increases from 0. The magnitude of this maximum water activity
deviation is 0.075 units. When the water mole fraction increases further, the deviation
gradually decreases.

The standard water activity plots for DMF and DMSO in the Figures 4.7 and 4.8 were
identical to those published by Bell et al. (1997). This shows that the model is
functioning correctly. In addition to this, these plots also provide valuable information
on the nature of these solvents, and are used to help with the discussion of proteinsolvent interactions found later in the chapter (Section 4.7.5).
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Figure 4.7: Relationship between water mole fraction and water activity for an aqueous
solution of DMSO at 25°C.

DMSO shows a large negative deviation, with the water activity line crossing the ideal
line at Xw=0.92. The deviation is largest around an xw value of 0.5 (80vol% DMSO),
with a magnitude of nearly 0.2 in the water activity. There is a final small degree of
positive deviation between xw values of 0.92 (25.5vol% DMSO) and 1.0 (0vol%
DMSO).
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Figure 4.8: Relationship between water mole fraction and water activity for an aqueous
solution of DMF at 25°C.

DMF always shows a positive deviation. The deviation is largest around an xw value of
0.3 (91vol% DMF), with a magnitude of 0.075 units of water activity, and approaches
the y=x line as the water mole fraction increases towards 1 .
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4.5.2: E f f e c t

o f w a t e r a c t iv it y o n t h e a c t iv it y o f c it r a t e s y n t h a s e a q u e o u s

SOLUTIONS OF DLMETHLSULFOXIDE AND N .N ’-DIMETHYLFORMAMIDE

In this section, the activity data for citrate synthase was re-expressed in terms of water
activity. The data for the enzymes has been divided into two groups in order to produce
clear figures. Section 4.5.2.1 compares the activities of DsCS, pigCS, and TpCS, while
Section 4.5.2.2 compares ssCS and PfCS.

4.5.2.1: Psychrophilic, mesophilic, and thermophilic citrate synthase
Figure 4.9 shows the effect of water activity on the catalytic activity o f DsCS, pigCS,
and TpCS in solutions of DMF and DMSO.

The main observation of Figure 4.9 is that the enzyme performance between the two
solvents are opposite in character. For example, the enzyme with the highest activity in
DMSO, DsCS, has the lowest activity in DMF. In DMSO, in order of decreasing
activity, DsCS > pigCS > TpCS. This is opposite to the order of thermostabilty where
TpCS > pigCS > DsCS. However, the order of thermostabilities reflected in the enzyme
activities in DMF, where TpCS > pigCS > DsCS.

All three enzymes, in DMF, steeply decline in activity at similar rates when aw is
decreased. Below aw = 0.95, TpCS seems to become more resistant to the effects o f the
solvent, and has 3% activity at aw = 0.69. DsCS has 2.5% activity at aw = 0.95, while
pigCS has lost all activity at aw = 0.875.

The activation of DsCS in DMSO is identical to that seen in Figure 4.1 (based on
vol%). The profiles o f TpCS and pigCS still smoothly decrease in activity, pigCS losing
activity at aw = 0.71 while TpCS has 1.8% activity at aw = 0.597. Although around aw =
0.925, pigCS and TpCS are less active in DMSO than DMF, all enzymes perform more
favourably in DMSO. DsCS and pigCS are inactivated around aw = 0.72 in DMSO,
where TpCS has <5% activity in DMF.

Above aw = 0.925, pigCS and TpCS are more active in DMF than they are in DMSO. In
this region, DsCS is strongly activated by DMSO but strongly deactivated by DMF.
TpCS also seems to have similar profiles in DMSO and DMF below aw = 0.825.
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Figure 4.9: Effect of water activity on the catalytic activity of psychrophilic (DsCS),
mesophilic (pigCS), and thermophilic (TpCS) citrate synthase in solutions of DMF and
DMSO.

Open symbols relate to enzymes in DMF, closed symbols for enzymes in DMSO. All
data was collected at pH ’ 7, at 23°C, 30°C, and 55°C for DsCS, pigCS, and TpCS
respectively. Note the sigmoidal profile for TpCS, and a steep activity decrease
(approximately sigmoidal) for pigCS, in DMF. In DMSO, profiles for pigCS and TpCS
are in the form of gentle curves.
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4.5.2.2: Extremely thermophilic and hvperthermophilic citrate synthase
Figure 4.10 shows the effect of water activity on the catalytic activity of ssCS and PfCS
in solutions of DMF and DMSO.

As in the previous section, the behaviour of these two enzymes appears to reverse
between DMSO and DMF. In DMF, PfCS has the highest enzyme activity at all water
activities, but has the lowest enzyme activity (at all water activities) in DMSO.

In DMF, ssCS can be seen to decrease in enzyme activity linearly to an activity of 3% at
aw = 0.873. PfCS decreases in activity in its sigmoidal fashion to give 4% activity at aw
= 0.68. While TpCS (see Figure 4.9) has 3% activity at this point, PfCS has by far the
highest activity in DMF over all the water activities used.

In DMSO, as seen with pigCS and TpCS, the activity profiles of ssCS and PfCS
decrease towards the x-axis in smooth curves. SsCS has 1% activity at a water activity
o f 0.47, the lowest water activity at which enzyme activity was observed in this study.
PfCS was inactivated at aw = 0.6.
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Figure 4.10: Effect of water activity on the catalytic activity of extremely thermophilic
(ssCS) and hvperthermophilic (PfCS) citrate synthase in solutions of DMF and DMSO.

Open symbols relate to enzymes in DMF, closed symbols for enzymes in DMSO. All
data presented here was collected at pH ’7, 55°C. Note the sigmoidal profile for ssCS
and PfCS in DMF. These profiles are in the form of gentle curves, as seen in Figure 4.9
for pigCS and TpCS.
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4.6:

R e s u lts - O th e r f a c t o r s in flu e n c in g t h e e f f e c ts o f p o l a r o rg a n ic

SOLVENTS ON CITRATE SYNTHASE ACTIVITY

In the previous experiments, the only variable considered was the concentration of the
miscible solvent. Of the other factors that influence the activity o f citrate synthase in the
presence of cosolvents (and in aqueous media), four were briefly studied - pH,
temperature, enzyme purity, and ionic strength. These are important considerations in
addition to the influence of solvent concentration and incubation time.

Section 4.6.1 looks at the effect of DMSO, DMF, and glycerol on the pH of a 50mM
Tris buffer. The Materials and Methods for this section (4.6.1) were given in Section
3.5.5. Section 4.6.2 reports data on the influence of temperature on the activity of pigCS
in DMSO solutions. Section 4.6.3 then reports the influence of the purity o f pigCS and
ssCS on their activities in aqueous solutions of DMSO. Sections 4.6.2 and 4.6.3 were
performed using the same methods as the experiments reported in Section 4.3.

4.6.1: E f f e c t

o f p o l a r so lv e n t s o n m e d iu m p H

Figure 4.11 shows the effect of solvent concentration on the pH of a buffer solution,
plotted on a bar graph in the form of a deviation in pH from the buffer pH in the
absence of solvent (pH 7.0). The pH of aqueous solutions of DMSO, DMF, and glycerol
were measured with a pH meter calibrated with aqueous buffers. The pH o f the buffer in
the absence of solvent (pH 7.0) was then subtracted from this value. The aim of this
experiment was to illustrate the change (usually an increase) in buffer pH with
increasing concentrations of miscible cosolvents.

The increase of pH caused by DMSO was the largest, a deviation o f 1.2 units from pH 7
at a concentration of 70vol%. DMF induced a pH deviation o f 0.5 units at the same
concentration. Little effect on pH was seen with glycerol, its mildly acidic hydroxyl
groups resulting in a minor drop in pH of 0.1 units at 70vol%. It must be noted that in
this experiment the buffer was diluted by the solvent, decreasing the buffering capacity
as the solvent concentration increased. This experiment prompted the use o f
concentrated assay buffers in all experiments reported in this thesis, so that solvents
could be present at the desired concentration with constant concentrations of buffer.
This would then keep pH deviations to a minimum.
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Figure 4.11: Effect of solvent concentration of buffer pH, expressed as deviation from
pH 7 (measured pH minus reference pH).

Both DMSO and DMF can be seen to increase the measured pH. DMSO increases pH
by 1.2 units at 70vol%, but DMF gives a 0.55 unit increase at the same concentration.
The relationship is not linear, the pH increase between points increasing with solvent
concentration. Glycerol, with its acidic hydroxyl groups, causes a slight pH decrease of
0.1 units at 70vol%, but no measurable change below to 40vol%.
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4 .6 .2 : E f f e c t o f t e m p e r a t u r e o n t h e a c t i v i t y o f p o r c i n e h e a r t c i t r a t e s y n t h a s e
IN AQUEOUS DIMETHYLSULFOXIDE

Figure 4.12 shows how temperature influences the performance of pigCS in DMSO
solutions. PigCS was studied at 20.5°C and 30°C, and it is clear from the figure that
reducing the temperature by 10°C noticeably improved the activity and apparent solvent
tolerance of pigCS in DMSO solutions. Of course, the magnitude of the activity of
pigCS would be lower at 20.5°C than at 30°C, but this figure shows that pigCS is
capable of retaining a greater proportion of its catalytic activity in DMSO solutions at
the lower temperature. Over the range 20-70vol% DMSO, the reduction in temperature
gives pigCS an advantage of 20% activity (over pigCS at 30°C) at each value of DMSO
concentration studied. Consequently, the DMSO concentration required for full
inactivation of pigCS increased from 50 to 70vol%.
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Figure 4.12: Effect of temperature on pigCS performance in DMSO at 20.5°C and
30°C, pH ’ 7.
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4.6.3: I n f l u e n c e o f e n z y m e p u r i t y o n t h e p e r f o r m a n c e o f c i t r a t e s y n t h a s e in
AQUEOUS DIMETHYLSULFOXIDE

Two experiments were performed where the effect of enzyme purity on enzyme activity
in aqueous DMSO was investigated. In the first set of experiments, the mesophilic
enzyme pigCS was used. The commercial enzyme preparation (as used in Section 4.3)
was then compared with a batch o f pigCS purified using the protocol described in
Section 3.5.1. The results are shown in Figure 4.13. The second set of experiments
involved the use of the extremely thermophilic enzyme ssCS, in heat-treated and
purified forms (also purified as described in Section 3.5.1), and the results are shown in
Figure 4.14.

Figure 4.13 shows the effect of purity on the activity o f pigCS in the presence of
DMSO. It shows that pure pigCS is much more active than its less pure, commercial
form, at any given DMSO concentration. However, during the course of experiments,
this enzyme proved to be unstable - losing more activity during storage in buffer at 4°C
than its commercial equivalent. A small degree of activation was seen at 10vol%
DMSO. Above 20vol% DMSO, the pure pigCS had an activity 30% higher than the
commercial form. This was reduced to 20% at 10vol% DMSO. The data from the
preliminary experiment with purified pigCS was incomplete, and it is not known if the
solvent concentration required for full inactivation is higher for the purified form than
the commercial form. This experiment was performed in a similar way with ssCS.

Figure 4.14 shows the effect of purity on ssCS activity in the presence of DMSO. In this
figure, it can be clearly seen that profiles are essentially identical, with the activities
varying by less than 3%. Full inactivation of the pure ssCS was seen at 60vol% DMSO.
A similar profile was seen with DMF, although the profiles split after 30vol% - the pure
ssCS went on to give <5% activity at 40vol% DMF. The heat-treated ssCS showed 17%
activity at 40vol% and zero activity at 50vol% (for data, see Appendix 8).
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Figure 4.13: Comparison of the performance of pure and impure (commercial) porcine
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4 .6 .4 : E f f e c t o f io n ic s t r e n g t h o n t h e a c t i v i t y o f p s y c h r o p h i l i c c i t r a t e
SYNTHASE IN BUFFER AND AQUEOUS DIMETHYLSULFOXIDE

The effect of ionic strength on DsCS activity was initially studied in aqueous buffer.
The activity was then measured at different KC1 concentrations in the presence of
30vol% DMSO, at which a large activation was observed during the activity studies
previously reported in this Chapter.

Table 4.1 below summarises the data. In the absence of DMSO, percent activity was
calculated by setting the activity value at lOOmM KC1 in buffer as the reference (100%)
since all previous experiments were performed at this KC1 concentration. However,
when DMSO was present at 30vol%, activity values were normalised to the activity at
the same KC1 concentration in the absence of DMSO.

Table 4.1: Effect of KC1 concentration on DsCS activity in the absence and presence of
DMSO at 23°C. p H ’ 7

KC1 cone.
mM

0
50
100
150
200

DsCS activity
%

DsCS activity
%

No DMSO

30vol% DMSO

125
112
100
94
86

108
139
158
n.d
n.d

The activity was seen to decrease as KC1 concentration was increased in the absence of
DMSO. Gerike (2000 - personal communication) found that DsCS activity increased
slightly as KC1 concentration was increased, and beyond around 50mM began to
increase to a greater extent. This does not match the data presented here, but the work of
Gerike was performed under different conditions (50mM EPPS, 2mM EDTA, pH 8).
Importantly, the value of 158% at 30vol% DMSO with lOOmM KC1 matches the value
taken at the same conditions during the activity studies (reported in Section 4.3.1), at a
different time and with a different batch of DsCS.
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DIMETHYLFORMAMIDE ON CITRATE SYNTHASE STABILITY

This section reports the results of experiments to determine the effect o f polar solvents
on the stability of citrate synthase. Three citrate synthases were selected from the five
enzymes studied in this thesis: psycrophilic (DsCS), mesophilic (pigCS), and extremely
thermophilic (ssCS). The solvents used were DMSO and DMSO. (DsCS was not used
with DMF, and due to its well known ability to stabilise enzymes, the effect of glycerol
on the enzymes was not studied).

For ease of comparison of the data reported in this section, all graphs have been
prepared with the same axis scales. In some figures, one or more of the stability curves
continue beyond the chosen x-axis scale, truncating the curves. The complete data is
given in the Appendix. In the figures following, the x-axis represents the incubation
time in the aqueous solvent solution, and the y-axis represents the CS activity in buffer
after a given incubation time. Thus, any permanent losses in activity observed during
the incubation result from irreversible processes.

The stability of DsCS, pigCS, and ssCS are given in Sections 4.7.1, 4.7.2, and 4.7.3
respectively. The Materials and Methods for the experiments reported in this section
(4.6) are given in Section 3.5.4 (an introduction to the stability experiments), 3.10.2.3
(general enzyme assay method), and 3.10.2.4 (citrate synthase assay).

4.7.1: P s y c h r o p h il ic

c it r a t e s y n t h a s e

(DsCS)

The stability of DsCS at 30°C in the presence of DMSO is shown in Figure 4.15. The
profile of this enzyme’s stability in buffer is consistent with the other enzymes, with a
small initial decrease in activity and a slow decline in activity over time. Here, the
initial drop in activity appears to have recovered after 10 minutes. In initial work
(adding DsCS to warm buffer to begin the incubation) deactivation was observed over
initial stages of the incubation, and future experiments (the results of which are reported
in this section) involved diluting the stock enzyme into cold buffer to avoid this.
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Figure 4.15: Effect of DMSO on the stability of psychrophilic citrate synthase (DsCS)
at p H ’ 7. 23°C
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The profile in buffer shows a gradual, but small, loss of activity over the course of the
60-minute incubation. The profile in 10vol% DMSO is does not differ significantly
from the buffer profile, except that the initial activity is 89%. DsCS regains 4% activity
after 5 minutes, but the activity declines thereafter. The decay rate is also not
significantly different from that in buffer. Increasing the DMSO concentration further,
though, does introduce some more dramatic changes in the activity-time profile for
DsCS.

In 20vol% DMSO, the activity at t=0 is 100%, but rapidly increases above this value
reaching a peak of 188% activity after 5 minutes. The activity briefly decreases (to
106% after 20 minutes) before undergoing a more steady increase, reaching 130%
activity after 60 minutes (the end of the incubation period). The activity of DsCS is
always >100% after incubation in 20vol% over the duration of the experiment. In
30vol% DMSO, the activity of DsCS at t=0 is 64%. The activity drops to 58% after 5
minutes, but then increases, reaching 104% after 40 minutes.

The profiles with 20vol% and 30vol% show a large gradual activation over the course
of the experiment. The initial activity (t=0) at 20vol% is increased relative to 10vol%
DMSO, but drops substantially to 64% at 30vol% DMSO. In all cases (at 10vol%,
20vol%, and 30vol% DMSO), the t=0 activity is clearly much less in these stability
experiments (where the solvent is diluted upon assaying) than the activity observed
when DsCS was assayed in the presence o f the solvent (Section 4.3).

4 .7 .2 : M eso ph il ic

c it r a t e s y n t h a s e ( p ig C S )

The effect o f DMSO on the stability of pigCS at 30°C is shown in Figure 4.16. In
preliminary experiments, this enzyme (like DsCS) was found to lose much activity
when the stock solution was diluted in warm buffer (30°C) at the start of the incubation.
The enzyme showed only a small initial denaturation when diluted in buffer at ambient
temperature then heated to the correct temperature, and was the method used to collect
the data reported in this section. In the preliminary experiments, this effect was found to
be less apparent in the presence of DMSO.

In buffer, pigCS undergoes an initial activity loss (to 82% over 10 minutes) with a less
rapid decay between 10 and 30 minutes, before the decay appears to stabilise. When the
DMSO concentration is increased to 10vol% DMSO, the initial activity loss is not seen,
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and the rate of decay is noticeably lower. In buffer, the pigCS activity drops from 100%
to 69% over 240 minutes. In 10vol% DMSO, the pigCS activity drops from 100% to
only 87% over the same period. In the absence of any other effects, all of the
stabilisation afforded by 10vol% DMSO may be attributed to the lack of the initial
activity drop seen in buffer. At the rate of decay shown in 10vol% DMSO over the 240
minutes, the half-life of pigCS activity at 30°C has doubled with respect to buffer.

At 20vol% DMSO, the initial activity of pigCS has increased to 117%. Although there
is no rapid activity drop as there is in buffer, the amount o f activity lost by pigCS is the
same in 20vol% DMSO as in buffer over the first 20 minutes of the incubation. Beyond
this point, the activity of pigCS in 20vol% decays more rapidly than in buffer. At
30vol% DMSO, the t=0 activity has returned to 100%, and the stability of the enzyme
appears to be slightly higher than in 20vol% DMSO, but not as high as the stability as
seen in 10vol% DMSO.

The effect of DMF on pigCS stability is shown in Figure 4.17. In contrast to DMSO,
DMF appears to be highly damaging to pigCS. The profiles in the figure show a clear
trend of increasing deactivating effects as the DMF concentration during incubation
rises. At 10vol%, the initial activity (at t=0) activity increased to 108% but the stability
was noticeably reduced from that seen in buffer. There was a brief increase in activity to
110% over the first 3 minutes of the incubation followed by a drop to 84% activity after
16 minutes. A brief and small recovery of activity followed, with activity then steadily
dropping to 50% after 150 minutes (i.e. its half-life). In comparison, in 10vol% DMSO,
the activity dropped from 100% at t=0 to 70% at after 130 minutes, and to 69% after
240 minutes.

At 20 and 30vol%, the t=0 activities were 71% and 33% respectively, and the stability
dropped as the solvent concentration rose from 20 to 30vol%. While the slopes of the
activity-time profiles increase with each step increase in the incubation DMF
concentration, the initial activity seems to have a bigger effect on the period o f time for
which the enzyme is active. At 20vol%, the enzyme has a half-life o f 32 minutes, which
is slightly more than a fifth of the half-life of pigCS in 10vol% DMF. It has lost about
half of its initial activity (of 71%) after 45 minutes. But the influence of initial activity
is most prominent at 30vol%, where the activity of pigCS declines from its initial value
of 33% to 1% after 25 minutes.
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Figure 4.16: Effect of DMSO on the stability of mesophilic citrate svnthase (pigCS) at
pH ’ 7. 30°C.
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4 .7.3: E x t r e m e l y

t h e r m o p h il ic c it r a t e sy n t h a s e ( s s C S )

The effect of DMSO on the stability of ssCS at 55°C can be seen in Figure 4.18. The
trends for ssCS in DMSO are clear, more so than those with pigCS in this solvent.

In buffer, ssCS suffers a drop in activity over the first 10 minutes that is similar in
magnitude and nature to that seen with pigCS in buffer. SsCS activity falls to 78%
activity after 10 minutes, whereupon the rate o f activity decay decreases with very little
loss of activity (even a small increase in activity) for the remainder of the incubation. In
10vol% DMSO, the t=0 activity is 108% with a drop in activity to 95% over the first 12
minutes of the incubation. There is a gradual increase in activity, but no decay, over the
remainder o f the incubation.

Increasing the DMSO concentration to 20vol% increases the t=0 activity to 128%.
There is then a sharp drop to 108% activity after 3 minutes, followed by a recovery of
some activity (120% after 13 minutes), and the remainder of the incubation is marked
by a gradual increase in activity. At 30vol% DMSO, the initial activity is 102%, but
drops to 89% after 3 minutes. This has recovered to 99% by 15 minutes, but ssCS
undergoes a gradual decline in activity thereafter, with 82% activity after 50 minutes.
Where 10vol% gave a stabilisation in pigCS, ssCS is stabilised by 10 and 20vol%
DMSO (the activity actually increases). With pigCS, 20vol% DMSO reduced the
stability of the enzyme with respect to buffer, but 30vol% DMSO was needed for a
similar effect with ssCS.

The effect of DMF on the stability of ssCS can be seen in Figure 4.19. With DMF, the
profile bear many similarities with those obtained with pigCS, but with activities and
stabilities noticeably higher in the case of ssCS. At 10, 20, 25, and 30vol% DMF, the
t=0 activities are 126%, 140%, 115%, and 126.5% respectively. At 10% DMF, the
activity of ssCS decreases for the first 20 minutes o f the incubation, but increases
steadily therafter, with an activity of 131% after 80 minutes. Above a concentration of
10vol%, DMF appears to have a detrimental effect on ssCS stability, which steadily
decreasing it as the concentration increases. At 20vol% DMF, the activity starts very
high (at 140%), and after a slight increase over the first 3 minutes, steadily declines to
122% over 100 minutes. At 25vol%, the activity starts at 115% and decreases at a
greater rate than at 20vol%, giving 73% activity after 120 minutes. Although the initial
activity is higher, the decay is faster with 17% activity remaining after 210 minutes.
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Figure 4.19: Effect of DMF on the stability of extremely thermophilic citrate synthase
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4 .8 : D is c u s s io n

This section discusses the results of the experiments reported in Sections 4.3-4.7. The
first two sections are devoted to the most important aspects o f the work reported in this
chapter, namely the effect of polar solvents on the activity and stability of citrate
synthase. Section 4.8.1 looks at the effect of polar organic solvents on the catalytic
activity and stability of the citrate synthases studied (and reported in Sections 4.3, 4.6,
and 4.7). The use of water activity was discussed in Section 4.8.2

Section 4.8.3 is a theoretical study of the effects of polar solvents on dissolved enzymes
(AAA/OOO media). Using literature reports and fundamental information on the nature
of the solvents themselves, it has been possible to postulate a number o f mechanisms by
which enzymes and solvents interact. This section raises important questions that may
be used to guide further studies on protein-solvent interactions, knowledge which may
be used to develop, for example, protein engineering strategies for enhancing enzyme
performance in organic media.

The remainder of the discussion covers the other aspects of citrate synthase in
AAA/OOO media. Section 4.8.4 compares the data for citrate synthase with literature
data, including data for a hyperthermophilic aminopeptidase (Khan et a i, 2000) used in
AAA/OOO media. This enzyme was chosen not only because it is one of the few
reports of the study of a thermophilic enzyme in AAA/OOO media, but also because of
the tabulated data that enabled accurate reconstruction of activity/solvent concentration
profiles. These enabled an accurate comparison with those of citrate synthase reported
in Section 4.3. The tryptophan fluorescence work reported in Section 4.4 is discussed in
Section 4.8.5, and study of the effect of pH, ionic strength, and enzyme purity on citrate
synthase activity in AAA/OOO media (reported in Section 4.6) is discussed in Section
4.8.6.

4.8.1: E f f e c t

o f p o l a r o r g a n ic so l v e n t s o n t h e a c t iv it y a n d

sta b ility o f

CITRATE SYNTHASE

With two exceptions, the presence of the polar organic solvents dimethylsulfoxide
(DMSO), N ,N ’-dimethylformamide, and glycerol caused the deactivation of citrate
synthase. As was proposed in Section 2.2.3, enzyme deactivation in organic media
cannot be assumed to result only from denaturation. Only a parallel study of activity and
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stability effects can determine if the deactivation is caused by denaturation,
stabilisation, inhibition, or some other physicochemical means. Since the activity and
stability experiments were designed to provide this synergy, this section discusses the
activity and stability of citrate synthase together.

For the solvents DMSO and DMF, the trends in enzyme activity were opposite. In
DMSO, the thermophilic enzymes were found at the lower activities, while in DMF
they dominated the higher activities. There was a large activation o f DsCS by DMSO,
with pigCS showing intermediate activity. SsCS had lower activity, while TpCS and
PfCS seemed to have almost identical profiles at the lowest activities. The gentle slopes
of all the profiles (except DsCS) together with the high tolerances appears to show that
there are no significant denaturing effects of DMSO on the enzymes. There is a
possibility of stabilisation occurring, as the profiles for pigCS, TpCS, ssCS, and PfCS
resemble those obtained with glycerol. The flexibility of the structure of DsCS appears
to have led to the activation seen in DMSO, and this prompted a structural study using
tryptophan fluorescence. This work, along with proposed mechanisms for the observed
activation, is discussed in Section 4.8.5. However, the low activities of thermophilic
citrate synthase in DMSO solutions need not be seen as a disadvantage. The stability
studies, discussed later in this section, show how the usefulness of an enzyme in
AAA/OOO media is a combination of its activity and stability. An enzyme with a low
activity may be desirable if it is associated with a high stability in an organic solvent
system that is to be exploited for biotransformation reactions, for example.

In DMF, PfCS shows the highest activity at all solvent concentrations, with DsCS
showing the lowest. PigCS and ssCS had intermediate activity, with TpCS having
slightly lower activities than PfCS. Since the cold-active enzyme DsCS was deactivated
almost completely by 20vol% DMF, it was inferred that DMF was a denaturing solvent.
The stabilising effects of glycerol, by comparison, did not induce deactivation of such
magnitude at this low concentration. In a stabilising solvent, thermostability is
important, but it is the nature of the enzyme surface that drives the exclusion of the
solvent, and therefore the stabilisation. The high activity of PfCS in DMF, a solvent that
clearly has very damaging effects on the flexible DsCS, can therefore be attributed to
structural features that also confer upon it activity and stability at high temperatures.
When studying the features of thermophilic enzymes, i.e. their greater content o f ionic
interactions (enhanced by organic solvents), their lower content of hydrophobic
137

interactions (disrupted by organic solvents), and their resistance to unfolding by
detergents and chaotropic agents, it is possible that these properties may give them high
activity and stability in organic media than their less stable counterparts. However,
systematic comparisons were not made despite frequent reports in the literature stating
the advantages of using a thermophilic enzyme in organic media. In the case of DMF,
thermophilic citrate synthase can now be seen to have an advantage over mesophilic and
psychrophilic citrate synthase.

For the solvent glycerol, enzymes tend to be deactivated due to its stabilising effects.
The conformational changes required for activity are restricted by the preferential
exclusion o f glycerol, as discussed in Section 2.2.3, which also makes the
conformational changes associated with denaturation less favourable. However, it has
also show that when using enzymes of differing thermostability, the assay temperature
is also an important factor. Since glycerol is a strong stabiliser by virtue of its
preferential exclusion from the enzyme’s hydration layer, a degree of conformational
flexibility is required so that the effects of preferential exclusion can be seen. In other
words, an inflexible enzyme molecule will not undergo a noticeable degree of
stabilisation (and indeed deactivation) by glycerol, since the conformational changes
required for activity are already restricted. One way o f restricting the flexibility of an
enzyme is to assay it at a temperature far below its in vivo temperature, something that
is easier to do with a thermophilic enzyme. For reasons of substrate stability and solvent
volatility, thermophilic citrate synthases were assayed at 55°C. This temperature was
most appropriate for TpCS, which is obtained from an organism that grows at 55°C.
However, ssCS and PfCS were obtained from organisms that grow at 80°C and 100°C
respectively, so these enzymes are being assayed at 25 °C and 45 °C below their in vivo
temperatures, respectively.

As a result, PfCS is less flexible at 55°C than TpCS and can be stabilised to a lesser
extent. SsCS would be similarly inflexible relative to TpCS. This is reflected in the
activity of these enzymes in glycerol solutions. Up to a concentration of 55vol%, TpCS
has the lowest activity of all the citrate synthases used, and can be used to infer that
glycerol is stabilising the enzyme effectively. However, ssCS and PfCS show higher
activity - and significantly - their activity-concentration profiles are almost identical.
That ssCS and PfCS have higher activity than TpCS in glycerol solutions can be used to
infer that glycerol is less effective at stabilising these enzymes at 55°C than TpCS. This
138

can be explained in terms of the inflexibility of these enzymes due to their use below
their in vivo temperatures. Although PfCS is likely to be more rigid since it is further
away from its in vivo temperature, since ssCS and PfCS show identical performance this
shows that they both have enough rigidity to ensure that preferential exclusion of the
glycerol molecules is no longer the main driving force behind the deactivation of these
enzymes.

However, a major test of the interactions between solvent and enzyme is to incubate the
enzyme in the presence of solvent, and after a specified period to dilute the solvent to a
very low residual concentration and then measure the enzyme activity. Any exposure of
non-polar residues during incubation in the AAA/OOO medium will result in a
permanent loss of activity. Small conformational changes will reverse, and in the
absence of aggregation and large conformational changes, full activity can be restored.
Such experiments were performed in the stability studies reported in Section 4.7. These
structural studies provide data that complements the activity studies to enable analysis
of the effects of the polar solvents DMSO and DMF on three citrate synthases.

In DMSO, the activity of mesophilic and thermophilic citrate synthase does not appear
to be significantly perturbed by the presence o f the polar cosolvent. Psychrophilic
citrate synthase (DsCS), however, appears to have undergone unfolding. As the DMSO
concentration is set to 10vol%, there is a slight drop in initial activity but no difference
in stability. At 20vol%, the initial activity increases back to 100% (presumably an
unfolding event relative to the structural change induced by 10vol% DMSO), followed
by a gradual increase in activity over time. A further increase in concentration results in
a dramatic drop in initial activity, as the unfolding continues to the extent of having a
detrimental effect on the enzyme. Further incubation shows an increase in activity with
time, more rapid than that seem with 20vol% DMSO. Since the activities are measured
after dilution of the solvent, it would appear that any increase in activity would be due
to some rearrangment (presumably a refolding) of the enzyme structure from the state
induced by the DMSO during the incubation. The stability work appears to confirm the
fluorescence work (discussed in Section 4.8.4) that there is some degree of DMSOinduced unfolding. However, the highly charged enzyme surface, while not as high as
seen with halophilic enzymes, may also play an important role in modulating the effect
of DMSO on DsCS.
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The effects of DMSO appear to be slightly stabilising when comparing the activity and
stability data for pigCS and ssCS. At concentrations o f DMSO where pigCS and ssCS
have low catalytic activities (when assayed directly in the AAA/OOO medium), the
enzymes show high activity when the solvent has been diluted to a very low residual
concentration. This shows DMSO does not cause significant denaturation. However, the
nature of DMSO may to be concentration-dependent (Kita et a l, 1994) but the stability
work does not give a clear picture of this. Maximum stability was seen at 10vol%
DMSO with pigCS, followed by a decrease in stability at 20vol%, and a minor increase
(relative to 20vol% DMSO) when at 30vol% DMSO. With ssCS, the enzyme was
stabilised by 10vol% and 20vol%, and was not slightly destabilised until 30vol%
DMSO. Being amphiphilic, DMSO is largely polar at low concentrations, but becomes
progressively non-polar towards higher concentrations. There may be a point at which
there is no net exclusion or binding, and where the observed effects of the presence of
the solute would relate to changes in viscosity, dielectric constant, water activity, pH,
and intramolecular H-bonding. While the effects of DMSO are similar between pigCS
and ssCS, the effect on ssCS seems to be shifted towards higher concentrations and may
reflect the different nature of the enzyme surface between these enzymes.

In the case of DMF, the effects of the solvent are very clearly damaging to the enzymes.
At all concentrations deactivation can be seen, with the rate of activity loss increasing as
the solvent concentration increases. However, by comparing the activity and stability
experiments in DMF, it can be seen that pigCS and ssCS are more active in the presence
of the solvent than they are after contact and subsequent dilution to a very low residual
concentration. This shows that conformational changes caused by the presence of DMF
still allow activity, but when the solvent is diluted (increasing the water content) then
deactivation is seen. This is likely to be due to the exposure o f hydrophobic residues
that becomes unfavourable upon dilution of the DMF. It is unlikely that the solvent
DMSO causes such conformational changes due to the lack of such strong deactivation.

In summarising the work described in this chapter on the activity of citrate synthase
from extremophiles in AAA/OOO media, it is possible to say that in solutions of polar
solvents with strongly denaturing effects, the data shows a clear bias towards the
thermophilic enzymes at the high activities. These enzymes are also active at higher
concentrations of these solvents. The hyperthermophilic enzyme PfCS being the most
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active and most tolerant of all the enzymes used, while the opposite is true for the
psychophilic enzyme DsCS.

4.8.2: W a t e r

a c t iv it y as a u s e f u l p a r a m e t e r in th e s t u d y o f c it r a t e sy n t h a se

ACTIVITY IN AAA/OOO MEDIA

Water activity was first mentioned in Section 2.2.6, but was introduced in Section 4.2.9
as a prelude to its application (reported in Section 4.5). The aim of the use of water
activity was to re-express experimental data in a form that allows comparison of data
collected in different solvents. Initially, vol% was used for expressing the amount of
solvent in the AAA/OOO media. One drawback is that, for example, a solution of
10vol% DMSO does not contain the same number o f solvent molecules as a solution of
10vol% DMF of equal volume. The data for the activity of citrate synthase in aqueous
solutions of DMSO and DMF were re-plotted in relative to water activity to allow the
DMF and DMSO data to be directly compared. Appropriate data for glycerol was not
available to allow conversion of vol% glycerol into water activity.

As stated in Section 4.5.1, the figures relating water mole fraction to water activity in
pure aqueous solutions of DMSO and DMF (4.7 and 4.8 respectively) can provide some
information on the nature of these solvents, and their interactions with water and
enzyme molecules. The ideal (y=x) line in these figures would hold if all species present
had intermolecular forces of equal magnitude. A negative deviation from ideality occurs
where the relationship for a given solvent is below the ideal line on the standard plot
(i.e. activity coefficient for water < 1). The opposite is true for positive deviations from
ideality. For a negative deviation, as occurs with DMSO at water mole fractions below
0.92, the solvent forms stronger H-bonds with water than between two water molecules.
This affinity of DMSO for water extends to the hydration shell o f an enzyme. For DMF,
there is a positive deviation from ideality, so removal of bound water is unlikely to be
the dominant effect in the deactivation o f citrate synthase by this solvent, especially at
low solvent concentrations.

141

4.8.3: D is c u s s io n o f t h e e f f e c t s o f p o l a r s o l v e n t s o n d i s s o l v e d e n z y m e s

The interaction of solvent molecules with enzymes is a rather complicated issue, but it
is possible nonetheless to identify some of the major interactions involved, and how the
nature of the enzyme may help determine if catalytic activity is lost or retained upon
contact with organic solvents. This section looks at some of these issues, including a
discussion of some published reports of the effects of solvents on enzymes.

Cairea & Riva (2000) discussed the relevance of water content to enzyme catalysis in
organic media. In reviewing non-polar solvents, which do not directly interact with
lyophilised enzymes, water content is the main influence on enzyme activity. The
lyophilised enzymes also resist denaturation, since the packing of enzyme molecules
into the solid restricts all but the smallest conformational changes. Therefore, physical
effects are dominant in non-aqueous (OrOO) systems. However, dissolving enzymes in
an aqueous solution of a polar solvent means that conformational changes, solventenzyme interaction, and removal of water from the enzyme’s hydration shell become
the most important factors. Bell et al. (1997) found that the water content of a
AAA/OOO medium expressed as water activity does not correlate with enzyme activity,
due to the interaction of organic solvent molecules with the enzyme, as well as its
hydration shell. With solvents that can donate H-bonds, it is possible for the solvent to
replace water in some key interactions with the enzyme and the hydration shell. For
DMSO, the H-bonds that are formed with water are stronger than those between two
water molecules, and between uncharged H-bond participants in the enzyme (Zheng &
Omstein, 1996). This finding is supported by the negative deviation from ideality in the
water activity-water mole fraction profile in DMSO reported by Bell et al. (1997), and
reproduced in Section 4.5.1. Together with the removal of water from the hydration
shell promoted by polar solvents, (Gorman et al., 1992) there are important changes to
the local environment of an enzyme, as well as changes to the bulk environment (for
example, changes in viscosity and dielectric constant) that affect the activity and
stability.

Despite the complexity, a major advance in the understanding of protein-solvent
interactions was in the development of the preferential exclusion model developed by
Timasheff and co-workers (see Section 2.2.3 for an introduction). In aqueous-organic
(AAA/OOO) media, if the polar solvent molecules are preferentially bound with respect
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to water, the enzyme will tend to unfold, while the enzyme will be stabilised if the polar
solvent molecules are rejected from the vicinity of the enzyme surface.

The diagram in Figure 4.20 summarises the preferential exclusion model. This figure
was originally published by Matsumoto et a l (1997). This figure is shown here after
modification by the author to illustrate the preferential exclusion/binding o f a
polyhydroxylic species (polyol). The principle of preferential exclusion appears to
answer many questions about protein-solvent interactions, but does not to take into
account the “compressibility” of a protein (i.e. changes in the partial specific volume of
the protein). That is, preferential exclusion is a surface model and does not include the
influence of the interior of a protein (the part not directly exposed to the bulk solvent).
If preferential exclusion favours a decrease in exposed surface area, then the forces on
the protein will tend to act in the same way as increasing the hydrostatic pressure, and
favour a reduction in the specific volume of the enzyme. This has been found with a
thermophilic enzyme in the presence of the stabiliser glycerol (Sun et al., 1999). In this
work, activity data for citrate synthase in the presence of DMSO shows that the more
thermophilic enzymes have lower activities across the range o f concentrations used. If
stabilisation is the dominant effect, this data indicates an increasing degree of
preferential exclusion as thermophilicity increases. The stability data shows that,
indeed, stabilisation is occurring (albeit at low concentrations of DMSO), unlike the
data for stability in DMF. SsCS stability appears to be higher than pigCS in DMSO, but
may be a result of the higher thermal stability of the enzyme. However, it may also be
inferred that ssCS has a more polar surface, capable of making the interactions with
DMSO molecules unfavourable at 10-30vol%. Higher concentrations may show a
switch towards binding as has been proposed both here and in the literature (Kita et al.,
1994).
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Figure 4.20; Graphical representation of the principle of preferential exclusion and
binding.

Some authors have used polar organic solvents with a very low water content to
simplify the analysis. In one example, Zheng & Omstein (1996) used molecular
dynamics to study lyophilised lysozyme in pure DMSO, but many of their observations
may also be applicable to dissolved enzymes in aqueous DMSO solutions. These are
some of their observations:

- More intramolecular H-bonds (i.e. within the enzyme) appear to form in DMSO than
in water, which also appears to hold for DMF (Toba & Merz, 1997).
- DMSO appears to bind to amide hydrogens, which are found mostly on the peptide
backbone.
- The presence of counter-ions (esp. cations) is believed to result in the formation of a
complex between the cation and the solvent molecules, forming a protective layer
around the enzyme and inhibiting direct contact between solvent and enzyme. Large
cationic salts (e.g. Tris) form less-stable complexes. In the case of the freeze-dried
lysozyme used by Zheng & Omstein (1996), the presence of salts will also favour water
retention during lyophilisation that may help overcome the water-stripping tendency of
polar solvents.
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Although there is good understanding of protein-solvent interactions, how they affect
enzymes is very hard to predict. However, there are two notable examples of how
designed changes to the local environment o f an enzyme can be dramatically improve
enzyme activity and stability in AAA/OOO media. Toba & Merz (1997) discussed the
concept of “solvent compatibility” using Subtilisin E as their model enzyme. They
reported that removal of incompatible surface negative charges improves enzyme
performance in DMF solutions, and Martinez & Arnold (1991) also showed this to be
true (also using Subtilisin E). This issue is discussed further in Section 5.7.2 as relevant
to the activity and stability of halophilic citrate synthase in AAA/OOO media.

Few of the published studies of enzyme activity and stability in aqueous solutions of
polar solvents attempt to promote the understanding of how these solvents affect the
performance of enzymes. While it is possible to discuss the nature of certain interactions
that may be promoted or discouraged by polar cosolvents, it may not be possible to
develop universal theories about how these issues affect enzyme performance in
AAA/OOO media. And, as raised by Toba & Merz (1997), while certain rules such as
removing surface charges through protein engineering may have strongly positive
outcomes, how these rules are practically implemented in the enhancement o f enzyme
performance is far from certain. This may be a topic for future focus.

4.8.4: C o m p a r is o n

o f c it r a t e s y n t h a s e a c t iv it y w it h l it e r a t u r e d a t a

Khan et al. (2000) tabulated their data on the effect of polar organic solvents on an
aminopeptidase from the hyperthermophilic bacterium Aquifex aeolicus. Their study
was made at 45°C with a variety of water miscible solvents, and was discussed briefly
in Section 2.4.3. Their data with the solvents DMSO and DMF has been compared with
the thermophilic citrate synthase data (TpCS, ssCS, PfCS) reported in Section 4.3. This
hyperthermophilic enzyme was assayed about 50°C below its in vivo temperature, in a
similar way to the Pyrococcus juriosus citrate synthase, and of course the other
thermophilic CSs from organisms of lower growth temperatures. Solvent volatility often
requires lower temperatures to be used (stability experiments can be performed in sealed
glass ampoules) with thermophilic enzymes, and there may also be also issues relating
to poor substrate stability at high temperature.
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Figure 4.21 compares the data for the hyperthermophilic aminopeptidase of Khan et al.
(2000) with thermophilic citrate synthase data for activity in aqueous DMSO. Up to
30vol% DMSO, the aminopeptidase is less active than citrate synthase, but no more
than 10% lower than TpCS/PfCS (whose activities in DMSO are almost identical).
From the trend in the data beyond 30vol%, whereupon the aminopeptidase has the same
activity as TpCS/PfCS, the aminopeptidase may prove to be more active at higher
concentrations than the 40vol% maximum concentration used by Khan et al. (2000).

Figure 4.22 compares the data for the hyperthermophilic aminopeptidase of Khan et al.
(2000) with thermophilic citrate synthase data for activity in aqueous DMF. The activity
of the aminopeptidase is lower in DMF solutions, with a difference of up to 20% in
activity from ssCS (the least active in DMF of the thermophilic citrate synthases, and up
to 60% lower than PfCS. Like in DMSO, the activity of the aminopeptidase becomes
closer to citrate synthase as the solvent concentration increases, this time reaching
approximately the same activity as TpCS and PfCS at 40vol% DMF.

Clearly, the hyperthermophilic aminopeptidase is only one enzyme and data on more
enzymes is needed for a more thorough examination of the effects of polar organic
solvents on thermophilic enzymes.
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Figure 4.21: Comparison of data for the activity of thermophilic citrate synthase in
aqueous solutions of DMSO with data of Khan et a l (2000) for a hyperthermophilic
aminopeptidase.
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Figure 4.22: Comparison of data for the activity of thermophilic citrate synthase in
aqueous solutions of DMF with data of Khan et al. (2000) for a hyperthermophilic
aminopeptidase.
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Castro (2000) also reported data on the activity of chymotrypsin (CT) in aqueous
glycerol, one of the few papers to publish activity-concentration profiles for this
solvent. Figure 4.23 below shows the published profile of the activity of CT in aqueous
glycerol at 30°C.
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Figure 4.23: Effect of glycerol on the activity of a-chymotrypsin at 30°C as published
by Castro (2000).

Castro (2000) assayed a-chymotrypsin (CT) activity using HPLC to measure phenyl
acetate hydrolysis. The above figure clearly shows a trend of decreasing activity with
increasing glycerol concentration. This was also seen with citrate synthase. Though CT
has a higher activity in 0-70vol% than citrate synthase, it is at least one example where
glycerol can be seen to reduce the enzyme activity in a similar fashion as seen with
citrate synthase.

4.8.5:

T r y p t o p h a n f l u o r e s c e n c e s t u d ie s o f p s y c h r o p h il ic c it r a t e s y n t h a s e

As a result of the large activation seen in the presence of DMSO concentrations of up to
approximately 40vol%, psychrophilic citrate synthase (DsCS) was subjected to
tryptophan fluorescence studies to further analyse this effect. At each DMSO
concentration used, a value of the maximum emission wavelength was recorded.

The maximum emission wavelength (MEW) of tryptophan fluorescence is a powerful
probe of conformation because it relies solely on the environment of the tryptophan
residues. Fluorescence intensity also depends on the environment, and can be reduced
by interference from nearby residues or certain solutes (during exposure events) in a
process known as “quenching”. Fluorescence intensity is also highly sensitive to
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changes in the protein loading and poor reproducibility can result despite great care in
performing experiments. These properties may be exploitable in other studies, but the
experiments reported herein only made use of the MEW as a measure of the degree of
folding/unfolding favoured by the presence of the organic cosolvent.

The MEW o f tryptophan increases when it is exposed to a more polar environment. As
reported in Section 4.4.2, an experiment was performed to confirm this. Although the
data points for 0% and 10vol% DMSO appeared erroneous, the remaining data points
showed a linear decreasing trend in MEW as the concentration of DMSO increased. A
linear regression analysis was performed on this linear region (20 and 70vol% DMSO),
and extrapolated to 0vol% DMSO. A value of 352nm was obtained for the MEW of Trp
in solvent-free buffer. This agrees well with values obtained from literature (358nm for
L-tryptophanamide excited at 283nm in 0.02M NaCl and 0.5M NaCl - Kim & Dordick,
1997).

The raw data for DsCS shows a minor decrease in MEW. However, comparing this to
MEW profile of free tryptophan (which also decreased as DMSO concentration
increased), the MEW of DsCS approaches the MEW of free trypophan as the DMSO
concentration increases. This means that DMSO is inducing an increase in the total
exposure of tryptophan to the environment.

DsCS contains five tryptophan residues per subunit (DsCS is dimeric) so the MEW
contains a contribution from each residue. While all the tryptophan residues will not
necessarily be more exposed to the solvent as the DMSO concentration increases, the
net effect is an increase in exposure.

The unfolding experiments using chaotropes were used as control experiments, as
guanidine hydrochloride (Gdn-HCl) is well known as a powerful denaturant. Urea was
also used, but is less powerful than Gdn-HCl (West et al., 1997) and had little effect on
the MEW o f DsCS. Full unfolding took place between 2 and 4M GdnHCl, since the
MEW approached a value (351nm) that almost matched that of the free tryptohan MEW
obtained above (352nm). Fully unfolded proteins usually give an MEW slightly lower
than that of free tryptophan, due to the presence of some low level of structure.
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The activation of DsCS in the presence of DMSO is a product of conformational
changes induced by the cosolvent, but it seems from the tryptophan fluorescence that
the conformational changes induced by DMSO are small in magnitude. In view of this,
the mechanism of DsCS activation in aqueous DMSO is likely to involve changes in the
Km for Acetyl-CoA. The high value of Km (Acetyl-CoA) and the fact that DsCS was
assayed with a sub-Km concentration of Acetyl-CoA means that any conformational
change that reduces this Km value will also increase the enzyme activity. Only a small
change would be needed to give the observed activation in DMSO, since Km is the
substrate concentration at Vi vmax (if OAA is saturating, CS then becomes a pseudo
single substrate enzyme).

Two alternative methods may be used to provide additional data on the solvent-induced
structural changes. ANS (anilino naphthalene sulfonate) changes in its fluorescence
spectrum upon binding to solvent exposed hydrophobic residues, and may be a better
technique for determining tryptophan exposure to the solvent. A more powerful
spectroscopic technique is Circular Dichroism (CD) that measures global structural
changes. It was not available for this study, but is a well-established technique that is
able to resolve subtle conformational changes including helix/sheet content.

4.8.6: O th er effec t s

o n t h e a c t iv it y o f c it r a t e s y n t h a s e in

AAA/OOO

m e d ia

Although the effect of pH in AAA/OOO media was not probed in enzyme activity
terms, the effect of solvents on the medium pH is an important consideration that
deserves discussion. The solvents DMSO and DMF were found to increase the pH of
the buffer solution used. While in this experiment, the solvent was diluting the buffer
salts, the results agree well with the data of Shubhada & Sundaram (1995), who also
reported the pH of Tris buffers with solvents, but at a constant buffer concentration.
Some o f the issues relating to pH in AAA/OOO media were briefly discussed in Section
2.2.3. The overall charge on a protein is controlled by the medium pH, may influence its
interaction (or lack thereof) with the solvent molecules surrounding it. In aqueous media
surface charges (together with charged substrates, salt and buffer ions, etc.) are
hydrated, and solvents may displace or replace (to some extent) the associated water
molecules.

The effect of KC1 concentration on the activity o f DsCS in aqueous DMSO was also
briefly examined. Due to the high surface charge of DsCS, KC1 is needed for stability.

In the absence of solvent, KC1 was found to reduce activity, presumably due to its
stabilising effects. However, KC1 increased the enzyme activity in 30vol% (relative to
its activity in the same concentration of KC1 in the absence o f solvent).

The studies of the effect o f purity on enzyme activity in AAA/OOO media found two
outcomes, dependent on the method o f preparation of the enzyme. The mesophilic
pigCS in the commercial preparation is likely to be produced from the native pig heart,
so the impure commercial product will contain protein capable of stabilising the citrate
synthase, and simultaneously limiting its catalytic activity. The lack of such protective
protein in the pigCS purified by affinity chromatography results in a much higher
activity (and a lower stability, inferred from the loss of activity during storage at 4°C)
due to the removal of the protein stabilisers. Pure pigCS may also prove to have lower
stability in aqueous DMSO. Another important issue is that most of the protein
contaminating the commercial pigCS is from the porcine host and likely to have a
similar thermostability to pigCS.

However, the crude preparation of the extremely thermophilic enzyme ssCS had
identical performance in DMSO as the enzyme purified in the same way by affinity
chromatography. The crude ssCS was prepared simply by heat-treating the recombinant
E. coli cell-free extract at 75°C for 15 minutes. While there is still much contaminating
E. coli protein in this crude ssCS sample, it is likely to have been partly denatured with
little ability to stabilise the ssCS through protein-protein interactions. If any E. coli
protein had survived the heat treatment undenatured, despite being from a mesophile, it
appears to have a negligible effect on the stability (and therefore activity) of the crude
ssCS preparation in DMSO solutions.

4.9: C o n c l u s i o n s

The work presented here shows that (under the conditions used) citrate synthases of
increasing thermostability are more active in aqueous/organic media than mesophilic
citrate synthase in the denaturing solvent DMF. Mesophilic citrate synthase (pigCS) has
also been shown to be more active than psychrophilic citrate synthase (DsCS) in the
same solvent. The denaturing ability o f DMF was determined by comparing the results
of stability and activity studies. The higher resistance to the effects of this solvent in the
case of the thermophilic citrate synthases as described in this chapter is therefore a
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significant finding. The performance of citrate synthase in DMSO was more complex,
with little denaturation of citrate synthase apparent in the stability data. A bias towards
thermophilic enzymes at the lower activities was seen in enzyme activity studies in this
solvent. The activity and stability data with DMSO implies that this solvent may have
some stabilising effects.

The link between enzyme thermostability and performance in the presence of organic
solvents has often been raised in the literature reports. Thermophilic enzymes are often
stated to be more active and stable in organic media than their mesophilic counterparts,
but supporting evidence has yet to be published. The work reported in this chapter
finally confirms that this link exists, at least in the case of citrate synthase, and also
confirms the potential of thermophilic enzymes as active and stable biocatalysts
biotransformations in organic media.
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CHAPTER 5

ACTIVITY AND STABILITY OF CITRATE SYNTHASE
AND DIHYDROLIPOAMIDE DEHYDROGENASE FROM
H A L O F E R A X V O L C A N II

5.1 : I n t r o d u c t i o n

IN AQUEOUS/ORGANIC MEDIA

a n d a im s

In the previous chapter, the influence of enzyme thermostability on performance in
AAA/OOO media was explored using psychrophilic, mesophilic, and thermophilic
citrate synthase. In this chapter, the influential parameter to be studied is the adaptation
of enzymes to a highly saline environment. A common feature of highly saline media
and AAA/OOO media is the depressed water activity. Despite the many differences
between these media, it is possible that an enzymes’ adaptation to high salt
concentrations may confer high activity and stability in organic media. This chapter
aims to provide an insight into this issue.

Two enzymes from the halophilic archaeon Haloferax volcanii, citrate synthase and
dihydrolipoamide dehydrogenase, have been studied at the Centre for Extremophile
Research, University of Bath (James et al., 1991 and Jolley et al., 1996, respectively).
Haloferax volcanii is an extremely halophilic archaeon, with a cytoplasmic salt
concentration of 5M KC1, and was first isolated by Mullakhanabhai & Larsen (1975).
Citrate synthase (hvCS) and dihydrolipoamide dehydrogenase (hvDHlipDH) are
intracellular enzymes with molecular features that confer upon them activity and
stability at such a high salt concentration. The work described in this chapter studied the
effects of polar organic solvents on the activity and stability o f hvCS and hvDHlipDH,
in a parallel study to that of the previous chapter. The effect o f salt concentration on the
activity of halophilic citrate synthase in AAA/OOO media was also briefly examined.
The results from these experiments made enabled the identification of any advantages of
halophilic enzymes over mesophilic and thermophilic counterparts in AAA/OOO
media.
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Sections 5.2 and 5.3 are brief literature reviews of hvCS and hvDHlipDH respectively.
Section 5.4 reports the effect of miscible solvents on hvCS and hvDHlipDH, and
Section 5.5 reports the effects of DMSO and DMF on hvCS stability. Discussion of the
results and conclusions are presented in Sections 5.6 and 5.7 respectively.

5.2: H a l o f e r a x v o l c a n i i c i t r a t e s y n t h a s e

Citrate synthase has been isolated from the extremely halophilic Archaeon Haloferax
volcanii (hvCS) and Halobacterium salinarium (hhCS). The structure and function of
citrate synthase from non-halophilic extremophiles was reviewed in Section 4.2. hvCS
uses the same catalytic mechanism as the other citrate synthases reported in this thesis,
and is also a dimer, with approximately the same subunit MW. James et al. (1991)
reported

the

purification

of

hvCS

directly

from

Haloferax

volcanii

using

chromatographic methods compatible only with low salt concentrations (ion-exchange
and hydroxyapatite chromatography). Glycerol at 20vol% stabilised the enzyme during
the low-salt purification. Such methods can only be expected to give low yields, and in
this example their use was mainly responsible for the recovery o f only 4.3% of the
original activity as pure enzyme. When an affinity chromatography procedure was
developed, pure hvCS was obtained with a yield of 70% after a polishing step of sizeexclusion chromatography (James et a l, 1995). Despite its halophilic adaptation, hvCS
is only marginally more thermostable than pigCS, being inactivated after 10 minutes at
60°C in 4M NaCl buffer (Danson et a l, 1984).

hvCS has been successfully expressed in soluble form in E. coli, yielding active enzyme
after incubation overnight at 5°C in 2M KC1 (Connaris et a l, 1999). Like the citrate
synthases reported in the previous chapter, it can be easily purified by dye-ligand
affinity chromatography. Other halophilic enzymes have been expressed in E. coli in a
soluble but inactive form, also requiring incubation in a hypersaline buffer for activity
recovery (see Section 2.5.1 for a brief review).

5.3: H a l o f e r a x v o l c a n i i d i h y d r o l i p o a m i d e d e h y d r o g e n a s e

DHlipDH is a constituent of the pyruvate dehydrogenase complex (PDHC), a
multienzyme complex that catalyses to conversion of CoA into Acetyl-CoA in higher
organisms. Although archaea use pyruvate oxidoreductase to perform the same function,

the halophilic archaeon Haloferax volcanii has been found to contain genes for the
PDHC, and even produces an active DHlipDH as reviewed by Jolley et al. (2000). This
enzyme catalyses the reversible oxidation of dihydrolipoamide to lipoamide (L-6,8thioctic acid amide), shown below:

dihydrolipoamide + NAD <=> lipoamide + NADH + H*

In the domain archaea, DHlipDH has been identified in Halobacterium halobium,
Haloferax volcanii, and Thermoplasma acidophilum. The DHlipDH of the archaea has
no known role, although in Tp. acidophilum DHlipDH is believed to be associated with
its plasma membrane (Danson, 1988). The substrate dihydrolipoamide is not available
commercially, but can be synthesised from lipoamide (Patel et al., 1995; Appendix 2).

Vettakkorumakankav & Stevenson (1992) reported the amino-acid sequence of
hvDHlipDH. The content of the residues Asp and Glu were increased relative to E. coli
DhlipDH, which is a common feature of halophilic enzymes. The moderately
hydrophobic residues Ser and Thr were increased to support the hydrophobic effect, but
Lys was reduced. When the enzyme is assayed with DHlip, it exhibits a pH optimum of
9.0 (since the NAD-dependent forward reaction liberates protons, and therefore has a
high pH optimum). The reverse reaction can, however, be assayed in using lipoamide
and NADH (Patel et a l, 1995).

hvDHlipDH has been successfully over-expressed in both Haloferax volcanii (Jolley et
al., 1996) and E. coli (Connaris et al., 1999). Connaris et al. (1999) used immobilised
metal ion affinity chromatography (M A C ) to purify hvDHlipDH from recombinant E.
coli cell-free extracts using Cu

as the metal ion ligand, after refolding the enzyme

from inclusion bodies. Sunquist & Fahey (1988) also reported a detailed protocol for the
purification of the dihydrolipoamide dehydrogenase of Halobacterium halobium
(hhDHlipDH) from cell extracts of the halophile. hhDHlipDH eluted early from the
column with the remaining protein and no effective purification could be obtained.
When they repeated the process using a running buffer containing (NH^SC^ as the
primary salt in place of NaCl, hhDHlipDH was retarded on the column and eluted after
the bulk protein, effecting purification.
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This section reports the results of experiments that measured the activity of citrate
synthase and dihydrolipoamide dehydrogenase from Haloferax volcanii (hvCS and
hvDHlipDH respectively) in the presence of water miscible organic solvents at 2M
NaCl and 30°C. Since both enzymes are mesophilic, the non-halophilic control enzyme
is pigCS (currently, there are no isolated mesophilic, non-halophilic, archaeal citrate
synthases). The effect of DMSO and DMF on pigCS has been reported previously (see
Section 4.3.1 and 4.3.2 respectively). A non-halophilic DHlipDH control enzyme was
unavailable for this study.

Each figure presented in this section shows, on the y-axis, the enzyme activity measured
after a two-minute incubation (for thermal equilibration) in the presence of the solvent
concentration given on the x-axis. Enzyme activity has been normalised to the value in
buffer, free of solvent. Solvent concentration was expressed in vol%. The use of
concentrated buffers was limited (to a 2x concentrate, of 4M NaCl) by the solubility of
NaCl (4.3M at 25°C). As a result, the highest solvent concentration useable in activity
experiments was 40vol%. The enzyme activity data has been normalised to the value of
activity in the absence of solvent (i.e. 100% activity). The Materials and Methods for
this section (5.4) are given in Sections 3.5.3 (an introduction), 3.10.2.3 (general assay
method), 3.10.2.4 (citrate synthase assay), 3.10.2.5 (halophilic citrate synthase assay)
and 3.10.2.6 (halophilic dihydrolipoamide dehydrogenase assay).

5.4.1: D im e t h y l s u l f o x id e fDMSOl
Figure 5.1 shows the effect of DMSO concentration on the activity o f halophilic citrate
synthase (hvCS) and dihydrolipoamide dehydrogenase (hvDHlipDH).

Both profiles are similar, with hvCS being most active up to 15-20vol% DMSO.
hvDHlipDH is most active thereafter. hvCS is inactive at 40vol% DMSO, but
hvDHlipDH shows 10% activity. hvDHlipDH drops in activity almost linearly from 040vol% DMSO, but hvCS reduces in activity in a non-linear fashion. Both enzymes are
less active than pigCS in the denaturing solvent DMF, but hvCS and pigCS were both
inactivated at 40vol% solvent. pigCS in DMSO is also much more active over DMSO
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concentrations used, and retains activity up to 50vol%. However, the profiles for hvCS
and hvDHlipDH seen in Figure 5.1 show greatest similarity to ssCS in DMF (see Figure
4.2)

An activation effect was seen with some experiments using hvCS and low
concentrations of DMSO. However, it was not always observed since it appeared to be
highly sensitive to the purity of the enzyme. A fresh stock of enzyme was activated to
112% in 5vol% DMSO, but when repeated (after a small amount of enzyme
deactivation had taken place during storage at 4°C) the activation was not seen.
However, in all cases the activity-concentration profiles were identical beyond 10%
DMSO, confirming the validity of that section of data. The data presented is that
without activation, since the activation appears to be dependent on the use of recently
purified enzyme.

5.4.2: N .N ’-D im e t h y l f o r m a m id e (DMF)
Figure 5.2 shows the effect of DMF concentration on the activity o f hvCS and
hvDHlipDH.

At 5vol% DMF, both enzymes have identical activity. Between 5vol% and 20vol%, the
differences are greater, before becoming more similar at 20-30vol%. As with DMSO,
hvDHlipDH reduces in activity in a linear fashion but hvCS does not. This is
responsible for the difference in activities between 5vol% and 20vol% DMF. While
30vol% DMF deactivates hvCS, hvDHlipDH is more tolerant (as found with DMSO),
being just under 10% active.
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Figure 5.1; Effect of DMSO concentration on the activity of citrate synthase fhvCS)
and dihydrolipoamide dehydrogenase (hvDHlipDH) from Haloferax volcanii in 2M
NaCl at 30°C. pH ’ 7.
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Fieure 5.2; Effect of DMF concentration on the activity of citrate synthase (hvCS) and
dihydrolipoamide dehydrogenase (hvDHlipDH) from Haloferax volcanii in 2M NaCl at
30°C. pH’ 7.
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5.4.3: T h e e f f e c t o f g l y c e r o l o n t h e a c t i v i t y o f h a l o p h i l i c c i t r a t e s y n t h a s e .
AND

A

COMPARISON

WITH

THE EFFECTS

OF

DIMETHYLSULFOXIDE AND N .N ’-

DIMETHYLFORMAMIDE

Figure 5.3 shows the effect of glycerol on halophilic citrate synthase, overlaid with the
data for the effect o f DMSO and DMF concentrations on hvCS (reported in Section
5.4.1 and 5.4.2 respectively).

As has been found with the non-halophilic citrate synthases (with the exception of
DsCS due to the presence of a large activation effect in DMSO), halophilic citrate
synthase is more active in the more polar solvents. The order o f solvents giving
increasing activity of hvCS - DMF > DMSO > glycerol - also matches the order of
solvents in terms of increasing polarity (as determined by log P, Dimroth-Reichardt
parameter, etc.).

5.4.4

C o m p a r is o n

of

the

effec t s

of

d im e t h y l s u l f o x id e

and

N.N*-

DIMETHYLFORMAMIDE ON THE ACTIVITY OF HALOPHILIC CITRATE SYNTHASE AND
DIHYDROLIPOAMIDE DEHYDROGENASE

As observed with the non-halophilic citrate synthases, hvCS appears to be more active
in DMSO solutions than DMF. An interesting phenomenon is that at up to 20vol%
solvent, hvCS is always more active than hvDHlipDH, but the situation reverses above
20vol%. Also, the activity profile of hvCS in DMSO closely resembles those of pigCS
and ssCS in aqueous DMF.
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Figure 5.3: Effect of glycerol, DMSO, and DMF on the activity of halophilic citrate
synthase (hvCS) at 2M N aC l 30°C. p H ’ 7.
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5.5:

R e s u lts

-

The

e ffe c t

of

d im e th y ls u lfo x id e

and

N.N*-

DIMETHYLFORMAMIDE ON HALOPHILIC CITRATE SYNTHASE ACTIVITY AT LOW SALT
CONCENTRATION

Preliminary work with unpurified recombinant E. coli cell-free extracts containing
halophilic citrate synthase showed no difference in activity between 2M KC1 and 2M
NaCl in the presence of DMF, although this was not repeated with purified hvCS.
However, purified enzymes were also studied at a KC1 concentration of 0.1M during
preliminary work, and the results have been overlaid with those subsequently gained at
2M NaCl. The results for DMSO and DMF are shown in Figures 5.4 and 5.5
respectively.
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Figure 5.4; Effect of DMSO on the activity of halophilic citrate synthase (hvCS) at
0.1M KC1 and 2M NaCl at 30°C. pH’ 7.
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Figure 5.5: Effect of DMF on the activity of halophilic citrate synthase (hvCS) at 0.1M
KC1 and 2M NaCl at 30°C. p H ’ 7.
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5.6:

R esults

-

The

effect

of

d im e t h y l s u l f o x id e

and

N .N ’-

DIMETHYLFORMAMIDE ON HALOPHILIC CITRATE SYNTHASE STABILITY

This section reports the effect of DMSO and DMF on the stability o f hvCS. In buffer,
between 70-90 minutes, activity was almost fully regained, but the reasons for this are
not known. This can be seen in Figure 5.6. Section 5.5.1 looks at the effect of DMSO on
hvCS stability, while Section 5.5.2 looks at the effect of DMF. Section 5.5.3 compares
the previous two sections.

5.6.1: D im e t h y l s u l f o x id e (DMSO)
Figure 5.6 shows the effect of DMSO on the stability of halophilic citrate synthase

In 10vol% DMSO, hvCS has an initial activity of 90% and decreases at a low rate
thereafter, in an approximately linear fashion. After incubation in 20vol% DMSO, the
initial activity suffers only a minor drop relative to 10vol% DMSO, but the rate of
decrease of activity is greater. At 30vol%, the initial activity increases to around 94%,
with a further increase in the rate of decay of enzyme activity.
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Figure 5.6: Effect of DMSO concentration on the stability of hvCS at 2M N aC l 30°C,
pH ’ 7.0.

167

5.6.2: N ,N ’-D im e t h y l f o r m a m id e (DMF)
Figure 5.7 shows the effect of DMF on the stability o f hvCS at 30°C, in 2M NaCl.

At 10vol% DMF, hvCS has an activity of 86% at t=0, but this increases to 94% at
20vol% DMF, indicating that some degree of denaturation is beginning show its effects.
A similar initial activity was seen in 30vol% DMSO.

The most dramatic part of the figure is the difference between the profiles of 20vol%
and those of both 25 and 30vol%. It is clear that above a DMF concentration of around
20vol%, rapid irreversible denaturation of hvCS takes place. At 30vol% DMF,
inactivation is complete after 5 minutes, whereas hvCS has around 3% activity at
around 15 minutes. The denaturation is also shown by the reduced in initial activity 83% at 25vol% DMF, and 69% at 30vol% DMF.
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Figure 5.7: Effect of DMF concentration on the stability of hvCS at 2M NaCl, 30°C,
pH’ 7.
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5.6.3:

C o m p a r is o n

of

th e

e ffe c ts

of

d im e th y ls u lfo x id e

and

N.N*-

DIMETHYLFORMAMIDE.

The data for hvCS stability at 20vol% DMSO and DMF has been replotted in Figure 5.8
to allow more detailed examination of the solvent effects up to 20vol% (the differences
in solvent effects between DMF and DMSO above 20vol% being highly visible).

At solvent concentrations of up to 20vol%, there appears to be little difference in the
effects on hvCS between the two solvents. It can be seen, though, that the enzyme
activity of hvCS after DMSO contact are slightly higher that after that with DMF (when
comparing the activity at the same incubation time, at the same vol% concentration).
This is consistent with the activity studies, which also show higher activity in DMSO
solutions than DMF.

Looking at the enzyme activity at t=0, as DMSO concentration increases to 10vol% and
20vol%, the initial activity drops from 100% to about 89% and 87% respectively. While
in DMF at 10vol% and 20vol%, the initial activity drops to 86% then increases to 94%
as denaturation increases and stability decreases, evident in the slope of the profile (at
20vol% DMF).
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5.7: D i s c u s s i o n

This section discusses the results of experiments reported in Sections 5.4-5.6. Section
5.7.1 discusses the activity of hvCS and DHlipDH, and the stability of hvCS in aqueous
solutions of DMSO and DMF.

5.7.1: A c t iv it y

a n d st a b il it y o f

hvCS

a n d Iiv D H l ip D H in

AAA/OOO

m e d ia

In summarising the activity of hvCS and hvDHlipDH in AAA/OOO media, both hvCS
and hvDHlipDH show similar activity-concentration profiles with hvDHlipDH
generally showing higher activity than hvCS above a solvent concentration of 20vol%.
As seen with the psychrophilic, mesophilic, and thermophilic citrate synthases (Section
4.3), the halophilic enzymes showed increasing activity in solvents o f increasing
polarity. HvCS showed a clear advantage in activity terms over hvDHlipDH up to
concentrations of up to 17vol% DMSO and 20vol% DMF, whereupon hvDHlipDH had
the highest activity of the pair.

In stability terms, hvCS was always slightly more active after incubation in DMSO
solutions than at the same concentration of DMF, below 20vol%, when assayed after the
solvent had been diluted to a final concentration of <lvol%. Above 20vol%, hvCS in
DMF undergoes rapid denaturation, with a short incubation (10 minutes) at 30vol%
fully inactivating the enzyme, when measured after dilution. The hvCS activity studies
(where the enzyme was assayed after a 2 minute incubation) hint that if the activity
were measured in 30vol% DMF (instead of buffer, with a small degree of solvent carry
over from the enzyme aliquot) after this 10-minute incubation, the enzyme would still
be active. However, the assaying approach used in the stability studies served to probe
the reversibility of the conformational changes induced by the solvent. High activities
measured in buffer after solvent contact can then be used to infer a degree or nature of
denaturation that relaxes upon dilution of the solvent to reform an active conformation.
Clearly, above 20vol%, the changes induced by DMF result in partial inactivation, and
total inactivation upon replacement of the DMF with water.

DMSO is more polar than DMF and has a greater ability to remove water from the
surface of enzymes (and hence cause denaturation), but like water it can participate in
hydrogen bonds with the enzyme surface, and may replace water in this capacity to
some extent. Glycerol and DMSO also have the ability to restructure the hydration shell
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through H-bonding, but this effect is most pronounced with glycerol. Their higher
polarity also makes them more compatible (than DMF) with the large number of
charges present on the surface of halophilic enzymes.

The activity and stability of hvCS in both DMSO and DMF shows an interesting
property. While DMF is fully inactivated after a brief contact with 30vol% DMF, and
subsequent dilution, the enzyme is still cataiytically active when assayed in 30vol%
DMF. When assayed in the presence o f 30vol% DMSO, hvCS was more active than
after incubation in 30vol% DMSO and subsequent dilution of the solvent. DMF has
been reported to repel negatively charged residues on an enzyme’s surface (Martinez &
Arnold, 1991), and is discussed in more detail in the next section, but its lower polarity
could result in the exposure of hydrophobic residues as part of this charge-repulsion
process. Peptides with poor water solubility are now known to be significantly more
soluble in polar organic solvents saturated with salts such as lithium chloride (Seebach
et a l, 1989), and this has some relevance here. The subsequent transfer of the enzyme
(with exposed hydrophobic residues exposed) to an essentially aqueous medium, and
restoration of H-bonds and strengthened hydrophobic interactions, will then result in
denaturation followed possibly by aggregation, or misfolding of the enzyme into a
conformation with little or no catalytic activity. The conformational changes induced by
the bulk solvent, however, still allow some extent of catalytic activity when measured in
situ but clearly dilution of the solvent with buffer has highly damaging effects.

The data reported in Section 5.4 shows hvCS and hvDHlipDH to be active up to
approximately 30vol% DMF (Figure 5.2) and 40vol% DMSO (Figure 5.1). However, at
30vol% DMF, transferring hvCS to a predominantly aqueous environment (i.e. by
diluting the solvent to a concentration <lvol%) results in rapid irreversible loss of
activity (Figure 5.7). Such drastic inactivation was not seen when hvCS in aqueous
DMSO was transferred to essentially pure buffer (by dilution, as in the case of DMF),
indicating that hydrophobic residues were not exposed (Figure 5.6) to quite the same
extent.

DMSO can be seen from these stability studies to be a denaturant, but much less so than
DMF. While both may be involved in some extent of charge repulsion, DMSO may
have a lower tendency to expose hydrophobic residues making the conformational
changes while in DMSO more likely to reverse upon dilution of the solvent.
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5.7.2: I n f l u e n c e

o f h a l o p h il ic a d a p t a t io n o n e n z y m e a c t iv it y a nd st a b il it y in

AAA/OOO MEDIA.
There are two main features of an enzyme that influence performance organic media
relate to the protein surface and the protein interior. The surface interacts directly with
the bulk solvent and the protein interior contains the many of the interactions
responsible for maintaining conformation - hydrogen bonds, hydrophobic interactions,
electrostatic interactions, inter-subunit interactions.

The most striking feature of halophilic enzymes is their very high surface negative
charge. Danson & Hough (1998) reported that the hvDHlipDH surface charge is -110
but only -1 4 for mesohalic DHlipDH. Similar values have been reported for Haloarcula
marismortui lactate dehydrogenase i.e. -156 for the halophilic enzyme and +16 for the
mesohalic enzyme (Danson & Hough, 1997). These surface charges are perhaps the
dominant influence on their performance in AAA/OOO media, but the remainder of the
protein also plays an important role.

In the stability studies o f halophilic citrate synthase, there is obvious denaturation of
hvCS, seen in the consistently decreasing activity over the course o f incubations in both
DMF and DMSO solutions. Activity studies showed decreasing activity with halophilic
citrate synthase and dihydrolipoamide dehydrogenase as the concentrations of these
solvents increased, but the stability studies were required to confirm the nature of the
deactivation. The denaturation identified in the stability studies could be viewed as
evidence of direct interaction of the solvent with the protein surface, since stabilisation
would occur if solvent-surface interactions were unfavourable. However, the high
negative charge content o f the halophilic enzyme surface would be expected to repel the
solvent molecules. On the other hand, any repulsive force will also have a recoiling
effect on the surface charges, leading to denaturation if the enzyme conformation is
unable to withstand it. The strength of this repulsion is dependent on the concentration
of DMF and the number of surface charges (itself dependent upon primary structure and
pH). The repulsion of these charges, effectively promoting their burial in the protein
subsurface, can also promote these residues to form new intramolecular interactions that
contribute to the misfolding of the enzyme (Toba & Merz, 1997) or aggregation due to
the exposure o f hydrophobic residues as part o f the conformational changes.
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The mechanism of charge repulsion is supported by a report of Subtilisin E being
dramatically activated and stabilised in DMF by removing a surface charge (Martinez &
Arnold, 1991). This effect was only seen at high DMF concentrations, but the presence
of only a single charge will therefore give a low repulsion (and therefore little
denaturation) at low DMF concentrations. The substantially higher surface charge of
halophilic enzymes may well reduce the DMF concentration at which the instability is
observed to the region used in this study. Miland et al. (1996) also reported that
neutralising surface charges by acetylation also resulted in greater stability of nonhalophilic horseradish peroxidase in the presence of DMF, tetrahydrofuran, and
methanol.

While the denaturing effects have only been considered so far in this section, some
properties of halophilic enzymes that may afford some degree of resistance to certain
solvents must also be considered. For example, halophilic enzymes contain more salt
bridges than non-halophilic enzymes. These interactions increase the thermostability of
enzymes, and are largely responsible for the stability exhibited by thermophilic
enzymes. Danson et al. (1984) reported that at 4M NaCl, hvCS was inactivated after 10
minutes at 60°C. However, in the case of hvDHlipDH under the same buffer conditions,
no loss of activity was detected after incubation at 95°C for 15 minutes (ibid). From the
work presented in the previous chapter, identifying a link between thermostability and
performance in AAA/OOO media, the lower thermostability o f hvCS should make it
less tolerant of the effects of polar solvents than more thermostable halophilic enzymes.
This can be analysed when further data on halophilic enzymes is available. Although
halophilic enzymes contain fewer strongly hydrophobic residues due to the highly
salting-out nature of their hypersaline environment, they do contain more residues of
intermediate hydrophobicity to reinforce the hydrophobic effect for protein folding.
This feature may prove not to be advantageous to halophilic enzymes when dealing with
their activity and stability in AAA/OOO media.

5.7.3: Im pl ic a t io n s

f o r th e u s e o f h a l o p h il ic e n z y m e s in o r g a n ic m e d ia

The work in this chapter identifies DMF as an enzyme that is incompatible with the
activity and stability of halophilic enzymes. While hvCS showed lower activity in
DMSO solutions than its mesophilic non-halophilic counterpart, pigCS, it was
nonetheless of a higher stability.
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There are of course a number of ways in which halophilic enzymes may be protected
from the damaging effects of solvents. A way of ensuring that solvents will be less able
to interact with these charges would be to screen them using a polycationic polymer
such as polybrene (hexadimethrine bromide). This was briefly introduced in Section
2.5.4.3, and has already proved to be promising from the studies with chymotrypsin
reported therein.

However, an alternative way to dealing with solvent incompatibility is modify the use
of the enzymes. OhOO media have not featured in literature, using lyophilised
halophilic enzymes, or using any of the other means o f applying enzymes in these
solvents. There has been little work published on the activity and stability of halophilic
enzymes in organic solvent systems. Section 2.4.2 detailed the current state of
understanding o f these enzymes in organic media, emphasises the lack of data. Despite
these difficulties, it does provide a great opportunity to publish research that advances
the understanding of halophilic enzymes in organic media.

5 .8 : C o n c l u s i o n s

This work shows that halophilic enzymes are active and stable at low concentrations of
polar organic solvents. Their performance at higher concentrations appears to be highly
influenced by the nature of the solvent, but is also limited by the use of high salt
concentrations. The presence of a large number of negative charges on the surface of an
enzyme means that addition of certain solvents (including DMF) can be highly
disrupting above 20vol%.

Halophilic citrate synthase and dihydrolipoamide dehydrogenase are less active than a
mesophilic, non-halophilic citrate synthase. The activity o f hvCS in aqueous DMSO is
similar to that of pigCS and ssCS in the presence of DMF. The work presented here
shows that DMF can be highly disrupting to halophilic citrate synthase above a
concentration of 20vol%, and at or below this value the stability is higher than the
mesophilic pig citrate synthase (pigCS) but less than that o f an extremely thermophilic
citrate synthase (ssCS), reported in the previous chapter.

There are a large number of ways of applying halophilic enzymes, and these have been
reviewed in Chapter 2. These include immobilising the enzymes (to prevent

aggregation, reducing salt dependence, and allowing reactivation of solvent denatured
biocatalyst), lyophilising the enzyme in the presence of large quantities of salt for
application in a non-aqueous solvent (OhOO media), and applying a variety of chemical
and non-covalent techniques to improve biocatalyst activity and stability. While the
high surface negative charge of halophilic nature is their most prominent feature and
certainly an essential part of their activity/stability at high salt concentrations, there may
still be a role for protein engineering in the enhancement of their performance.

There is a much interest in halophilic enzymes, but there is insufficient data for a
detailed evaluation of potential. The work reported in this chapter provides an important
insight into the activity and stability of halophilic enzymes in aqueous-organic
(AAA/OOO) media. While literature data is scant, an extremely halophilic protease
described in Section 2.4.2, for example, was found to be more attractive for peptide
synthesis than the proteases currently used in such reactions. There is a great deal of
potential for halophilic enzymes, but the lack o f data on their performance and
properties in organic media is a major barrier to their exploitation. Knowledge of the
enzymology of extremely halophilic

archaea currently lags behind the other

extremophiles, and this has implications for the isolation of new, useful enzymes.
However, the data reported in this chapter shows halophilic enzymes such as citrate
synthase while less active, are more stable than mesophilic non-halophilic counterparts
in the presence of compatible solvents.
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CHAPTER 6

P-GLYCOSIDASE FROM EXTREMOPHILES
AS A CATALYST FOR THE SYNTHESIS
OF NOVEL GLYCOSIDES

6.1: I n t r o d u c t i o n

P-Glycosidases (glycosyl hydrolases; E.C. 3.2.1.x) are a group of enzymes that catalyse
the cleavage of the bonds between two or more carbohydrate molecules, or between a
carbohydrate and a non-carbohydrate molecule, the aglycon (Sunna et a l, 1997). They
are widespread throughout the archaea, eubacteria, and eukarya, and have been isolated
from psychrophiles (Sheridan & Brenchley, 2000), halophiles (Holmes et a l 1997), and
thermophiles (Moracci et a l, 1994). They were recently classified into 42 families,
using protein sequences to perform hydrophobic cluster analysis (Henrissat & Bairoch,
1993; Henrissat & Bairoch, 1996). Glycosyl hydrolases have many current applications
in industrial processes (including paper/pulp, textiles, detergents, cleaning, food
processing, animal feed processing), but are also attractive in the development of new
processes and the synthesis of new compounds.

Carbohydrates are cheap and plentiful raw materials and some (e.g. lactose) are present
in the wastes of many industries. Conversion o f these materials into products of high
value is an attractive proposition, and glycosidases have the ability to make many of
these processes practical and economic on a large scale.

This chapter describes the cloning of a gene encoding a p-glycosidase from Sulfolobus
shibatae. The aim was to employ the enzyme in a biotransformation reaction to be
performed in organic media, the gene cloning process being an important tool for the
production of large quantities of enzyme. Here, the author proposes a novel reaction for
the preparation of glycopeptides using extremozymes, acting on readily available
substrates.
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The final product is glycosylated serine (or threonine) that is needed for the synthesis of
glycopeptides. This product is not commercially available, and is difficult to synthesis
chemically. The condensation of glucose, galactose, and lactose derivatives to the
amino-acid serine (or threonine) is the first step in this reaction. The thermophilic Pglycosidase was proposed as the biocatalyst for this reaction. The next step, for
condensation of the glycosylated serine/threonine residue to further amino acid residues
to form the glycopeptides, can be performed using a protease. In both cases, the reverse
hydrolysis reaction will be driven by the use of an organic solvent with a low water
content as the reaction medium. The preparation of a halophilic protease was covered in
Appendix 3, and is an ideal candidate for the glycopeptide synthesis.

At the moment, approaches to glycopeptide synthesis involve the expensive
(mammalian) glycosyl transferases, or solid phase chemical techniques using numerous
sequential reactions and protection/deprotection steps. This makes such an approach
unattractive for scale-up. The proposed enzymatic method can be used to prepare a
glycosylated amino acid with substantially fewer reactions than the chemical method,
and has the potential to be scaled up. Section 6.3.2 describes both this proposed process
and some literature reports of the synthesis of related compounds.

The literature review following considers the various extremophilic sources of pglycosidases (Section 6.2), and important applications of these enzymes (Section 6.3).
The remainder of the chapter is devoted to production o f an extremophilic pglycosidase. Section 6.4 looks at the screening and isolation trials of an extremely
halophilic p-galactosidase. Section 6.5 then looks at the cloning o f the gene encoding a
P-glycosidase from the thermoacidophilic archaeon Sulfolobus shibatae. The results
from both Sections 6.4 and 6.5 are discussed in Section 6.6, and conclusions are drawn
in Section 6.7.

6 .2 ; A n

This

o v e r v ie w o f

section

B -G l y c o s id a s e s

focuses

on

the

P-glycosidases

obtained

from

mesophiles

and

extremophiles. Other glycosyl hydrolases will be mentioned as required where they
have potential complementing that of P-glycosidases. This literature review is not meant
as a comprehensive review of glycosidases, but points out some of the novel and
important applications of such enzymes obtained from extremophilic microorganisms.
179

Due to the large number of enzymes capable of cleaving glycosidic bonds, Section 6.2.1
introduces these enzymes by explaining the difference between the terms “glycosidases”
and “glycosyl hydrolases” as used in this thesis. Sections 6.2.2 to 6.2.5 outline
psychrophilic, mesophilic, halophilic, and thermophilic glycosidases. Section 6.2.6 is a
review of the p-glycosidase of Sulfolobus solfataricus, the most studied thermophilic
enzyme and a valuable part of this investigation into the use of extremophilic
glycosidases in organic media.

6.2.1: D e fin it io n s

a n d g l o b a l pr o p e r t ie s

Two forms of glycoside hydrolysing enzymes will be referred to in this chapter. The
term “glycosyl hydrolase” will be used to describe a single enzyme with activity
towards a specific carbohydrate, including polymers such as xylan (xylanase) and starch
(amylase), for example. Important examples (e.g. (5-galactosidase) will appear in this
chapter where relevant. Glycosyl hydrolases can be specific to either a- or |3- linked
polysaccharides and have been reviewed by Sunna et al. (1997). However, the enzymes
of primary interest in this chapter are single enzymes with affinities for a wide variety
o f p-linked di- and oligo- saccharides. These enzymes are referred to in this chapter as
P-glycosidases.

A common feature of (3-glycosidases and glycosyl hydrolases is their transglycosylation
activity. This occurs in aqueous media, involving the addition of free monosaccharides
to other hydroxylated species present, or the transfer of monosaccharides between
carbohydrate molecules

(or another hydroxylated species). Transgalactosylation

performed by the (3-glycosidases of S. solfataricus and P. furiosus during lactose
hydrolysis was studied by Petzelbauer et al. (2000). It is even possible, at the end of a
hydrolytic reaction process (when substrate levels are at/near zero) to observe a small
degree o f reaction reversal, recombining the hydrolysis products into the original
substrate, and derivatives thereof. While transglycosylation activity is an important
factor in its application, converting a waste product into a number of useful new
products, it is also important for the elucidation o f the enzymes’ in vivo roles. Another
important consideration when dealing with glycosidases relates to kinetic measurements
during enzyme characterisation. The kinetic constants for each activity exhibited by the
glycosidase (e.g. glucosidase, galactosidase, fucosidase, arabinosidase, xylosidase) is
often measured using o-nitrophenyl glycopyranosides in spectrophotometric assays.
However, the effects of the large hydrophobic nitrophenyl moiety on substrate binding
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must be considered, and HPLC-based assays using non-synthetic substrates may better
reflect the true substrate affinities. Unfortunately, such work may be complicated by a
lack of knowledge of the enzymes’ natural substrates, especially in the case of pgalactosidase.

(3-Galactosidase (EC 3.2.1.23) features in this review. This enzyme degrades lactose
(yielding glucose and galactose). Some thermophilic P-glycosidases were initially
identified by their cleavage of X-Gal and classified as p-galactosidases until kinetic
studies showed their wide substrate specificities. The substrate lactose, however, is only
found in mammalian milk (Dyall-Smith, 1999 - personal communication), so the role of
P-galactosidase activity in microorganisms is unclear. It is possible that it could be
involved in the degradation of the remains of other organsisms (Sheridan & Brenchley,
2000), but Grogan (1991) highlighted that - in the thermophile Sulfolobus solfataricus it could be required for membrane lipid synthesis.

Table 6.1 is reproduced from Sunna et al. (1997). It is a table of thermophilic P-glycosyl
hydrolases from the archaea and bacteria, and is presented here as an example of the
potential of extremophiles for providing these useful enzymes.
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Table 6.1: Summary o f some thermophilic p-glvcosidases fron Sunna et a l (1997)

Organism

Anhaea:
Pyrococcus
furiosus
Pyrodictlum
abysti
Sulfolobus
solfataricus

Growth
temperature
(•C)

Enzyme

Sample*

Optimal
temperature
CC)

Optimal
pH

uk
(kDa)

Remarks

Reference

100

(5-Glucosidase

Purified

102-105

5.0

58/subunit
(230)

Intracellular/
cloned

Kengen et al.
1993

98

Endoxylanase

Crude
extract

110

55

88

P-Glycasidase

Purified

>90

6.5

56/subunit
(240)

Intracellular/
doned/broad
spedflcity

80

P-Glycosidase

Purified

5.0

60-65/
subunit
(>200) ■

Intracellular/
Grogan 1991
broad spedficily

Andrade et al.
1996

MT-4

Sutfolobus
solfataricus P2
Bacteria:
Dictyoglomus
thermophilum

TV

Nucci et al. 1993

Endoxylanase
(XynA)

Purified/
done

85

65

33

Cloned

Gibbs et al, 1995

Endoxylanase

Purified

105

55

31

Toga-associated

Endoxylanase
(XynA)
P-Xylosldase

Purified/
done
Purified

85*

65

40

Cloned

Simpson et al.
1991
Saul et al. 1995

80*

7.0

P-Glycostdase

Purified

80*

7.0

o-Arabinofuranosidase
Exoglucanase

Purified

>80

7.0

Purified

105

6.8-75

Endoxylanase
(XynA)

Purified

92

6.2

120

Endoxylanase
(XvnB)
P-Xylosidase

Purified

105

5.4

40

Crude
extract
Crude
a-Arabinofuranosidase
extract
Endoglucanase Purified
(cellulase I)
Exoglucanase Purified
(cellulase n)
P-Glucosidase Purified/
done
(BglA)
P-Galactosldase Purified/
clone
(BgaA)

9U

5.0

80

5.0

95

6.0-75

27

95

6.0-75

29

75'

6.2

80

55

85
102

55
5.5-6.0

90

6.0

SO

6.0

Rt46B.l

Thermotogasp.
strain FjSS3-B.l

Thermotoga
maritime MSB3

Thermotoga
neapolltana

Thermotoga
thermaruin

80

80

80

77

Endoxylanase
Endoxylanase
(XynA)
P-Xylosidase

Purified
Purified/
done
Crude
extract
Crude
a-Arabinoextract
furanosidase
Endoglucanase Purified
(Endo B)
Endoxylanase
(endo I)
Endoxylanase
(endo 2)
P-Xylosidase
a-Arabinofuranosidase

92/subunit
(174)
75/subunit
(100)
92
36

47/subunit
(95)
120/subunit
(240)
37
119

Toga-associated
Toga-assodated
Toga-associated
Cell-assoriated

Toga-assodated/ Winterhalter
cloned
and Uebl 1995.
Winterhalter
et al. I9V5
Winterhalter
und Liebl 1995
Sunna et al.
1996 (in press)
Sunna et al.
1996 (in press)
Cell-assodated
Bronnenmeier
el al. 1995
Cell-associated
Bronnenmeier
et al. 1995
Cloned
Gabelsberger
et al. 1993
Cloned
Gabelsberger
et al. 1993
Bok et al. 1994
Zverlov et al.
1996
Sunna et al.
1996 (in press)
Sunna et al.
1996 (in press)
Bok et al. 1994

110
105/150
(266)
35

Toga-associated

Purified

SO

6.0

Purified

90-100

7.0

Crude
extract

90

6

Toga-associated

Crude
extract

70

6.0

Toga-associated

1Pure enzymes or crude extracts were used for enzyme characterizution.
*Values in brackets represent the size of the native enzyme.
‘ Assay temperature.

Ruttersmith and
Daniel 1993
Ruttersmith and
Daniel 1993
Ruttersmith
et aL 1992
Ruttersmith and
Daniel 1991

Toga-associated

Sunna et al.
1996
Sunna et al.
1996
Sunna et al.
1994. 1996
(in press)
Sunna et al.
1994. 1996
(in press)

6.2.2: P s y c h r o p h il ic B-g l y c o s id a s e s
Few reports of cold-active (3-glycosidases have appeared in the literature, but an
interesting example has been isolated by Sheridan & Brenchley (2000). Planococcus sp.
P-galactosidase is a family 42 glycosidase (the same family as the Haloferax alicantei
enzyme described in Section 6.2.4) and is interesting because of the wide range of salt
concentrationss at which it is soluble and active. It is possible that it could be the first
family 42 glycosidase to be crystallised for X-ray diffraction. The host was isolated
from the “Son of Salt Pond” near Bratina Island, McMurdo Sound, Antarctica. Both the
host and sampling location are further described in Section 8.2.4. The enzyme was
optimally active at 42°C, but was unstable above this temperature. Activity was assayed
at 39°C with oNPG (but did show a minor degree - 6% - of oNPF hydrolysing activity).
Relative to salt-free buffer, it showed 35% and 20% activity at 4M NaCl and 4M KC1
respectively. At 5M KC1 the enzyme showed 5% activity. Sheridan and Brenchley
(2000) proposed that this enzyme could be used as an alternative reporter enzyme to Hf.
alicantei (3-gal. It is active over a wide range of salinities and temperatures so it could
also be used in psychrophiles, psychrotrophs, halophiles, and mesophiles. High
expression levels in E. coli may facilitate any future application as a biotransformation
catalyst.

Hoyoux et al. (2001) reported the purification and properties o f [3-gal from the Antarctic
psychrophilic bacterium Pseudoalteromonas haloplanktis. This organism showed
optimal (3-gal production at 4°C, only 5°C above the average environmental temperature.
The enzyme was successfully expressed in E. coli. Lactose hydrolysis trials were
performed in milk, and proved to be superior to a mesophilic equivalent at low
temperatures.

6.2.3: M e s o p h il ic B-g l y c o s id a s e s
Mesophilic

glycosidases

are

important when

considering

using

extremophilic

equivalents. Reaction yields, transglycosylation activity, and other factors must be
known for mesophilic enzymes in order to further understand the advantages of using
extremozymes to replace or complement the mesophilic enzymes currently available.
The |3-galactosidase of E. coli (EcpGal) is a well-used enzyme and is readily available.
Mainly used as a reporter enzyme in cloning vectors such as pGEM-T (Promega) used
in Chapter 7 of this thesis, it is also found in literature reports as a biotransformation
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catalyst. The purification of E. coli 3-gal has been reported by Craven et al. (1965) and
Steers et a l (1971).

Currently, yeast P-galactosidases from Kluyveromyces fragilis and K. lactis Aspergillus,
and fungal P-galactosidases from A. oryzae and A. niger, are used for the production of
lactose-free dairy produce. These enzymes are commercially available.

6.2.4: H a l o p h il ic B-g l y c o s id a s e s
Many papers have reported the presence of an enzyme capable o f lactose hydrolysis in
the halophilic Archaea, but the only report of an isolated halophilic P-galactosidase is
that from the archaeon Haloferax alicantei (Holmes et al., 1997). This halophile does
not grow on lactose (but it does grow on lactulose, an isomer o f lactose) and was
subjected to UV mutagenesis to generate a mutant that over-expresses the P-gal. This
enzyme was classified as a p-galactosidase on the basis of its ability to cleave X-Gal
(producing a blue stain) and oNPGal (producing a yellow stain). Its dependence on
reducing agents in vitro limits the application of this enzyme. The P-gal was also
recently expressed in Haloferax volcanii (Holmes & Dyall-Smith, 2000), and has been
developed as a reporter gene for promoter analysis in Halobacterium salinarium
(Patenge et al., 2000).

6.2.5: T h e r m o p h il ic B-g l y c o s id a s e s
Many glycosyl hydrolases and glycosidases have been isolated from many thermophilic
genera

including

Caldocellosirupter,

Pyrococcus,

Sulfolobus,

Thermosphaera,

Thermotoga, and Thermus. Hyperthermophilic glycosyl hydrolases were reviewed
recently (Sunna et al., 1997).

A P-glycosidase from Pyrococcus kodakaraensis KOD1 was recently identified and its
gene expressed in E. coli (Ezaki et a l, 1999). It showed a 42% sequence identity with
the P-glucosidase of Pyrococcus furiosus, a 43% identity with the P-glycosidase of
Sulfolobus solfataricus MT-4, but the highest identity was with the p-mannosidase of P.
furiosus (56%). Optimal activity was shown at pH 6.5 and at 100°C. This enzyme is
very stable, with a half-life of over 22 hours at 90°C, but less than 1 hour at 100°C
(around the optimum growth temperature of Pyrococcus. From catalytic efficiency data
(kcat/Km), the enzyme shows the highest preference for pNPMan and pNPGlc, with
values for pNPGal and pNPX substantially lower. This substrate profile differs widely
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from the glycosidase from S. solfataricus. The enzyme was also active against glucose
oligomers, hydrolysing cellopentaose. Glycosyl transferase activity was also detected.

There are many papers concerning the isolation of thermophilic glycosidases and
glycosyl hydrolases, one enzyme appears to dominate the literature - the p-glycosidase
of Sulfolobus solfataricus. This is looked at in detail in the next section.

6.2.6: C a s e s t u d y - S u l f o l o b u s s o l f a t a r ic u s B - g ly c o s id a s e
This section has been devoted to the P-glycosidase o f Sulfolobus solfataricus, the best
studied of all thermophilic enzymes, due to its similarity to the target enzyme of this
study, the P-glycosidase of Sulfolobus shibatae. Its importance is sufficient to warrant
further discussion.

Sulfolobus spp. is the only genus of obligate aerobic thermophiles in the archaeal
domain. Optimum growth temperatures lie in the range 80-85°C, and the optimum pH
for growth lies between 2 and 4 (Grogan, 1989). There are eight species: S.
acidocaldarius, S. brierleyi, S. hakonensis, S. metallicust S. rivotincti, S. shibatae, S.
solfataricus, and S. yangmingensis. So far, S. acidocaldarius, S. solfataricus, and S.
shibatae have confirmed p-Gly activity (Grogan, 1991). A brief review of the nutrient
utilisation, physical properties (morphology, etc.), and phylogeny of the known major
strains of Sulfolobus was presented by Jan et al. (1999).

Sulfolobus is ubiquitous in terrestrial acidic geothermal environments with temperatures
around 80°C. In addition to the species named above, there are numerous strains e.g.
there appear to be five strains of S. solfataricus (PI, P2, P3, P4, and MT-4). There are
also many gene and protein sequences from S. solfataricus present in online databases
where the strain of the host organism has not been identified. It is possible that sequence
differences in many proteins may exist between S. solfataricus strains. This has
certainly been found in the case o f Sulfolobus spp. p-glycosidase (see Section 6.5.8)

Sulfolobus solfataricus P-glycosidase (SspGly) is by far the best-studied thermophilic pglycosidase (and probably the best studied of all thermophilic enzymes), and was
obtained from strain MT-4 (determined from its GenBank sequence submission). This
enzyme was reviewed by Moracci et al. (1994). This enzyme was originally classified
as a p-galactosidase, due to its ability to cleave X-Gal. Grogan (1991) reported good
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activity on many other substrates, and it was subsequently classified as a P-glycosidase.
Using p-nitrophenol based substrates (with relative activities given in parentheses), the
enzyme showed a preference for pNPGal (set at 100% activity), followed by pNPFuc
(73%), pNPGlc (52%), and pNPAra (14%). pNPXyl, salicin, cellobiose, and lactose
hydrolysis rates were around 4% that with pNPGal.

Unlike many other thermophilic enzymes, SspGly has been expressed in yeast,
Saccharomyces cerevisiae (D ’Auria et al., 1996), and mammalian cells (Cannio et al.,
1994). Two advantages of expression in yeast over E. coli are the absence of pyrogenic
membrane components and the ease of enzyme extraction by autolysis. However, the
expression levels are lower, and the gene product is glycosylated - although this was
reported not to influence the catalytic properties o f the enzyme (D’Auria et a l, 1996).

A large number o f papers have been published on this enzyme, looking at its stability,
dynamics, and application in biotransformation processes. The major issues will be
covered below.

As reported by Pouwels et al. (2000), SspGly seemed to be more tolerant of SDS than
CelB, a P-glycosidase from Pyrococcus furiosus, after a 30-minute incubation with the
detergent at 50°C and pH 5.4. The enzyme was then assayed at 65°C. CelB showed
<5% activity with 0.05% SDS, while SspGly showed 50% at 0.05% SDS, and a small
degree of activation at 0.025% SDS. Further work showed that SDS dissociated the
enzymes into their inactive subunits, but maintaining all secondary structure (as shown
by CD spectroscopy). Petzelbauer et al. (2000) looked at transgalactosylation activity
with these two enzymes.

In terms of its activity in the presence o f polar solvents, SsPGly was initially studied by
D ’Auria et al. (1999) at low concentrations of four aliphatic alcohols (MeOH, EtOH,
PrOH, BuOH). When assayed with oNPGal, the presence o f all these solvents yielded
activation, the level of activation increasing with the alcohol chain length (i.e.
hydrophobicity). The activity peaked at around 110% at 1.6vol% MeOH, 140% at
8vol% EtOH, 160% at 3.75vol% PrOH, and 0.75vol% BuOH. Huneke et al. (1999)
extended the study of SspGly in AAA/OOO media, assaying the activity with oNPF.
Butan-2-one, methyl acetate, and acetonitrile activated the enzyme. Butan-2-one and
methyl acetate both resulted in a peak activity o f 130% at 5vol% solvent. Acetonitrile
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gave a peak activity of 125% at 15vol% solvent. The other solvents, formamide,
tetrahydrofuran, and dioxane all deactivated the enzyme, given here in order of
increasing potency. In the study of Huneke et al. (1999), solvent concentrations above
20vol% were not explored. A stability study was reported, incubating the enzyme in the
presence of solvent with subsequent assaying in aqueous media. After incubation in
buffer, negligible activity loss was observed during the experiment, conducted at 60°C.
After incubation with butan-2-one and methyl acetate, the enzyme activity was >100%
for the first 6 hours, and decaying to about 50% after a 72 hour incubation. Acetonitrile
did not yield such a high initial (t=0) activity, but maintained a >100% activity level
over the first 48 hours in its shallow activity decline over the 72-hour incubation. The
initial activity with dioxane was around 60%, decaying almost to zero over 72 hours.
SspGly is clearly a highly stable enzyme, both in buffer and in the presence of the above
solvents, which are well known to cause enzyme denaturation.

In terms of applications, two papers have been published. Montalvo-Rodriguez et al.
(2000) reported expressing SspGly in plant cells to facilitate polysaccharide digestion
during downstream processing (DSP) of the material. The enzyme’s inactivity at the
plant environment temperature, the resistance to proteolysis, and the usefulness of plant
cells as “enzyme factories” were exploited here. Huneke et al. (2000) reported the use
of SsPGly in synthesising alkyl glycosides in aqueous/organic media. The medium
consisted of 95vol% solvent (acetonitrile, methyl acetate, and butan-3-one). SspGly
dissolved in buffer and added to the medium catalysed the condensation of glucose and
secondary alcohol. Data on the anomeric selectivity was gathered.

6 .3 : N o v e l

a p p l ic a t io n s o f

B-g l y c o s id a s e s

The synthesis of glycosides by glycosidases has recently been reviewed (van Rantwijk
et al., 1999). Of the glycosides with immediate industrial interest are the alkyl
glycosides.

Additional

applications include the preparation of monomers for

glycopeptide synthesis, and the preparation o f other novel glycoconjugates.

6.3.1: P r a c t ic a l issu es
This section briefly discusses some issues important when considering glycosidase
catalysis in organic media. One issue that has led to the focusing of biotransformation
studies in aqueous media using glycosidases and glycosyl transferases is that of
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carbohydrate solubility in organic solvents. The problem is most acute in the non-polar
solvents, such as toluene, which may also prove to be useful solvents since they do not
cause biocatalyst denaturation. Park et al. (1992) reported the use of phenylboronic
acids as additives to increase glucose solubility. Phenylboronic acid and butylboronic
acid were used in benzene and hexane respectively. Since benzene is a known
carcinogen, toluene may be used instead with the possibility o f similar results. Optimum
yield of glucose condensation with almond p-glucosidase occurred when phenylboronic
acid was present in benzene in equivalent molar amounts to glucose. No adverse affects
on the enzyme were reported, and solvent extraction was performed to remove the
boronic acid from the reaction medium. Successful product separation (by HPLC) and
product identification by 13C-NMR may be used to infer effective removal of the
boronic acids.

Product purification is also another issue: many authors have used high performance
liquid chromatography (HPLC) with an amino-derivatised matrix and a solvent system
such as 70:30 acetonitrile-water. Refractive index is normally used to monitor the
purification. In the synthesis of glycosylated amino acids using glucosamine and
lactosamine, ion-exchange resins are useful for product recovery. Silica column
chromatography can also be used (Petzelbauer et al., 2000). Identification of purified
products can be done using HPLC (comparing with retention times of reference
samples), electrospray mass spectrometry, and

1^

C-NMR. Carbohydrates formed during

a reaction may be monitored and checked for purity by thin-layer chromatography
(Huneke et a l, 2000).

6.3.2: S y n t h e sis

o f g ly copepttd es

Glycoproteins and glycopeptides are desirable materials with many uses including
pharmaceuticals. There are three types of glycoproteins, determined by the nature of
carbohydrate-protein linkage. The two main types o f glycoproteins are O- and N- types
depending on the whether the sugar is attached to a carbon or a nitrogen atom present in
the amino acid. The former can be prepared using glycosidases, and will be discussed
here. Recently, solid phase techniques have been developed for the chemical synthesis
of glycopeptides, but biocatalysis has the potential to make glycopeptide synthesis
substantially more straightforward. Major drawbacks of the chemical methods are the
lack of specificity, the large number of protection/deprotection steps needed, and the
complex reaction schemes required to produce the desired product. In order to
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maximize the overall reaction yield, the number of reaction steps required must be
minimized. The use of enzymes can achieve this, but additionally, the specificity of
enzymes can be employed to ensure that simple carbohydrates can be used as substrates.

There are two steps in the synthesis of glycopeptides:
1) Prepare a glycosylated amino acid. In the case used here, O-linked glycopeptides, the
amino acid can be either serine or threonine, used in the methyl ester form with Nprotection.
2) Condense the glycosylated amino acid to other amino acids to form the glycopeptide.

Figure 6.1 below is simplified reaction scheme for the enzymatic synthesis of
glycosylated amino acids.

Figure 6.1: Illustration of basic reaction for the preparation of glycosylated serine for
glycopeptide preparation.
This reaction scheme shows galactose + serine condensing to form galactosyl serine.
Galactose can be replaced with iV-acetyllactosamine, TV-acetyl glucosamine, and Nacetylgalactosamine (see below).

Here, protecting groups and derivatisation o f the carboydrate moiety have not been
included for clarity. O-type glycoproteins can be synthesised by employing a reversehydrolysis method with serine and galactose/glucose derivatives. /V-acetyllactosamine
(1), //-acetylglucosamine (2), and Af-acetylgalactosamine (3) can be condensed onto the
hydroxyl present on the side chain of serine. The synthesis of compound (1) using a
thermophilic glycosidase library was reported by Li & Wang (1997), and appears to be
a facile procedure. Compound (2) may be chemically synthesised, and compound (3)
can be obtained through a chitinolytic digest of crab shell waste. Employing Nprotected serine methyl ester allows condensation of peptides onto the C- terminus of
serine using a protease, to form glycopeptides. //-protection may be required in order to
facilitate substrate binding in the enzyme active site (Becker & Kuhl, 1999). Both the
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monomer and polymer can be prepared enzymatically in low water media using
enzymes.

While

many precursors

of

glycopeptides

have

been

enzymatically

synthesised, two important reports of the synthesis o f forms o f galactosyl serine will be
outlined here.

Becker & Kuhl (1999) reported a synthesis that closely resembles the proposed reaction
for the S. shibatae described later in the thesis. It covers some issues (e.g. substrate
protection) that are important to future attempts at carbohydrate-amino acid coupling
reactions. This study employed P-galactosidase in transferring a galactose moiety from
lactose to serine derivatives in aqueous-organic (AAA/OOO) media. The result was the
synthesis of O-P-galactopyranosyl-L-serine that can be subsequently incorporated into
glycopeptides. The authors tabulated the data for the activity of p-galactosidase from
Escherichia coli and Aspergillus oryzae, the two biocatalysts used, in the presence of
water-miscible solvents. The substrate lactose was found to protect the enzyme, to a
degree, from the effects of the organic solvent. oNPGal was also used as a galactosyl
donor, but side products resulted and unreacted oNPGal was reported to be difficult to
remove from the product. Using 10-15% of solvent, the galactosyl-serine product was
obtained with acetonitrile, acetone, ethyl acetate, and 2-butanone. lmmol lactose and 23mmol of allyloxycarbonyl serine methyl ester (Aloc-Ser-OMe) was also used - this
resulted in the highest yield of the study, 28%, after an 18-hour reaction in 15% acetone
using the E. coli enzyme. Other N“ protecting groups, such as Z (benzoyloxycarbonyl)
and Boc (terf-butyloxycarbonyl) gave lower yields, and no reaction with Fmoc (Nfluorenylmethyloxycarbonyl). Maximum yield was obtained after a 15- to 20-hour
reaction at 37°C. The products from these small-scale reactions were easily separated by
HPLC with an NH 2-derivatised column.

and 13C NMR was used to confirm the

structure of the main product.

Naundorf & Ajisaka (1999) prepared a conjugate of N-acetyl galactosamine and serine,
G alAAc-a-(l—»0)-serine, under kinetically controlled conditions using an a-A-acetylgalactosaminidase from Aspergillus niger. Such a-linked conjugates are normally
difficult to form, especially without racemisation of the serine. This report also detailed
a procedure for the purification of the enzyme and product, and recovery o f the
expensive A-acetyl galactosamine.
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6.3.3: A l k y l g l y c o s id e s
The most common area of the reported use of glycosidases in biotransformations is in
the synthesis of alkyl glycosides. There are so many papers in this area that this review
will not attempt to give an overview but isolate particularly useful reports and reviews.
Alkyl glycosides are made from pure alcohols and sugars, but separation may be
complicated for long chain alcohols, or those obtained by the hydrolysis of glycerides.
When these alcohols are used, alkyl polyglycosides result. Alkyl polyglycosides (AGPs)
were recently reviewed comprehensively by von Rybinski & Hill (1998). APGs are
non-ionic surfactants, with the advantages of being biodegradable and non-toxic. They
are currently used in many detergents, cleaners, and in dermatological, cosmetic,
personal care products, and have some laboratory applications.

Industrially, alkyl glycoside synthesis is performed at high temperature, and the pure
product is obtained by distillation. Since a polymer of carbohydrates can form with the
alcohol attached at the terminus, reactions generally yield mono-, di-, tri-, and oligoglycosides (collectively termed “alkyl polyglycosides”, AGPs). AGPs are usually
synthesised in “solvent-free” systems i.e. the alcohol to be coupled to the sugar is also
the reaction solvent, and allows easy separation of product and unreacted substrate.
Water is liberated by the reaction, 1 mole for each mole o f glucose consumed, and this
must be removed under vacuum to maintain the synthetic reaction.

However, the chemical methods currently used produce side products, such as ethers,
polymers, and coloured impurities (likely to be forms of sugar polymers). For economic
and product purity reasons, the requirement for synthesizing the product with low (or
zero) incidence of side product formation clearly makes enzymes attractive for this
application. The use of a solid biocatalyst preparation allows easy separation from the
reaction mixtures, and water activity control (as described in Chapter 2) can enhance the
yield of product in removing the water produced by the glycosylation reaction. The lowwater content and non-polar reaction medium also allows high temperatures to be
maintained during the reaction without significant biocatalyst denaturation, and there is
a role for thermophilic enzymes in this application.
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The remainder of this chapter is concerned with experimental results relating to the
identification

and

production

of

p-glycosidase

from

extremophiles

for

biotransformations in organic media.

The next section (6.4) covers the trial isolation of an archaeal halophilic pgalactosidase, an enzyme adapted to a low water environment and with potentially high
activity in organic media. Section 6.5 is concerned with the cloning of a gene encoding
a P-glycosidase from the thermophilic archaeon Sulfolobus shibatae, for expression in
E. coli.

6 .4 : R e s u l t s - I d e n t if ic a t i o n

of

B-g a l a c t o s id a s e

a c t iv it y in

extrem ely

HALOPHILIC ARCHAEA

Halophiles were initially studied for galactosidase activity due to the potential of their
enzymes for use in low-water organic media. As has been established elsewhere in this
thesis (Section 2.4.2) there is a great need for data that can show if these enzymes can
realise their potential. From the published literature, extremely halophilic archaea from
the genera Haloferax, Halococcus, and Halorubrum were selected for their ability to
consume lactose as a sole carbon source, a marker of p-galactosidase activity.

The halophilic archaea Haloferax mediterranei, Halococcus saccharolyticus, and
Halorubrum saccharovorum (obtained as described in Section 3.3.1.2) were cultivated
as in Section 3.3.3.2 and 3.4.2. Section 3.6 provides the Materials and Methods for the
screening of the halophiles for p-galactosidase activity: Section 3.6.1 covers cultivation
on lactose, 3.6.2 covers the X-Gal plate assays, and Sections 3.6.3 and 3.6.4 report the
permeabilisation of the halophiles and the P-galactosidase assay respectively.

6 .4 .1 : L a c t o s e

c o n su m pt io n a n d

X -G al s c r e e n in g

Before screening of halophiles began, the cultures identified in the literature as being
able to consume lactose (as a sole carbon source) were tested for this ability.
Halococcus saccharolyticus grew well on plates o f 25% SW minimal medium 1
containing 0.5% w/v lactose solidified with agar (Section 3.3.3.2). Haloferax
mediterranei also grew well on plates of 18% SW minimal medium 1 containing 0.5%
7 V lactose, solidified with agar (Section 3.3.3.2) as shown in Figure 6.2. Halorubrum
saccharovorum has been reported to consume lactose, but was not tested. Only H f
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mediterranei was subjected to liquid culture using 18% SW minimal medium 1 with
lactose as a sole carbon source. The halophile was successfully cultured, with growth
rates noticeably slower than seen with 18% MGM (Section 3.3.3.2), consistent with the
agar plate cultivation trials. Hf. mediterranei was less pigmented during liquid culture
on lactose.

Figure 6.2: Cultivation o f Haloferax mediterranei on lactose minimal medium (left)
and complex medium (right).

The halophile Halorubrum saccharovorum was tested for its ability to cleave the
chromogenic substrate X-Gal. The results can be seen in Figure 6.3.

Figure 6.3: Comparison o f Halorubrum saccharovorum on lactose minimal medium
solidified with agar, with (ri^ht) and without (left) X-Gal.
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The characteristic blue stain resulting from hydrolysis o f this substrate was not seen,
when the DSM 97-based minimal medium was used (Section 3.3.3.2). The pigmentation
o f the cells was much darker than when cultivated on lactose minimal medium (without
X-Gal) or on 18% SW MGM, but there was no visible blue colour. This strain,
however, does contain p-galactosidase due to its ability to hydrolyse lactose.

In order to confirm the X-Gal plate assay method, Escherichia coli K12 (a positive
control strain) was cultivated on LB/Agar/X-Gal (Section 3.3.3.1) and gave the
characteristic blue stain. This can be seen in Figure 6.4.

Figure 6.4: Cleavage o f X-Gal by E. coli K12 (a B-galactosidase positive control)
E. coli K12 was cultivated overnight at 37°C on LB-Agar with and without X-Gal, to
act as a p-galactosidase positive control organism. The characteristic blue stain o f the E.
coli colonies on the X-Gal plate can be clearly seen on the right hand side.

6.4.2: P e r m ea b il isa tio n

o f h aloph iles

Due to the apparent negative result obtained with the halophiles, permeabilisation o f the
cells were performed in order to release the p-galactosidase from within the halophile
cells. A method for cell permeabilisation was applied to freshly prepared plates o f
halophiles on lactose minimal medium. When the permeabilisation solution was
applied, a proportion o f the cells lysed, but the remainder o f the cells on the plate were
still visible. After incubation, there was no visible blue colour resulting from the X-Gal
hydrolysis.
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6.4.3: COLOURIMETRIC ACTIVITY ASSAYS OF CELL-FREE EXTRACTS

When cell-free extracts were assayed for P-galactosidase, no hydrolytic activity was
seen against the substrate oNPGal. This was also the result when assaying cells in buffer
containing Triton X-100 to cause in situ lysis of the halophiles, thereby releasing any
halophilic P-galactosidase. As a result of the inability to isolate a halophilic Pgalactosidase at this stage, a different source of p-galactosidase was sought. This work
is reported in the next section (Section 6.5).

6.5: C l o n in g

o f the

gene

e n c o d in g a

B-g l y c o s id a s e

of

t h e extrem ely

THERMOPHILIC ARCHAEON SULFOLOBUS SHIBATAE

After the cessation of isolation trials for a halophilic p-galactosidase, X-Gal screening
of an aerobic thermophile Sulfolobus shibatae led to a cloning strategy for the gene
encoding the p-galactosidase activity. Due to its similarity to a well-characterised pglycosidase from S. solfataricus, the enzyme from S. shibatae has been described as a
putative P-glycosidase. The cloning of the gene and its heterologous over-expression
would allow production of the enzyme in sufficient quantities for biotransformations in
organic media.

The p-glycosidase of S. shibatae has great potential as a bi©transformation catalyst, and
can further promote the use of extremozymes in organic media. This application was
described earlier in this Chapter (Section 6.3). This section reports the results of a
cloning and site-directed mutagenesis approach to over-expressing the gene, bgaT,
encoding the P-glycosidase of S. shibatae, SshpGly.

Sulfolobus shibatae was cultivated for the isolation of genomic D N A as described in
Sections 3.3.3.3 and 3.4.3. The Materials and Methods for the cloning process were
detailed in Section 3.7. Genomic DNA was isolated as in Section 3.7.1,

The molecular biological techniques used have relied heavily on the polymerase chain
reaction (PCR). To clarify the use of PCR in the cloning process, the series of reactions
used has been illustrated in Figure 6.5.
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bgaT

«■
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genomic DNA template

1st round PCR to amplify bgaT

N del

BamHI

Nde/
bgaT

I

Purify product and prepare M l
R2

Ml

mm

3
bgaT

2nd round PCR,
megaprimer preparation
megaprimer

1

Purify product

FI

megaprimer

bgaT

^
N de/

3rd round (megaprimer) PCR

Nde/

BamHI

bgaT

BamH I

Nde/
bgaT’

Purify 1.5kb fragment, digest with Nde/ to remove
bgaT, and reamplify bgaTy with primers FI, R2.
Ligate into pET-3a, transform E. coli, screen
clones using IPTG/X-Gal, over-express enzyme.

Figure 6.5: Illustratic

polymerase chain reaction (PCR) based cloning

mutagenesis approach.
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6.5.1: G r o w t h o f S u l f o l o b u s s h ib a t a e
Using the media described in Section 3 .3 3 3 , the thermoacidophilic archaeon
Sulfolobus shibatae was successfully cultured. Initially, cultivation attempts failed since
the dilution factors between successive cultures were too large. For example, using a
turbid 1ml culture as an inoculum for 250ml or 1000ml medium did not yield any
growth. Other organisms such as the E. coli strains and halophiles previously described
grew successfully with such dilutions, but S. shibatae did not. Reducing the extent of
dilution between successive cultures to those reported in Section 3.4.3 resulted in good
growth of the thermophile. Solid culture was also successful, but caramelisation of the
Gelrite medium meant that cells could not be maintained on a single plate for more than
two weeks.

6.5.2: S c r e e n i n g o f S u l f o l o b u s s h ib a t a e f o r B - G a l a c t o s i d a s e a c t i v i t y
The putative (3-Gly of S. shibatae was identified in vivo by exploiting its (3-Gal activity.
When S. shibatae cells were streaked onto pre-warmed T8b-Gelrite (using sucrose and
yeast extract as nutrients) containing 50pg/ml X-Gal, the characteristic blue stain
appeared within minutes in the initial streak of cells (the highest concentration of cells
on the plate). In similar tests with E. coli K12 (on LB-Agar at 35°C), overnight
incubation was required to allow the colour to develop. This confirms the presence of 13Gal activity in S. shibatae. The blue stain was found to be very weak with cells cultured
on T8a-Gelrite (using tryptone as the carbon and nitrogen source).
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6.5.3: I s o l a t i o n o f g e n o m ic DNA f r o m

S u lf o lo b u s s h ib a ta e

The isolation o f genomic DNA (gDNA) as reported in Section 3.7.2 was successful and
gave a high yield of nucleic acid. gDNA precipitated with iPrOH was spooled onto a
glass rod in a single operation, showing that the D N A was o f a high quality, but
subsequent electrophoresis of the gDNA did show a small degree of shearing. The
results of this electrophoresis run can be Figure 6.7. The presence o f smeared low MW
bands in lanes 1 and 2 also shows that RNA is present in this crude DNA extract. This is
expected for extracts obtained with such methods.

6.5.4: P r e p a r a t io n

of

D N A a se -f r e e R N A a s e . a nd R N A a se

d ig e s t io n o f

gDNA

The SDS-PAGE analysis showed that the commercial RNAase preparation had been
highly purified, but preliminary experiments showed it to completely digest genomic
DNA (gDNA) after a 2-hour incubation at 37°C. This showed that a contaminating
DNAase activity was present. The enzyme was treated as described in Section 3.7.3,
and digested as reported in Section 3.7.4. The SDS-PAGE profiles of the native and
treated forms, shown in Figure 6.7, do not appear to differ in any significant way. The
molecular weight of the major band (as judged from the markers) appears consistent
with the literature MW of RNAase A of 13.7kDa (Gerhartz, 1990). The slightly
distorted form o f the gel is an artefact of the electrophoresis run, resulting from poor
heat removal (generated by the passage of electrical current through the running buffer).

The small-scale trial RNAase digest was successful, and the results are shown in Figure
6.6. In the untreated samples, two distinct bands of RNA can be seen in lanes 1 and 2, in
the middle of the gel. The remainder of the RNA appears as smear down the length of
the lane, slightly obscuring the higher MW band just below the sample wells. After
incubation for 1 hour with the treated RNAse A, all RNA had been digested, and the
latter distinct band (seen in lanes 1 and 2) is retained. This is a portion of the gDNA that
has been sheared. A small degree of gDNA degradation can be seen, by virtue of the
reduced intensity of gDNA within the wells. This may have resulted from a very low
level of DNAse activity remaining in the RNAse after the heat treatment process. The
band relating to the sheared DNA appears to be lower in intensity than before RNAse
treatment, but part of this effect may result from the removal of RNA with a similar
MW during the digestion.
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gDNA
in wells
A

sheared
gDNA
fragments

major
RNA
bands

Figure 6.6: Small-scale trial RNAase A digestion o f Sulfolobus shibatae genomic
DNA.
Lanes 1 and 2 are o f untreated gDNA ( 6 pl and 12pl respectively), while lanes 3 and 4
show the results o f a 1-hour digestion at 37°C ( 6 pl and

1 2 pi

respectively). In all lanes,

the uppermost bands (still in wells) represent the gDNA, with the sheared fragments of
gDNA in the band below. The lower smeared bands are o f RNA, with two major RNA
bands.

250

98
64
50
36
30
16 -----

6—

*mm>

ABKL

-mm

A ------- ■-------------RNAase band

Figure 6.7: SDS-PAGE analysis o f bovine pancreatic RNAase. showing the
comparison o f native RNAase and heat-treated (DNAase-free) RNAase.
Lanes 1 and

6

each contain 12pl o f SeeBlue MW marker samples. Lanes 2 and 3 are o f

untreated RNAase ( 6 pl and 12pl respectively), while lanes 4 and 5 are o f heat-treated,
i.e. DNAase-free, RNAase (6 pl and 12pi respectively). The major band seen in all
RNAse samples (lanes 2-5) is o f approximately the same MW as RNAase A. A minor
contaminating band can also be seen, o f a slightly higher MW. The sizes (in kDa) o f the
standards are shown at left.
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6 -5 . 5 : AMPLIFICATION OF bgaT , THE GENE ENCODING SSHBGLY, USING THE POLYMERASE
C h a in R e a c t io n

(PCR)

When Sulfolobus shibatae genomic DNA was subjected to thermal cycling with the
primers FI and R2 and amplification with Vent polymerase (Section 3.7.6), a 1.5kb
fragment was amplified as seen in an agarose gel electrophoresis of the PCR products.
Agarose electrophoresis was performed as reported in Section 3.10.6. A photograph of
this gel is shown Figure 6 .8 . The amplified bgaT gene can be seen as the distinct 1.5kb
band in lanes 2 and 3. There are other bands present, of higher MW, indicative of some
degree of mispriming. The negative control reactions (lanes 4 and 5) did not yield any
bands, as expected.

1

2

3

4

5

6

600 ------

1 0 0 ------

Figure 6.8: Gel electrophoresis of the products of a PCR amplification using the
primers FI and R2.
In each lane marked, 5pl sample was loaded. The lanes contain the following samples:
Lane 1) lOObp ladder, 2) PCR reaction with FI and R2 (PCR with 2pl gDNA in lOOpl
reaction), 3) PCR reaction using FI and R2 (PCR with 4pl gDNA in 100pl reaction), 4)
PCR without R2 primer, 5) PCR without FI primer, 6 ) lkb ladder. The sizes (in bp) of
the relevant standards are shown at left and right.

The remainder of the sample run in lane 2 was electrophoresed, 1.5kb fragment excised,
and gel purified as reported in Section 3.7.7. The pure 1.5kb fragment was then
subjected to digestion with the restriction endonucleases Nde/ and BamHI, as reported
in Section 3.7.9, in preparation for ligation into pET-3a.
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The ligation of the digested bgaT PCR product into pET-3a (Section 3.7.11) and
transformation (Section 3.7.12) yielded a single transformant colony on LB/Amp/Agar.
This transformant was screened using LB/Amp/X-Gal/IPTG/Agar - the IPTG induces
insert expression, and the X-Gal detects the presence of any active SshpGly gene
product (although induced at 37°C, there would be enough activity of the thermophilic
enzyme for X-Gal activity detection). However, no blue colour was obtained even after
prolonged incubation. Clearly, ligation was successful due to the generation of an
ampicillin-resistant transformant, but the transformant was not expressing an active
gene (insert) product. This led to a study of gene sequence, in order to identify any
potential problems.

A restriction analysis of the bgaT sequence was performed using the BioEdit software
package (Hall, 1999), providing a list of map of restriction endonuclease recognition
sites on the gene. This highlighted the presence of an internal N de/ site, with cleavage
occurring at position 739 (i.e. after base 739), in addition to the terminal site engineered
into the fragment during PCR for cloning.

Because of the presence of this site, an N de/ digestion of the bgaT PCR product would
cleave the gene in mid-sequence, as well as removing the unwanted termini. From the
position of the restriction site, it was predicted that two fragments of approximately
740bp and 760bp would result from an Nde/ digestion. A Bam/Z/-Nde/ restriction
digestion of the bgaT PCR product was performed to confirm the ability of N de/ to
cleave the bgaT sequence. The photograph of the agarose gel o f the digested bgaT gene
with MW markers is shown in Figure 6.9. In this photograph, a single band of
approximately 750bp can be seen in each o f the two samples studied, caused by the lack
of resolution of the two similar-sized digestion products in the agarose gel.
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2036
1636

2000-----1500-----

1018
— d ig e s te d

bgaT

600----506,517

100 -----

Figure 6.9: Agarose electrophoresis of PCR-amplified bgaT digested by Nde/ and
BamHI.
In the above gel, 5pl of each sample was loaded. The lanes refer to the following
samples: Lane 1) lOObp ladder, 2) digest of bgaT PCR product (sample in Lane 2 of
Figure 6 .8 ), 3) digest of bgaT PCR product (repeat run of PCR shown in Figure 6 .8 , see
Figure 6.11), 4) lkb ladder. The sizes (in bp) of the relevant standards are shown at left
and right.

The gel shows a fragment of approximately 750bp due to the cleavage of bgaT in medsequence by the restriction enzyme Nde/. This is the reason for the previous ligation and
transformation reactions not yielding an active gene product.

As a result of the digestion of bgaT by Ndel, a site-directed mutagenesis strategy was
developed to remove this recognition site without altering the amino-acid sequence of
the gene product (using codon redundancy). This process required several rounds of
PCR and careful primer design, and was reported in detail in Section 3.7.10. Clearly, the
using the lowest number of PCR reactions for this process is desirable to avoid
introducing random errors, although the Vent polymerase used does have a high fidelity
and proofreading capability. To provide a further quantity of bgaT for the mutagenesis
PCR reactions, a second round of PCR was performed - performed in the same way as
the previous round, except that 4 identical reactions were performed instead of 2. The
results are shown in Figure 6.10.
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bgaT
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Figure 6.10: Repeat PCR for the amplification of bsaT from S. shibatae genomic DNA
using the primers FI and R2.
In a 1% agarose gel, 2pl lkb ladder (lane 1) and 5pl of each identical PCR reaction
(lanes 2-5) were loaded. The bgaT bands can be clearly seen at 1.5kb. A small amount
of mispriming occurred, due to the presence of bands of approximately lkb, seen just
below the bgaT bands. The sizes (in bp) of the relevant standards are shown at left.

The remaining samples were pooled, and gel purified as described in Section 3.7.7. The
pure bgaT samples were left undigested, to act as templates for future PCR reactions in
the mutagenesis process.

6.5.6:

M u t a g e n e s is o f

bsaT u s i n g

m e g a p r im e r

PCR

The terminal Nde/ restriction site engineered into the PCR product was required for
successful expression of the gene, and another cloning site on pET-3a transcription
region could not be used. The code of internal Nde/ site was therefore altered to remove
the recognition by the restriction enzyme, but without altering the amino acid sequence
of the gene product. The internal Nde/ site of bgaT was identified in the gene sequence.
The gene was separated into its constituent codons (defining the frame using the start
codon, ATG). Using this, a primer denoted “M l” was designed using the codon
redundancy (i.e. more then one codon exists form most amino-acids). A PCR reaction
was performed so that a fragment of bgaT would be amplified, but containing the new
sequence in the former internal Nde/ site, now at its terminus. This fragment would then
be used as a reverse primer (called a “megaprimer”, due to its large size) for a reaction
that would then reconstruct the whole bgaT gene, now with the modified sequence (and
only a terminal Nde/ and BamHI site). This new mutated form of bgaT is denoted
bgaT’. The results of the PCR reaction for generating the megaprimer can be seen in
Figure 6.11.
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Fieure 6.11: Preparation of the 789bp “megaprimer” for bsaT mutagenesis.
The samples in the lanes are as follows: Lane 1) 2pl lOObp ladder, 2) 2pl reaction A
(gDNA/Fl+R2), 3) 2pl reaction B (gDNA/Ml+R2), 4) 4pl reaction C (gDNA/Ml+R2),
5)

2pl

reaction

D

(gDNA/Ml

product/M 1+R2) - two lanes,

8)

control),

6+7)

2pl reaction

E

(1.5kb PCR

2pl lkb ladder. The sizes (in bp) of the relevant

standards are shown at left and right.

In the above gels, a repeat of the F1/R2 reaction did not did not result in any visible
amplicons. The reason for this is not known, but could be experimental error. A
negative control reaction with only gDNA and the megaprimer did not yield any
amplicons. All other reactions, which used gDNA and undigested PCR-amplified bgaT
as templates, successfully amplified a fragment of the expected MW for the
megaprimer. The megaprimer samples in lane

6

and 7 were gel purified, and used for

further work.

6.5.7:

M e g a p r im e r

PCR.

a n d

r e

-a m p l if ic a t io n o f m e g a p r im e r -P C R p r o d u c t

The 789bp megaprimer was used as a primer for a subsequent round of PCR using
native bgaT as a template. An initial round of PCR was performed using 50pl
megaprimer solution, and allowing 5 minutes for annealing at 45°C during the PCR
process. This did not produce any products. The reaction was repeated using a higher
loading of megaprimer. The results are shown in Figure 6.12.
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megapnmer

Figure 6.12: Megaprimer PCR amplification of bsaT.
The entire PCR reaction of lOOpl (lane 2) was electrophoresed alongside 2jnl lkb ladder
(lane 1). The sizes (in bp) of the relevant standards are shown at left. The 1.5kb band is
very faint, and does not give a reliable indication of the extent of amplification, or
indeed if any has taken place.

As expected with this method, the yield of product was low. It must be pointed out that
since the template for this reaction was bgaT, a 1.5kb fragment of DNA, the presence of
a 1.5kb band in Figure 6.14 does not imply successful amplification. Despite this, the
1.5kb band was excised and purified in order to re-amplify it using the FI and R2
primers. The results of this final PCR reaction are shown in Figure 6.13.

1.5kb, bgaT and bgaT ’

Amplicons from
m ispriming
1636
1018----506,517 -----

Figure 6.13: Re-amplification of purified 1.5kb fragment from megaprimer PCR using
FI and R2 primers.
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A subsequent restriction digest using N del resulted in the formation o f a 750bp
fragment with no remaining 1.5kb band corresponding to b g a T . This indicated that the
megaprimer PCR reaction failed, and the 1.5kb fragment observed in Figure 6.14 was
the bgaT template. If any b g a T is present in the PCR product, it is too low in quantity
to be observed in the agarose gel. At this point time constraints did not allow further
optimisation of the techniques or in exploring an alternative cloning approach.

6.5.8: P r o tein

s e q u e n c e a n a l y s is

From the protein sequence, the ProtParam tool located on the ExPASy server
(http://www.expasv.ch) generated a theoretical pi of 6.29 and a MW of 56565Da.
SshpGly is a homotetramer, and is a member of family 1 of the glycosyl hydrolases.
Each subunit consists of 489 amino-acid residues. The amino acid composition is shown
in Table 6.2 with the residues listed in alphabetical order

Table 6.2: Amino acid composition of SshBGlv

Residue
Ala
Arg
Asn
Asp
Cys
Gin
Glu
Gly
His
He
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val
Lys+Arg
Asp+Glu

No. residues Content
A
R
N
D
C
Q
E
G
H
I
L
K
M
F
P
S
T
W
Y
V

27
32
27
32
1
11
29
42
14
25
37
24
10
22
25
31
20
16
34
30

5.5
6.5
5.5
6.5
0.2
2.2
5.9
8.6
2.9
5.1
7.6
4.9
2.0
4.5
5.1
6.3
4.1
3.3
7.0
6.1

K+R
D+E

56
61

11.4
12.4
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Table 6.3: Sulfolobus spp. B-glvcosidase sequence identity matrix

SshpGIy

SacpGly

S06727

JQ0767

Sulfolobus shibatae

SshpGIy

100

72.5

72.5

93.4

Sulfolobus acidocaldarius

SacpGly

-

100

100

72.1

Sulfolobus solfataricus PI

S 06 7 2 7

-

-

100

72.1

Sulfolobus solfataricus MT-4

JQ0767

-

100

This table shows a difference of 28% identity between the p-Gly of each of two S.
solfataricus strains. The host strain of the glycosidase with the NCBI accession number
S06762 is referred to in the literature as S. solfataricus PI, while the host of JQ0767 is
referred to as S. solfatarcius MT-4. SspGly “JQ0767” is the P-Gly enzyme studied by
the group of M. Moracci, M. Rossi, and co-workers at the University of Naples, Italy
(as detailed in the NCBI database entry).
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Figure 6.14: Multiple alignment of Sulfolobus spp. B-glvcosidases and other
thermophilic (3-glvcosidase sequences.

Here, the sequence for the P-glycosidase of Sulfolobus shibatae has been aligned against
sequences for (3-glycosidase from Sulfolobus acidocaldarius, Sulfolobus solfataricus
strains

PI

(S06762)

and MT4

(JQ0767),

and 3-galactsidase

from

Thermus

thermophilus, Pyrococcus woesei, and Pyrococcus abyssii. Areas of sequence identity
are shaded grey.
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6.6: D is c u s s io n

6.6.1: T h e p r e s e n c e

of

B-g a l a c t o s id a s e

in e x t r e m e l y h a l o p h il ic a r c h a e a .

Extremely halophilic archaea from the genera Halococcus, Haloferax, and Halorubrum
were tested for their ability to consume lactose as a sole carbon source, and were
screened for their ability to cleave X-Gal. The results would appear to indicate that
these strains do not possess (3-galactosidase, but the strains were able to grow in
minimal medium where lactose was the only carbon source. Whole cells were assayed
with oNPGal, by first lysing them with the hydrophobic detergent Triton X-100. Cellfree extracts produced by sonication were also assayed with this substrate. This is
preferable since Triton X-100 lysis gave a very viscous solution. Activity was not
observed in either experiment. At this point, sensitivity of the target enzyme to the
methods of preparing cell extracts (for example, choice of appropriate reducing agent
and its working concentration) cannot be ruled out.

Holmes et al. (1997) reported the assaying of Haloferax alicantei cells with X-Gal
incorporated into 18% SW MGM/Agar, yielding weak blue stains. They reported a very
low specific activity o f (3-gal in cell extracts. While H f alicantei does not consume
lactose (though it does consume its isomer lactulose), the enzyme isolated by Holmes et
al. (1997) was classified as |3-gal due to its ability to cleave X-Gal and oNPG. Whole
cell plate assays require that the X-Gal, with its bulky hydrophobic leaving group, must
have easy access through the archaeal cell membrane and subsequently access the
enzyme’s active site. The report o f Holmes et al. (1997) shows that there is nothing in
the nature of halophiles that prevents access of X-Gal through cell membranes and to
enzyme active sites. It is possible that the lack o f activity detection using X-Gal
incorporated into agar plates with these halophiles is due to very low activity in vivo.
Mutagenesis, in the same way that Holmes et al. (1997) performed with Haloferax
alicantei, may provide a mutant with sufficient activity to be detectable in plate assays.
Alternatively, partially digested genomic DNA from the halophiles tested in this study
could be probed using radiolabelled oligonucleotides designed from conserved (3-gal
sequences or regions o f the Hf. alicantei (3-gal gene sequence.

Other substrates could be also applied to the halophiles to establish the nature of the (3gal activity. The halophilic (3-galactosidases sought after may also possess a high degree
of transgalactosylation activity (Dyall-Smith, 1999 - personal communication), which

would result in an inability to measure activity using oNPG based assays.

The application of an extremely halophilic p-galactosidase in a biotransformation
process would be a novel and highly valued example of the potential o f extremozymes.
As reported in Chapter 2, there is very little data in the published literature on the
activity and stability of halophilic enzymes in organic media. The use of a halophilic Pgalactosidase in organic media would provide valuable data in this respect. However,
the lack of readily identifiable P-gal activity in the extremely halophilic archaea tested
required that an enzyme with similar activity be found in another extremophile.

6.6.2: S u l f o l o b u s s h ib a t a e B - g ly c o s id a s e (S s h B G ly )
A literature search revealed that the thermoacidophilic archaeon Sulfolobus shibatae
possessed an enzyme capable of cleaving lactose, and by inference X-Gal and oNPG.
Such an enzyme had already been isolated (and well studied) from Sulfolobus
solfataricus. S. shibatae was found to be easily cultured, and the X-Gal hydrolysing
activity was quickly identified using whole-cell Gelrite plate assays. The gene sequence
was found to be available in a public database, and the project proceeded towards
cloning the gene encoding the enzyme, a putative p-glycosidase, in order to provide
sufficient enzyme for biotransformation trials.

However, the cloning of the gene encoding SshpGIy was unsuccessful, due to the
presence of an internal N de/ restriction site. This allowed the cleavage of the coding
sequence while using the enzyme Nde/ (and Bam ///) to prepare to fragment termini for
cloning. During an early transformation experiment, one transformant was obtained
without any p-Gly activity, as determined by incorporating IPTG {bgaT inducer) and XGal (chromogenic enzyme substrate) into an agar plate of the transformant. While the
transformation was successful (yielding an ampicillin resistant colony), it was later
inferred that the cleaved bgaT fragment was ligated into pET-3a.

The solution to this was the development of a site-directed mutagenesis protocol. The
region of bgaT around the internal Nde/ site was modified, without changing the aminoacid sequence of the gene product. Due to the large size of the primer used to
reconstruct the new modified gene, standard protocols for PCR no longer applied. The
polymerase, megaprimer, template loading, and annealing time were increased, the
annealing temperature decreased. While this method did not yield any modified product,
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there is much scope for optimisation of the technique. The next section is devoted to
solutions to the problems with the cloning process.

6.6.3: A l t e r n a t i v e s t r a t e g i e s f o r t h e p r o d u c t i o n o f S u l f o l o b u s

sh ib a t a e

B-

GLYCOSIDASE

This section looks at a solution to the problem posed by the internal Nde/ site in bgaT,
and how it can be overcome. While the megaprimer PCR process requires further
optimisation, this section proposes a new approach to the cloning o f bgaT.

On an initial look at the difficulties caused by the internal Nde/ site, it may appear that
the use of a plasmid that does not require an N de/ to be engineered into the 5 ’ end of the
SshpGIy gene would be a facile solution. It is the presence of the sequence ATG in the
Nde/ recognition site that has resulted in the failure of this cloning strategy. ATG is the
universal start codon (initiating the transcription of DNA into mRNA and subsequently
into protein), and as a result it is also universally used as a cloning site. When used as a
cloning site, it coincides with the beginning of the target sequence resulting in the
expression of a protein with the correct amino-acid sequence. The presence of ATG in
the sequence (in-frame or not) preceded by CAT will allow cleavage by the restriction
endonuclease Nde/. The presence of an internal Nde/ site in bgaT is therefore a severe
limitation. Optimisation of the megaprimer PCR could sucessfully yield a active
enzyme, but the many rounds of PCR required have the potential to introduce errors into
the gene sequence.

From the discussion in the previous section, it is clear that the choice of vector and the
cloning strategy used are crucial to the success of the operation. However, using the
cloning strategy used in the pGEM-T vectors (used in the work reported in the next
chapter), it is possible to clone and express bgaT without the need to perform a
restriction digest on the PCR product eliminating the problems caused by the presence
of the internal N de/ site. The vector pGEM-T cannot be used since it is merely a cloning
vector (a DNA packaging system) and has no promoters for insert expression. Only an
expression vector has the required genes to allow the recombinant host to transcribe and
translate the gene to form an active protein product. A description of the new cloning
strategy follows, and is applicable in any cloning and expression process complicated
by the presence of certain restriction sites in the target gene.
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The work reported in this chapter employed Vent polymerase in the PCR process.
However, the DNA polymerase “Taq” always incorporates an overhanging “A” at the 3 ’
end (on both strands) of all PCR product fragments it produces. Careful primer design
and selection/development of a TA expression vector system can allow direct ligation of
the PCR product into the vector immediately after PCR, without further processing or
purification. The linearised TA vector employs an overhanging “T” at the 3 ’ ends that is
compatible with the overhanging “A” termini of the fragments generated by Taq. The
drawback is that, unlike the pET-3a system, there is no control over the orientation of
the gene when ligated into the vector and a reverse orientation will result in a clone that
does not produce a gene product. Clearly, clone screening using IPTG and X-Gal
incorporated into solid media will be required for selecting a clone that successfully
expresses SshpGIy. A longer incubation will be needed for the blue stain development
because of the low activity of this thermophilic enzyme at the E. coli growth
temperature. Therefore, the presence of the Nde/ site within bgaT will not interfere with
the cloning process.

Whatever approach is used, if the PCR-amplified bgaT can be successfully packaged
into an expression vector, it is likely that the result will be a soluble active enzyme. To
date, no thermophilic archaeal enzymes have formed inclusion bodies when expressed
in E. coli.

Aside from cloning the gene for this enzyme, it is possible to cultivate Sulfolobus
shibatae to very high cell densities using a dialysis fermenter. Krahe et al. (1996)
achieved a yield o f 114g (dry weight) of S. shibatae per litre of culture using a
polyethersulfone membrane in a fermenter run of 358 hours. This approach can provide
ample quantities of enzyme for initial study, but (as mentioned elsewhere in this thesis)
enzyme purification is complicated by the presence of a background of highly
thermostable protein.

6.6.4: A p p l i c a t io n s o f S u l f o l o b u s s h ib a t a e B - g ly c o s id a s e
The gene for SshpGIy (bgaT) was to be cloned for the production of enzyme (in excess
o f lOOmg) for the proposed biotransformation process, the synthesis of glycosylated
amino acids for glycopeptide production.
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An additional advantage results from the similarity o f this enzyme to that from S.
solfataricus. If its activity and stability in organic solvents is studied, any differences in
performance may provide further clues on the interaction of proteins with organic
solvent molecules. The use of two highly similar, related enzymes means that the effects
of more complex interactions between residues, and between residues and solvents can
be eliminated.

6.7: C o n c l u s io n s

The p-glycosidase family of enzymes have wide substrate compatibility and great
potential in the synthesis o f new carbohydrate-based products. While the raw materials
are cheap, many of these products are of high value due to the difficulty and expense of
their preparation using chemical methods or mammalian glycosyl transferases. (3Glycosidases have the potential to perform many of the same reactions without the need
for expensive cofactors, or numerous protection/deprotection steps.

A number of lactose-degrading extremely halophilic Archaea were used in an attempt to
isolate a halophilic |3-galactosidase. Adaptation to enzyme activity in the low water
(highly saline) intracellular medium may make it an attractive biocatalyst, with a novel
application in organic media. However, the activity of this enzyme was not identified.
Very low expression levels of p-galactosidase in these organisms, together with the
possibility of a high degree of transferase activity are likely to be contributory factors in
the inability to identify activity. A thermophile was then desired with a similar activity,
and therefore with similar potential in biotransformations.

Sulfolobus shibatae is a heterotrophic thermophilic Archaeon that can be easily
cultivated in the laboratory with simple apparatus. It possesses an enzyme with the
ability to cleave X-Gal, using a whole-cell Gelrite plate assay. The gene sequence
encoding this enzyme was retrieved from a public database, and was easily amplified
from genomic D N A using the Polymerase Chain Reaction (PCR). While an attempt to
clone and express this gene was unsuccessful, a strategy has been developed for
overcoming the obstacles that arose during the cloning process, with the high likelihood
of producing a soluble and active recombinant gene product. The literature work
describing the activity and stability of the similar Sulfolobus solfataricus p-glycosidase
in the presence of organic solvents, with its synthetic potential, show that the f3213

glycosidase from S. shibatae would be equally suitable for organic media biocatalysis.
Characterising the enzyme in organic solvents has the potential to show advantages over
SspGly.

Moreover, any differences in performance could be useful when regarding

structural similarities, in order to further probe the nature of protein-solvent interactions.

Sugar solubility in organic solvents, product recovery, and enzyme production are
issues that must be tackled and overcome in order that the potential of these
thermophilic glycosidases can be realised. Literature reports also show much promise in
these directions. Experimental work reported earlier in this thesis shows that
thermophilic enzymes have an activity and stability advantage over other enzymes, and
the available literature shows halophilic and psychrophilic enzymes to have other
advantages. Any exploitation o f extremophilic glycosidases as described herein can
yield not only novel glycosides, but also an increased understanding of the performance
of extremozymes in organic media.
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CHAPTER 7

EXPLORATIONS IN BIODIVERSITY FOR NOVEL
BIOCATALYSTS: CHARACTERISATION OF
MICROORGANSIMS FROM MARINE SPONGES AND A
MELTWATER POND OF McMURDO SOUND,
ANTARCTICA*

7 .1 ; I n t r o d u c t i o n

Antarctica is the fifth largest continent, with an area of 15 million square kilometers. A
map of the continent, highlighting the continent’s major features, is shown in Figure
7.1. While the Arctic is largely a cap of frozen seawater floating on an ocean, the
Antarctic is a land mass covered with freshwater ice up to 4 kilometers thick, and
surrounded in the austral winter with a region of frozen seawater that can equal the area
of the continent. A small amount of Antarctica is ice-free, exposing the land mass and
allowing endolithic and soil microbial communities to be studied. Coastal environments
allow the study of sea ice microbial communities (SIMCOs). Antarctica contains a wide
variety of terrestrial, freshwater, and marine environments. Some e.g. the subglacial
Lake Vostok and the ponds of the McMurdo Ice Shelf, are unique to this continent.

The uniqueness of the environment coupled with its harsh conditions makes the
Antarctic an ideal location to search for new biocatalysts. Although the Antarctic is
mainly a low temperature environment, there are a number of volcanic sites and
hypersaline lakes that are host to extreme thermophiles and halophiles respectively.
Novel uncultivated organisms are abundant in the coastal waters, but surprisingly little
is known about the microbiology of the Antarctic as a whole.

* The work reported in this chapter began in January 2000 at the McMurdo Station (Ross Island, Antarctica). The
work was part of the annual National Science Foundation (USA) biology course (event BO-301) entitled “Integrative
Biology an d Adaptations o f Antarctic Marine Organisms”. All work on the sponge archaea up to (and including) the
packaging of 16S rDNA fragments into pGEM-T Easy was performed at the C rary Science an d Engineering Center
at McMurdo. The sponge archaea work was performed with the collaboration of Dr. Ed DeLong (MBARI, USA) and
Dr. Alison Murray (Michigan State University, USA). All subsequent work (including bacteria isolation) was
performed at the Centre for Extremophile Research, University of Bath, UK.
215

AUtlbCAH
Hl6HLAhV

f* T ]
IA
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Figure 7.1: The Antarctic continent, featuring the major research stations and areas of
special scientific interest.
This view o f Antarctica has the 0°/180° line o f longitude running vertically, through the
Pole. The Antarctic Peninsula contains numerous bases, o f the UK, Argentina, Chile
and the USA. Almost all bases are found on the coast, around most o f the continent.
(Picture credit: National Geographic Society, Cartographic Division)

Key:
A

Hypersaline lakes o f the Vestfold Hills, and the Davis Station (Australia)

B

Vostok Station (Russia) and the subglacial Lake Vostok

C

McMurdo Dry Valleys, and lakes with perennial ice cover

D

Amundsen-Scott Station (USA) at the geographic South Pole

E

Mt. Melbourne (geothermal site), and the Terra Nova Bay station (Italy)
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The prevalence of unculturable organisms (expressing enzymes of industrial and
scientific interest) in the biosphere provides a great challenge, but at the same time
presents a great opportunity to find a biocatalyst with the desired activity and properties.
New extremozymes may be obtained from extreme environments including hot springs,
hydrothermal vents, and hypersaline lakes by looking to the uncultivated organisms.
The Antarctic is one of these promising areas where new approaches for obtaining novel
enzymes can be applied. An understanding o f the distribution, diversity, metabolism,
and physicochemical tolerances of these organisms may also lead to the development of
cultivation strategies. The new molecular methods for the study of unculturable
organisms methods rely on the ability to extract high quality genomic DNA from the
microorganisms in a sample. Large DNA fragments can be separated, then characterised
by sequencing the genes encoding 16S rRNA. This yields information on the
phylogenetic group (i.e. bacterial, archaeal, eukaryal) and the novelty of the host
organism. The genes encoding useful enzymes can then be amplified (using conserved
regions in the sequences of known homologous enzymes), for subsequent isolation and
expression in a mesophilic host (such as Escherichia coli, Bacillus subtilis, or
Saccharomyces cerevisiae).

As described in Section 2.4.1, cold-active enzymes have great potential in industrial and
commercial applications. In addition to organic media, “coldzymes” have applications
in the detergent industry, food technology, and molecular biology, while whole-cell
catalysts are currently sought for waste treatment and bioremediation applications.
Recently, the UV-filtering components and polyunsaturated fatty acids (PUFAs) o f
Antarctic microorganisms have attracted interest. Expression of their associated genes
on a large scale could be one approach to commercial production of these valuable
materials. Coldzymes may also prove to have important properties when used as
biotransformation catalysts in organic media.

This chapter describes work that investigates the potential of the Antarctic for the
isolation

of

organisms

bearing

potentially

useful

enzymes,

using

classical

microbiological and modem molecular biological techniques. In marine sponges
sampled near the McMurdo Station, associated archaea and bacteria were identified by
the amplification of their I6S ribosomal RNA genes using the polymerase chain
reaction. A powerful and recently developed electrophoresis technique, Denaturing
Gradient Gel Electrophoresis (DGGE), was used to examine the bacterial and archaeal
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diversity within the sponges. A number of these 16S rRNA genes, from the archaeal
content of the sponges, were sequenced and subjected to phylogenetic analysis. Then,
moderately halophilic aerobic bacteria capable o f growth at low temperatures were
isolated from a sample of a meltwater pond located on the McMurdo Ice Shelf, using
conventional microbiological methods. Some of these isolates were screened for the
presence of the biotechnologically useful enzyme (5-galactosidase.

The chapter starts with a review of some of the most interesting and promising aspects
of Antarctic microbiology, and the molecular methods that may be used to exploit it to
the full. Some sections highlight important issues relevant to the experimental work
described later in the chapter and describe the fundamental principles of the molecular
techniques applied, supported by recently published review articles.

7 .2 :

A n t a r c t ic

m ic r o b io l o g y

as

relevant

to

the

search

fo r

new

BIOCATALYSTS

The experimental work described later in this chapter relates to the microbiology of the
McMurdo Sound, a region of the Ross Sea Sector (RSS). The RSS contains all areas
with longitudes from 150°E through 180° to 150°W, and latitudes between 60 and 90°S.
This region is physically diverse and is covered by several research stations. Within this
region are the Ross Ice Shelf, the McMurdo Dry Valleys, the Darwin Glacier (sampling
site for Arthrobacter spp., the host of DsCS as reported in Chapter 4), Ross Island,
McMurdo Sound, and the Transantarctic Mountains. Within these environments are
many important microbial niches. Metabolically active bacteria have even been found in
snow at the “comer” of the RSS, the geographic South Pole (Carpenter et a l, 2000).
The biology of this area, though mostly beyond the scope o f this chapter, has been
reviewed by Vincent & James (1996).

This section highlights some key environments in the Antarctic where novel and useful
biocatalysts may be found. Reports of the marine planktonic archaea and the sponge
symbiont Cenarchaeum symbiosum (Section 7.2.2) provide important background
information to the work presented in Section 7.4, while the potential of the ponds o f the
McMurdo Ice Shelf for isolating novel bacteria (Section 7.2.3) is discussed as a prelude
to the experimental results reported in Section 7.5.

218

Nichols et al. (1999) reviewed many aspects o f Antarctic microbiology, including the
provision of culture collections, production of polyunsaturated fatty acids, and the coldadaptation of enzymes. The authors gave a comprehensive list of recent, novel Antarctic
taxa. Franzmann et al. (1997) also briefly reviewed the bacterial diversity of Antarctica.
The field of Antarctic microbiology is not as well developed as macrobiology, but there
are a number of examples of the isolation of novel organisms that have been described
in this section.

7.2.1: T h e L a k e V o s t o k p r o je c t
The most recent development in Antarctic microbiology has been the discovery of
microorganisms associated with the subglacial lake near the Vostok Station, East
Antarctica (Karl et al., 1999). Lake Vostok is the largest o f the many subglacial lakes in
Antarctica identified from airborne radar data. These organisms were identified in core
samples of frozen Lake Vostok water, taken from a depth of 3623m (120m above the
lake itself). Microscopy showed that coccoid and rod-shaped cells were present, and
radiolabelled nutrient uptake studies showed that the bacteria were metabolically active.
This lake has been isolated for approximately 1 million years, and may be host to some
unique microorganisms. It will also provide further experience in remote sampling
techniques relevant to the field of exobiology, which draws heavily on experience
gained with the extremophile microorganisms on Earth.

7.2.2: U n c u l t iv a t e d

archaea

Uncultivated archaea have been divided into two groups: Group I (Crenarchaotes), and
Group II (Euryarchaeotes), both of which are present as deep-branching lineages. Much
work with these organisms has been performed in marine environments around
Antarctica, but uncultivated archaea have been found in a large number o f marine,
estuarine, freshwater, and terrestrial environments. Archaea appear to be ubiquitous, not
just inhabitants of extreme environments, and may represent a major proportion of
uncultivated microorganisms.

Murray et al. (1998) studied the temporal distribution of archaea near the Palmer
Station (USA), off Anvers Island at the tip o f the Antarctic Peninsula. Numbers of
archaea (inferred from the hydridisation signal) decreased dramatically during the
austral summer and its flanking twilight periods. This could be due to the archaea taking
advantage of the low competition from other planktonic organisms during the prolonged
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dark period, or a high sensitivity to UV irradiation during the period of continuous
sunlight. The latter was supported by the observation of a dependence of archaea
abundance on day length. Group I archaea were dominant, though, with a small
proportion of group II present. The DNA in all cells was stained by the fluorescent non
intercalating dye DAPI. Subsequent in situ hydridisation showed that as many as 10%
of DAPI-stained cells were archaeal.

Archaea have also been found associated with marine organisms, such as a sponge
(Preston et ah, 1996), a sea cucumber (Mclnemey et a l, 1995), and the digestive tract
o f two fish species (Van der Maarel et al., 1998). Later in this thesis, in a similar way to
Preston et al. (1996), archaea were found in an Antarctic sponge (see Section 7.4).
Although marine sponges and their symbionts are interesting from a biological and
biochemical viewpoint, in this thesis they serve as a source o f uncultivated
extremophiles for study. Marine sponges can be easily cultivated in aquaria (Osinga et
al., 1998), and currently the sponge symbiont Cenarchaeum symbiosum can be
cultivated only in symbiosis with its host, Axinella sp. (Preston et al., 1996). Preston et
al. (1996) together with DeLong et al. (1999) have demonstrated the effectiveness of
FISH in visualising uncultivated organisms, a method used in the experimental work
reported later in this chapter.

7.2.3: B a c t e r ia

o f t h e po nd s o f the

M c M ifrdo Tcf . S hft .f

The McMurdo Ice Shelf is located at the northwest sector of the Ross Ice Shelf. In the
vicinity of Bratina Island (just beyond the tip of the Brown Peninsula), in the ablation
zone of the McMurdo Ice Shelf, the undulating ice is covered marine sediment
transported from the seabed with anchor ice and has resulted in the formation of over
10,000 meltwater ponds. These ponds cover an area o f 1500 square kilometres (Hawes
et al., 1997). Much of the McMurdo Ice Shelf consists of frozen seawater, so the ponds
have a diverse range of salinites (Mountfort et al., 1999).

The ponds of the McMurdo Ice Shelf are regarded as one o f the largest sources of
marine and freshwater organisms in the Ross Sea. The pond network also represents a
significant proportion of the freshwater aspect of the Antarctic. It is therefore an ideal
place to begin a search for novel and useful biocatalysts.
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On the fringes of the Bratina Island area, adjoining McMurdo Sound, are ponds that are
subject to some degree of disruption by seawater influx from tidal ice cracks. This is an
area of flatter topography than the ablation zone, effectively an estuary, with a network
of interconnected lagoons that are flooded tidally (Hitzfeld et al., 2000). These long,
narrow ponds are highlighted by the presence o f ablated ice pinnacles, with columns of
ice l-2m in height (Vincent & James, 1996). This “pinnacle ice” is rarely found outside
the Bratina Island area. The tidal ponds also contain small streams.

The main features of these two environments are the microbial mats and the associated
biota. The estuarine region is less biologically diverse than the lacustrine area in terms
of pond chemistry and biodiversity (Vincent & James, 1996) due to the tidal disruption.
The entire area, however, is subject to gradual disruption due to movement of the
underlying ice shelf (Fogg, 1998).

Several bacterial strains have been isolated from this area. The anaerobe Clostridium
vincentii (Mountfort et al., 1997) was isolated from the sediment of Fresh Pond (salinity
1.4%o) beneath a cyanobacterial mat. Cultures were able to survive exposure to 25°C for
20 hours, and withstood a freeze-thaw cycle (but not at elevated salt concentrations).
Optimum growth was at 12°C and pH 6.5. The organism was able to grow on lactose
(i.e. (3-galactosidase activity), xylan (i.e. xylanase activity), and a number of other
carbohydrates, but not on starch, yeast extract, or casamino acids. The anaerobe
Psychromonas antarcticus was isolated from Salt Pond (Mountfort et al., 1998), also
from sediment taken from below a cyanobacterial mat. Growing optimally at 3% NaCl
and 12°C, the organism could survive exposure to 30°C for 20 hours, and was
aerotolerant. P. antarcticus was also freezing tolerant, but would only grow in high salt
concentrations after thawing. Starch and glycogen supported growth (i.e. amylase
activity) but lactose, xylan, yeast extract, and casamino acids did not. Both C. vincentii
and P. antarcticus were stated to have roles in the degradation of cyanobacterial mat
material and are host to enzymes of biotechnological interest due to their activity at low
temperatures and a wide range of salinities.

An important enzyme was isolated from a Bratina Island bacterium and reported by
Sheridan and Brenchley (2000). Planococcus spp. (isolated from “Son of Salt Pond”) is
the only reported aerobic bacterium isolated from the ponds of the McMurdo Ice Shelf.
Its cold-active P-galactosidase was reviewed in Section 6.1.1. Planococcus spp. is a

common bacterium in sea ice (i.e. frozen seawater), living inside channels in the ice
through which brine of elevated salinity - with respect to seawater - flows (Junge et al.,
1998).

7.2.4: A r c h a e a

of t h e h y p e r s a l in e la k e s o f th e

V e st fo l d H ills

The hypersaline lakes of the Vestfold Hills (East Antarctica) were formed by uplift of
the seabed and subsequent water evaporation. The lakes have salinities up to 25% w/v,
and many are described as meromictic i.e. the lakes are stratified with respect to salt
content, the salinity o f each layer increasing with depth. The high salinity, however,
ensures that the lakes do not freeze, even during the Antarctic winter, but the
combination of low temperatures and high salt content does result in low biodiversity.
Three archaea have been isolated from lakes in the Vestfold Hills - Halorubrum
lacusprofundi (Franzmann et a l, 1988) from Deep Lake, and both Methanococcoides
burtonii (Franzmann et a l, 1992) and Methanogenium frigidum (Franzmann et al.,
1997) from Ace Lake. These represent the only isolated Antarctic archaea. The former,
Hr. lacusprofundi, grows extremely slowly at the salt concentration and temperature of
its natural environment. Its optimum growth temperature is 30°C, and may be classed as
a psychrotroph. It is capable of utilising lactose as a sole carbon source, and is a
candidate for the isolation of a halophilic archaeal p-galactosidase.

7.2.5: A n t a r c t ic

th er m o ph iles

A number of regions in Antarctica have geothermal sources. The best-studied
geothermal source is that of the active volcano, Mt. Erebus, on Ross Island. This
geothermal source is pristine due to its isolation, and organisms isolated from it are
unlikely to have resulted from contamination. Contamination is an important issue in
cases where Bacillus species are found (usually in environments at the lower end of the
temperature range of thermophile environments) as they can be transferred as spores,
and have many thermophilic members.

Three reports have looked at the thermophilic bacteria associated with the fumaroles
and geothermally-heated soil at or near the summit. Hudson et al. (1988) isolated B.
schlegelii from geothermally heated soil taken from Tramway Ridge, near the summit
of Mt. Erebus. Hudson & Daniel (1988) and Hudson et al. (1989) further studied the
thermophilic bacteria associated with this geothermal source. This environment poses
significant practical challenges, with large temperature gradients existing through the
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soil to the overlying air, and the lack of soil moisture making accurate pH determination
difficult. It is not known if any thermophilic archaea are present in the geothermal areas
of Antarctica.

The preceding part of this chapter had established the value o f the Antarctic in terms of
its microbiology, with the potential for finding useful biocatalysis that function at low
temperatures. The remainder of the literature survey introduces the methods that can be
used to study and obtain biocatalysts from organisms that cannot be cultured in the
laboratory.

7.3: I n t r o d u c t i o n

t o m o l e c u l a r t e c h n iq u e s f o r

s t u d y in g u n c u l t u r a b l e

MICROORGANISMS AND THEIR GENES IN ENVIRONMENTAL SAMPLES

Earlier in the thesis, the extent of unculturability o f microorganisms in the environment
was been reported. Liquid culture cannot be used for microbial isolation, and in some
organisms - notably thermophilic archaea - an inability to grow on a solid surface has
also been reported (Huber et a l, 2000). This reference described a method to overcome
this problem with the organisms concerned. In cases where a pure culture can be
obtained, a number of molecular-based techniques are available to help characterise and
compare the organisms. These include DNA/DNA hybridisation, restriction digestion of
genomic DNA, SDS-PAGE analysis of DNA-dependent RNA polymerases, and 16S
rRNA sequence analysis.

The inability to culture almost all environmental organisms, however, means that only
DNA- and RNA-based techniques can be used to study them and their enzymes. This
section introduces the most common techniques used for this purpose, which were also
applied later in this Chapter to study the diversity of sponge-associated archaea and
bacteria in Antarctica.

Figure 7.2 overleaf was obtained from Head et a l (1998) and shows the approaches to
obtaining microbial isolates or the genes for useful enzymes from environmental
samples.
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7.3.1: PCR

AMPLIFICATION OF

16S rDNA

AND OTHER GENES

A large number of primers are available for amplifying 16S rDNA sequences from
bacteria, and archaea (and 18S genes from eukarya). The amplification and sequencing
of these genes is a powerful technique for unculturable organisms that can also be used
to determine if a culturable organism has been previously identified and characterised.
While this method was used in this thesis to amplify the genes encoding 16S rRNA, the
methodology demonstrates how any useful genes may be obtained from organisms
(culturable or not) provided suitable PCR primers are designed and applied.

Table 7.1 below lists a number of useful PCR primers for the amplification of 16S
rRNA genes from archaea and bacteria, for both full-length and partial sequence
analysis. Watanabe et al. (2001) also listed many other bacterial 16S rDNA primer
sequences. In the case of 16S rDNA primer classifications, for forward primer the
number e.g. lOf means that the primer begins with nucleotide 10 (i.e. at the 5’ end)
using the numbering system based on the E. coli 16S rRNA. With the reverse primer,
the number, e.g. 1542r, refers to the nucleotide position at the end o f the 3’ primer.
Therefore, an amplification using primers lOf and 1542 yields the sequence for the 16S
rDNA between positions 10 and 1542.

Table 7.1; Primers for the PCR amplification of 16S rRNA genes

Primer sequence (5’-3’)

Reference

Archaea
lOf

TCC/GGT/TGA/TCC/TGC/C

Brambilla et al. (2001)

1 lOOr

GGG/TCT/CGC/TCG/TTA/CC

Brambilla et al. (2001)

21f

TTC/CGG/TTG/ATC/CYG/CCG/GA

DeLong (1992)

958r

Y CC/GGC/GTT/G AM/TCC/A AT/T

DeLong (1992)

lOf

GAG/TTT/GAT/CCT/GGC/TCAG

Brambilla et al. (2001)

1542r

AGA/AAG/GAG/GTG/ATC/CAG/CC

Brambilla et al. (2001)

926r

CCG/TCA/ATT/CMT/TTG/AGT/TT

Watanabe et al. (2001)

27f

AGA/GTT/TGA/TCM/TGG/CTC/AG

Lane (1991)

Bacteria

1492r univ GGT/TAC/CTT/GTT/ACG/ACT/T
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Lane (1991)

Experiments reported in Section 7.4.4 used DGGE, a recent electrophoresis technique to
identify the number of unique genes (of identical or similar length) resulting from the
initial PCR amplification. This technique is used either in 16S rRNA analysis, or the use
of single base substitutions (especially useful in the medical sciences). It is covered in
the next section, Section 7.3.2.

7.3.2: D e n a t u r in g G r a d ie n t G e l E l e c t r o ph o r e sis (D G G E )
The use of PCR-amplification of 16S rDNA fragments and their subsequent separation
by Denaturing Gradient Gel Electrophoresis (DGGE) was first reported by Muyzer et
al. (1993). Since 16S rRNA genes are of the same (or similar) length, conventional gel
electrophoresis cannot separate the PCR products so that the number of individual PCR
products cannot be determined this way. Instead, DGGE is used as it uses differences in
metling temperature (resulting from sequence differences) instead o f physical size as the
means for separating the fragments. DGGE is used in Section 7.4.4 of this thesis, and
will be described in further detail here.

DGGE is performed at high temperature (typically 60°C) and employs a gradient of
chemical denaturants (urea and formamide) within the polyacrylamide gel. These
features assist the thermal denaturation of DNA (i.e. strand separation) by disrupting the
inter-strand hydrogen bonds. A 40bp section o f repeating “G” and “C” with a very high
melting temperature - the “GC-clamp” - is normally placed upstream of the 16S rDNA
sequence during the PCR amplification by incorporating it into the forward primer
sequence (Sheffield et a l, 1989). When the 16S rDNA region of the fragment
denatures, the GC-clamp prevents separation o f the strands. The DNA does not melt as
if it were a single sequence, instead small regions of the DNA denature individually
(“melting domains”) reducing the rate of migration until it eventually stops. The effect
of clamping the end of the denatured fragment together gives the DNA molecule a
conformation that severely inhibits its electrophoretic migration through the gel. Over
the timescale of the electrophoresis, migration is negligible. The point in the gel at
which the denaturation occurs therefore depends on the melting temperature o f the 16S
rDNA-derived amplified region of the fragment (a property influenced by its sequence)
and the denaturant gradient. Fragments with higher overall melting temperatures will
denature after migrating to a part of the gel with a higher denaturant concentration (the
lower part of the gel in vertical electrophoresis).
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This is the basis of the fragment separation. Small fragments are most amenable to
DGGE, and high sensitivity is achieved with 16S rDNA when fragments of around
200bp are used.

PCR-DGGE has been widely used to study community structure in a number of
different environments and for a variety o f phylogenetic groups of organisms (Murray
et al., 1998; Overmann et a l, 1999; Pearce, 2000). DGGE is also a powerful technique
for detecting single base substitutions in DNA (Famleitner et al., 2000).

From a practical standpoint, casting denaturing gradient gels is little different from
casting (for example) polyacrylamide gradient gels used in protein electrophoresis. The
two solutions containing 0% and 100% denaturant respectively are used with a
“gradient maker”, pouring the gel vertically from high % denaturant (at the bottom) to a
low % denaturant (at the top). With some apparatus, multiple identical gels can be made
from the same batch of preparing solution. Diffusion o f the denaturants requires that the
gels be used as soon as possible, or after overnight storage at4°C.

The denaturant

gradient may also change during very long electrophoresis runs.

Temperature Gradient Gel Electrophoresis (TGGE) and Temporal Temperature
Gradient Gel Electrophoresis (TTGGE) can also be performed, using a uniform
chemical denaturant gradient. They are as useful as DGGE but few have employed
them. Two-dimensional electrophoresis - e.g. 1st dimension DGGE, 2nd dimension
TGGE - was briefly reported by Simpson et al. (1999). DGGE andTGGE have been
reviewed by Muyzer et al. (1995) and Muyzer & Smalla (1998).
Table 7.2 is a list of DGGE primer sequences obtained from the literature.
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Table 7.2: Selected useful PCR primer sequences for DGGE analysis of 16S rDNA

Reference

Primer sequence (5’-3J)

Archaea
340f

CCC/TAC/GGG/GY G/C AS/CAG/

GC-clamp at 5 ’-end of 340f primer for DGGE:

Cytryn et al. (2000)
Cytryn et al. (2000)

TCG/CCC/GCC/GCG/CGC/GCG/GGG/
CGG/GGC/GGG/GGC/ACG/GG
934r

GTG/CTC/CCC/CGC/CAA/TTC/CT

Cytryn et a l (2000)

CGC/CCG/CCG/CGC/GCG/GCG/GGC/GGG/

Muyzer et al. (1993)

Eubacteria
GC341f

GCG/GGG/GCA/CGG/GGG/GCC/TAC/GGG/
AGG/CAG/CAG/
GC341f

CGC/CCG/CCG/CGC/CCC/GCG/CCC/GGC/

Overmann et al. (1993)

CCG/CCG/CCC/CCG/CCC/CCC/T AC/GGG/
AGG/CAG/CAG
GC341f

CGC/CCG/CCG/CGC/GCG/GCG/GGC/GGG/

Rolleke e ta l. (1999)

GCG/GGG/GCA/CGG/GGG/GC
534r univ

ATT/ACC/GCG/GCT/GCT/GG

Muyzer et al. (1993)

907r

CCG/TCA/ATT/CCT/TTG/AGT/TT

Muyzer et al. (1995)

Cyanobacteria
C lf

CGG/ACG/GGT/GAG/TAA/CGC/GTG/A

Nubel e ta l (1997)

C3f

GGG/GAA/TYT/TCC/GCA/ATG/GG

Nubel e ta l (1997)

GC-clamp at 5 ’-end of C lf or C3f primers for DGGE:

Pearce (2000)

CGC/CCG/CCG/CGC/CCC/GCG/CCG/CTC/
CCG/CCG/CCC/CCG/CCC/
CRr

equimolar mixture (differing bases underlined):
GAC/T AC/TGG/GGT/ATC/TA A/TCC/C AT/T
GAC/TAC/AGG/GGT/ATC/TAA/TCC/CTT/T
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Nubel e ta l (1997)

7.3.3: F l u o r e s c e n t In S i tu H y b r i d i s a t i o n (FISH)
Moter et al. (2000) recently published a comprehensive review of Fluorescent In Situ
Hybridisation, and is summarised in this sub-section. In Situ Hydridisation (ISH) relies
on the annealing of oligonucleotides (probes) to complementary sequences in the
ribosomal RNA of the small subunit (16S in prokaryotes). This target was chosen
because of its genetic stability, it is found in the cells of all organisms, and is used to
determine the similarity of organisms on the basis of sequence comparisons
(phylogeny). The presence of both conserved and variable sequences (across and within
domains) can be exploited in probe design. ISH probes are typically labelled with
radioisotopes, and the results can be visualised by autoradiography. However, E. F.
DeLong and co-workers first added fluorescent labels to oligonucleotide probes. By
applying these probes using the basic techniques of ISH, FISH was obtained allowing
direct visualisation of the hybridised samples. Later, DeLong and co-workers enhanced
the performance of this method by using polyribonucleotide probes, with several
fluorescent labels per probe (DeLong et al., 1999). There are a number of types of
fluorescent label that can be applied to the probe (with distinct emission wavelengths),
which allows the application of multiple probes simultaneously to an individual sample.
The hybridisation method is typically as follows.

A microbe-containing sample can be applied to glass slides treated with gelatin, poly-Llysine, or siliconising agents. This ensures that the samples are retained on the slide
during washing and hybridisation. Alternatively, microbes can be removed from a large
water sample by retention on a pre-sterilised membrane filter and subjected to FISH.
The cells then require fixation (to preserve the cell structure) and permeabilisation (to
allow entry of the probe to the cell interior). The reagents and conditions used also
inactivate the ribonucleases that may attack the probes’ target RNA. The hybridisation
step follows. This is performed in the presence of high concentrations of formamide and
at elevated temperature to assist the annealing (specific binding) of the probe to the
ribosomal RNA target. A washing step removes any residual probe, and the sample is
ready for study. Samples are visualised using an epifluorescence microscope by
excitation with light of an appropriate wavelength, and the response o f a specific
fluorescent probe can be selected using narrow-pass filters between the sample and
objective lens. Images can be then captured using highly sensitive charge-couple
devices

(CCDs)

and

stored

electronically.

Where

several

probes

are used

simultaneously, images of the sample taken with each filter can then be overlaid.
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When FISH is applied successfully, it allows the differentiation o f microbes e.g.
between bacteria and archaea, or between different organisms of the same domain using
16S rRNA probes. Careful selection of fluorescent labels allows a composite to be
formed from images taken with filter sets for each probe. This composite can be
compared with a view of total-DNA stained cells, or visible light image. The results are
often visually striking. From this, individual cells may be selected for cultivation on the
basis of the FISH differentiation. This has been performed successfully for a
hyperthermophilic archaeon (Huber et a l, 1995). Alternatively, such a composite view
can give a visual key to the diversity of microorganisms in a sample.

The remainder of the chapter is devoted to reporting and discussing molecular-based
investigations of the biodiversity of McMurdo Sound, Antarctica, for the isolation of
potential extremophilic biocatalysts.

7.4: R e s u l t s - T h e

s t u d y o f n o v e l a r c h a e a a n d b a c t e r ia a s s o c ia t e d w it h

MARINE SPONGES FROM MCMURDO SOUND. ANTARCTICA.

In this section, the potential of molecular techniques for identifying novel organisms
and amplifying their genes will be demonstrated. Here, the genes encoding the RNA
from the small subunit, 16S rRNA, will be used as an example of how it is possible to
obtain specific genes from uncultivated organisms. Any genes can be amplified in this
way, provided suitable PCR primers can be designed, and has immense potential for
providing chemical engineers with novel and useful biocatalysts. This work was
initiated at the McMurdo Station, Antarctica, and involved archaea and bacteria within a
number of marine sponges. A background literature review to this chapter was
presented in Section 7.2.3. The Materials and Methods for this section can be found in
Section 3.8.

This section begins with general descriptions and photographs of the sponge samples
(Section 7.4.1). The molecular biological work is described in Sections 7.4.2 through to
the phylogenetic analysis in Section 7.4.9. Visualisation o f the organisms within the
sponge tissue using Fluorescent In Situ Hybridisation is reported in 7.4.10. The results
are discussed in Section 7.6.
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7.4.1: G e n e r a l d e s c r ip t io n

o f t h e s p o n g e s s p e c im e n s

The six sponge samples examined are shown on the following page in Figures 7.3-7.8.
While Dr. Stacy Kim (Moss Landing Marine Laboratories, CA, USA) made the
identification of all sponges except one, the author made notes to support their
identification. These are given as follows.

Sponge L Sphaerotvlus antarcticus: A round flat mat of dark brown stiff fibres, with
yellow-white horn-like protrusions. Some regions of the sponge (internally) were
separated by hard interfaces that were difficult to cut. Cutting with a scalpel resulted in
some disintegration of the fibrous portion.

Sponge 2, Homoaxinella balfourensis: Several long thin tubular shoots emerging from a
node, straw yellow in colour. At the ends o f the shoots, soft sponge material gave a
frond-like appearance. The tips of such fronds were sampled.

Sponge 3. Haliclona dancoi: This sponge was tubular in form, with soft spongy material
almost entirely on the outer surface. A light yellow-brown colour, with very soft tissues
that were easy to cut with a scalpel.

Sponge 6, Dendrilla antarctica: Vivid yellow in colour, the cactus-like sponge was o f a
rubbery consistency. The sponge took the form of flat spiked elongated sections, with
sections entrained in a network of thin, hard fibres. Some of these fibres were seen
emerging from the spikes on the sponge sections. While the sponge itself was easy to
cut, the fibres were very resistant to the scalpel blade.

Sponge 8. Kirkpatrickia variolosa: The sponge had a deep red-orange colour, and was
pumice-like in appearance. No central channel was apparent. The sponge was very soft
and it was easy to remove sample.

Sponge 9, Asbestopluma aff. Lvcovodina: This sponge was obtained attached to a small
piece of organic matter. Long plant-like stalks emerged from roots set into the organic
matter base, with long slender cones of sponge over most of their length, tapering from
near the base (with a width of over 2cm) towards to end of the stalks.
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Figure 7.3:

Sphaerotylus antarcticus,

sponge 1. Novel archaea were found
within the tissues o f this sponge.
(Photo credit: Norbert Wu)

© N ortiert Wu

Figure 7.4: Haliclona dancoi,
sponge 3. This sponge was
found to contain archaea and
bacteria within its tissues.
(Photo credit: Norbert Wu)

Figure 7.5: Kirkpatrickia variolosa,
sponge 8 . This sample was found to
contain only bacteria.
(Photo credit: Norbert Wu)
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© Norbert Wu

Figure

7.6:

Homoaxinella

balfourensis, sponge 2. No organisms
were found within this sponge.
(Photo credit: Norbert Wu)

Figure 7.7: Dendrilla antarctica,
sponge

6.

No organisms

were

found within this sponge.
(Photo credit: Norbert Wu)

Figure

7.7:

Astbestopluma

aff.

Lycopodina, sponge 9. No organisms
were found within this sponge.
(Photo credit: Norbert Wu)
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7.4.2: DNA e x t r a c t i o n f r o m s p o n g e s a m p l e s
The DNA within the sponge samples was extracted using a commercial soil extraction
kit. Two methods were used for lysing the cells within the samples: heat lysis and bead
beating (strong agitation with glass beads). The genomic DNA isolated using each
method was electrophoresed in 1% agarose. The heat lysis experiment gave poor yields
o f DNA, and the DNA applied to the gel was barely visible after EtBr staining. Heat
lysis was is preferable since it is most likely to yield intact DNA, but was no longer
used due to the poor results. The results o f the bead beating are shown in Figure 7.9.
1

2

3

4

5

6

Figure 7.9: Electrophoresis of total DNA extracted from the six Antarctic sponges by
the bead beating lvsis method.
5pl o f each extract (lysed by bead-beating) was electrophoresed in 0.75% agarose with
0.5x TBE. From left to right (lanes 1 to

6 ),

the DNA samples loaded were from the

following sponges: 1, 2, 3, 6 , 8 , 9. Sponge 1 DNA does not appear to be sheared, but the
level o f shearing o f DNA appears to be quite consistent for the remaining sponge
samples. The two highlighted bands in sponges

6

and

8

appear to be plasmids.

The yield o f DNA is high, but the drawback o f this method is the level o f shearing as
shown by the presence o f many low MW bands. Intact genomic DNA does not migrate
more than a few millimetres into the gel over typical electrophoresis timescales, but the
fluorescence from the sample wells appears to show that some intact gDNA is present.
The use o f a commercial kit to extract the DNA is also likely to have eliminated the
presence o f RNA that may obscure any bands o f sheared DNA, or give a false
indication o f shearing. While some procedures require gDNA to be intact, the incidence
o f interruption (by cleavage) o f the genes encoding 16S rRNA is likely to be low,
especially as there may be many copies o f the gene in the organism’s genome. It is
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therefore unlikely to influence the subsequent rounds of PCR. However, as a result of
the higher yields obtained with bead beating, two bands seen in DNA extracts of
sponges

6

and

8

were interpreted as plasmids by Prof. Lynda Goff (University of

California Santa Cruz, CA, USA), most likely from the sponge cells due to the intensity
of the bands. Total sponge DNA was then electrophoresed alongside a 200bp ladder
(molecular weight markers), and the bands were found to have molecular weights of
approx. 1.6kb and 2.4kb. The molecular weights appeared to differ slightly between the
two sponges.

7.4.3

A m p l if ic a t io n o f

16S rRNA

g e n e s b y

PCR

Regions of the archaeal and bacterial 16S rDNA (the gene encoding 16S rRNA) were
each amplified from total DNA extracts of two of the six sponges, as determined by the
presence of bands of the expected molecular weight in agarose gels of the PCR reaction
mixture. The results of the archaeal PCR run are shown in Figure 7.10.
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Figure 7.10: Results of PCR amplification of archaeal 16S rDNA genes from Antarctic
sponge total DNA.
lpl of 200bp ladder was loaded to lane 1. Each of lanes 2 to 7 contain 5pl of PCR
reaction obtained from the template DNA of the following sponges: 1, 2, 3, 6 , 8 , and 9
respectively. Lanes

8

and 9 were loaded with 5pl of the positive and negative control

PCR reactions respectively. The sizes of the markers are shown at left, in bp.

A 937bp fragment of archaeal 16S rDNA was amplified by PCR from the sponges
Sphaerotylus antarcticus and Haliclona dancoi. The results of the bacterial PCR run are
shown in Figure 7.11.
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Figure 7.11: Results of PCR amplification of eubacterial 16S rDNA genes from
Antarctic sponge DNA extracts.
lpl of 200bp ladder was loaded to lane 1. Each of lanes 2 to 7 contain 5pl of PCR
reaction obtained from the template DNA of the following sponges: 1, 2, 3, 6 , 8 , and 9
respectively. Lanes

8

and 9 were loaded with 5pl of the positive and negative control

PCR reactions respectively. The sizes of the markers are shown at left, in bp.

A 1465bp fragment of bacterial 16S rDNA was amplified from Haliclona dancoi and
Kirkpatrickia variolosa. Both archaea and bacteria have therefore been identified in
Haliclona dancoi by the amplification of their 16S rDNA genes.

In all PCR reactions for amplifying the 16S rRNA genes of the archaea (Figure 7.10)
and eubacteria (Figure 7.11) within the sponges, the positive control DNA gave a PCR
product of the expected molecular weight but no amplification was seen with the
negative control DNA.

7 .4 .4 :

E v a l u a t io n

E l e c t r o p h o r e s is

o f

(PGGE)

b io d iv e r s it y

o f

b y

D e n a t u r in g

PCR-a m p l i f i e d 16S rDNA

G r a d ie n t

G el

f r a g m e n t s

DGGE required re-amplification of the 16S rDNA genes, for two reasons. 1)
Incorporatation of the 40bp GC-clamp at the 5’ end. 2) Amplification of a smaller
region of the 16S rDNA gene to facilitate the separation of the fragments of differing
melting temperatures. Staggered loading (i.e. loading samples at set time intervals) was
effective in identifying denatured DNA fragments. When bands from the aliquots of a
particular DNA sample loaded at different times had migrated the same distance
through the gel, these bands were inferred to have denatured.

7.4.4.1: DGGE of archaeal 16S rDNA fragments
A photograph of the archaeal DGGE gel is shown in Figure 7.12. In this gel, three main
bands can be seen with another faint band visible from S. antarcticus. The uppermost
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band appears to have the same melting Tm as that o f H. dancoi, in which three bands can
be seen. In this latter case, one band is brighter that the others, indicating a greater level
o f amplification.
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Figure 7.12: Denaturing Gradient Gel Electrophoresis o f GC-clamped archaeal 16S
rDNA fragments.
Lane numbers are marked above the gel image. Sponge 1 DGGE - lanes 1, 4, 7, 10.
Sponge 3 DGGE - lanes 2, 5, 8 , 11. Haloferax volcanii reference DGGE - lanes 3, 6 , 9,
12. The lane numbers for each sample refer to 1000, 900, 750, and 650 volt-hours
respectively. The gel was loaded with lOpl o f PCR product from each of sponge 1 and
3, and 5pi for the Haloferax volcanii reference sample.
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7.4.4.2: DGGE o f eubacterial 16S rDNA fragments
A photograph of the bacterial DGGE gel is shown in Figure 7.13. The extract o f H.
dancoi has one major band with three faint bands, while K. variolosa has a major band
o f similar Tm, and at least six fainter bands.
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Figure 7.13: Denaturing Gradient Gel Electrophoresis o f GC-clamped eubacterial 16S
rDNA fragments.
Lane numbers are marked above the gel image. Sponge 3 DGGE - lanes 1, 6 , 11 (&
16). Sponge

8

- lanes 2, 7, 12. Deleya cupida reference DGGE - lanes 3,

8,

13.

Pseudomonas nautica reference DGGE - lanes 4, 9, 14. Shewanella baltica reference
DGGE - 5, 10, 15. The lane numbers for each sample refer to 1200, 950, and 800 volthours respectively. The gel was loaded with 2pl o f PCR product from each o f sponge 3
and 8 , and lOjul for each o f the reference samples (D. cupida, P. nautica, S. baltica).
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7.4.5: L i g a t i o n o f a r c h a e a l 16S rDNA i n t o pGEM-T E a s y f o r s e q u e n c i n g
PCR-amplified 16S rDNA genes were successfully ligated directly from the PCR
reaction mixture into the pGEM-T Easy vector as confirmed by gel electrophoresis. The
results are shown in Figure 7.14.

1

2

3

4

5

7

6

8

9

10 11

12
Ligated vector
& insert (upper)
and relegated
vector only
(lower)

Figure 7.14: Ligation o f archaeal 16S rDNA genes into pGEM-T Easy.
Lanes: 1) 4pl lOObp ladder, 2) blank, 3) 5pi sponge 1 insert (PCR product), 4) 1jllI
sponge 1 1:1 ligation, 5) lpl sponge 1 2:1 ligation,

6)

blank, 7) 5pi sponge 3 insert

(PCR product), 8 ) lpl sponge 3 2:1 ligation, 9) lpl sponge 3 3:1 ligation, 10) blank, 11)
1jlxI Promega control DNA ligation (positive ligation control), 12) lpl religated vector
only (negative ligation control).

In addition to the 16S rDNA fragments amplified by PCR, control DNA (supplied as
part o f the kit) was also successfully ligated. In all cases, not all vectors were ligated
with inserts, as seen by the presence o f bands in line with the vector only control. The
yield o f correctly ligated vector (with insert) was greater with the sponge 3 samples than
the sponge

1

samples, by comparing both the upper and lower vector band intensities.

Ligation with an insert is not crucial to the success o f subsequent transformation
reactions. The presence o f even small quantities o f ligated product will result in
transformants, and blue-white selection allows discrimination between plasmids with
and without inserts.

The lOObp ladder was used to further confirm the insert MW. However, due to the
different migration characteristics o f linear and circular DNA in gels, it is only possible
to check the vector MW by first linearising with a single-cutting restriction enzyme and
electrophoresis alongside appropriate markers.
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An observation of the original Polaroid photograph of gel shown in Figure 7.14 is a
faint band above that of the ligated vector and insert, indicating a vector with a higher
than expected MW. This is indicative o f the ligation of two inserts per vector molecule.
The TA cloning method used allows this to take place, but the band was only barely
visible in the gel indicating a low concentration of this ligation product.

7.4.6:

T ra n s fo rm a tio n

of

E.

coli

JM109

and

b lu e /w h ite

s e le c tio n

of

TRANSFORMANTS

E. coli JM109 competent cells were successfully transformed, and 0.1ml of each
transformation reaction (a single drop for the controls) was applied to agar plates. Two
plates were used for transformants of the 2:1 insert:vector ligation reactions (B l, B3),
and 1 plate for the other reactions. Successful transformation was determined by the
formation of blue and white colonies when plated onto LB-Agar-Amp containing X-Gal
and the lacZ inducer IPTG. The results are shown in Table 7.2.

Table 7.3: Blue and white colony enumeration after transformation o f E. coli JM109
with pGEM-T Easy containing archaeal 16S rDNA inserts.

Ligated sample

Number of colonies per plate

(sponge no., ligation
insert:vector ratio)

Blue

White

B l 1:1

22

13

B l 2:1 plate 1

5

4

B l 2:1 plate 2

13

5

B3 2:1 plate 1

26

24

B3 2:1 plate 2

31

36

B3 3:1

18

28

Promega control DNA

no colonies after 1st overnight incubation

Uncut vector

no colonies after 1st overnight incubation
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7 .4 .7 :

Is o l a t io n

o f

p l a s m id s

fr o m

r e c o m b in a n t

E.

c o li

a n d

id e n t if ic a t io n

o f

UNIQUE CLONES

Due to the large number of clones, a rapid method was needed for the screening of the
plasmids for unique inserts for subsequent sequencing. A method reported by Bowman
et al. (2000a, 2000b) was briefly used for screening, as described in Section 3.8.8 of this
thesis. It involved picking single colonies of the clone, lysing in 2% w/v SDS and
extraction phenol:chloroform:isoamyl alcohol (25:24:1). Plasmids were seen in the
electrophoresed sample, with three other bands visible with molecular weights of
approx 700, 1000, and 2000bp. The plasmid yield was low (but may be amenable to
optimisation). Further dilution of the sample in a restriction digestion would give a faint
response in subsequent electrophoresis.

A commercial plasmid extraction and purification kit was then used in all later
experiments. Restriction digestion was chosen since sequence differences will result in
changes in the pattern of resulting bands after electrophoresis. The enzymes Pstl and
Smal were used in the digest. The results are shown in Figure 7.15 below.

1

2

3

4

5

6

7

9

10

11

12

13

14

15

8

1636
----1018
----506,517-----

16

Figure 7.15: Restriction fragment pattern of isolated pGEM-T Easy vectors for unique
insert selection.
30pl applied to lanes 3 and 4, 25pl for lanes 5 and 6 , and 20pl for all other lanes. 2.5pl
of lkb ladder was used for MW calibration. Electrophoresed in 1% agarose.
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7.4.8: S e q u e n c in g

of the archaeal

16S rDNA

in s e r t s in

pGEM-T E a sy

The DNA sequencer chromatograms for the unique sequences are given in Appendix 8.
For each insert, two separate sequencing reactions were performed, one reaction for the
each of the M13 forward and reverse primers. Degeneracy was observed after approx.
600 bases had been read. However, it was possible to retrieve the entire 16S rDNA
sequence by combining the highest-fidelity regions of each reading.

7.4.9: P h y l o g e n e t ic

a n a l y s is o f t h e a r c h a e a l

16S rDNA

genes

The aim of the work reported in Section 7.4 was to use 16S rDNA as an example of
how genes may be isolated from uncultivated organisms. Here, the use of 16S rDNA is
illustrated by presenting a phylogenetic analysis. It is not intended to be a detailed
investigation into the phylogeny of the archaeal 16S rDNA sequences obtained.

Catalogued sequences most closely matching the sponge-associated archaeal 16S rDNA
insert sequences were identified using the Sequence Match program hosted by the
Ribosomal Database Project and the BLAST program hosted by NCBI. When the
complete sequences for the inserts pSA121, pSA124, and pSA125 were submitted to
Sequence Match and BLAST queries, they were found to be unique sequences. pSA121
appeared to be highly similar to an archaeon from a deep-sea holothurian (Mclnemey et
al., 1995) and to marine archaea identified by DeLong (1992). The sequence o f pSA324
could only be partially read (364bp), so was not included in the phylogenetic analysis.

From the BLAST search, the most similar sequences were found to be from cold seeps
and hydrothermal vents, with samples from the Mariana Trench, Aegean Sea, and
marine picoplankton also bearing much similarity.

Assembling the sequences into a phylogenetic tree, shown in Figure 7.16, confirmed
that these sponge archaea are crenarchaeota, with high similarity to each other. The tree
is unrooted, since an outgroup sequence was not included in the analysis.
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Figure 7.16: Phylogenetic tree of Antarctic sponge archaea 16S rDNA sequences
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7.4.10: F l u o r e s c e n t I n - S i t u H y b r i d i s a t i o n o f S p o n g e - a s s o c i a t e d A r c h a e a
FISH analysis o f hom ogenised sponge extracts w ith polyribonucleotide probes, under
both high and low stringency conditions, failed to discrim inate betw een archaea and
bacteria in the sam ples tested. The probes appeared to bind non-specifically, even to the
sponge cells. A rchaea w ere identified m icroscopically in D A PI-stained extracts o f
sponge 1 - confirm ing the subsequent PC R analysis - by Dr. Ed DeLong (M onterey Bay
A quarium R esearch Institute, U SA ) by exam ining m icrobial cell m orphologies.

Freshly prepared sam ples gave higher fluorescence and clearer im ages than those stored
for a few days at 4°C in the form aldehyde preservative solution. H ow ever, the DAPIstained nuclei gave interesting results, and m icrobes w ith a variety o f m orphologies
w ere observed in the sponge extracts. Figure 7.17, below , is typical o f the im ages seen
w ith the D A PI filter set.

Figure 7.17: D A PI-stained sam ple o f the archaea-containing sponge Sphaerotvlus
antarcticus at 1OOx m agnification.
The small, defined spots are m icrobes. Som e in this view can be seen to be dividing.
The large diffuse areas are sponge cells.
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7 .5 : I s o l a t io n
the

M cM

urdo

o f b a c t e r ia f r o m a m o d e r a t e l y s a l in e m e l t w a t e r p o n d o f

Ice S helf

near

B r a t in a I s l a n d . A n t a r c t ic a

The location of Bratina Island relative to Ross Island and the McMurdo Station is
shown in Figure 7.18. Figure 7.19 is a map of the McMurdo Ice Shelf pond networks in
the Bratina Island region, and includes the track for the 12-pond survey that is described
further in Appendix 6.

7.5.1: S a m p l in g

site

Salt Pond was chosen for sampling during a survey o f the ponds at Bratina Island due to
its elevated salt concentration. At the time of sampling, as reported in Appendix 6, the
salinity was 50 parts per thousand (ppt, %c), the pond temperature was 2.9°C, and the
pH was 8.9. Appendix 6 gives the results of the survey (including the complete BO-301
survey data), and visually characterises the sampling site.

The soil at the edge of Salt Pond was dry, granular, and a light brown colour. The
surface o f the soil for some distance around the pond edge was coloured white by salt
crystals (mainly sodium chloride and sodium sulfate) since the pond had suffered a drop
in level through evaporation. Opaque clusters o f hydrated sodium sulfate crystals
(mirabilite) lined the pond in the shallows, since sodium sulfate is the first component in
seawater to precipitate during freezing (Campbell & Claridge, 1998). The pond
sediment at the margins had a muddy consistency, almost black in colour, and the pond
water was highly turbid with a green tint.

The high salinity of Salt Pond was used to infer that this pond is of marine origin, i.e.
resulting from the melting of sea ice in the underlying McMurdo Ice Shelf.
Concentration of the salts within Salt Pond would be due to evaporation. As a result, the
cultivation and isolation of bacteria within the collected samples was performed using
marine media (equal in salinity to sea water).
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7.5.2: C u l t i v a t i o n o f b a c t e r i a f r o m t h e S a l t P o n d w a t e r s a m p l e
A portion o f water overlying the collected sediment was used to inoculate a spread plate
o f agar-solidified seawater. This culture began to yield colonies after a week at 5°C, and
the organisms were isolated from them as the colonies formed. The seawater medium
was slightly less saline than their natural environment (marine in origin), but since
marine organisms exhibit “halotolerance” it was deemed that there would be negligible
selective pressure exerted by the lower salt content. A streak plate was also prepared,
but a lower diversity o f colonies was seen. Incubation o f the streak plate required
several months before the first colonies were seen, but was expected due to the low
numbers o f cells transferred to the agar using the wire loop.

Figure 7.20: Initial spread plate of growth from aqueous BRTsl Salt Pond sample
The spreading colonies are o f the first organisms to be isolated, subl and sub2. The
deep orange colonies o f sub4 and a lighter orange isolate (sub9) can be clearly seen.

7.5.3:

I s o l a t io n o f p s y c h r o p h il ic . m o d e r a t e l y h a l o p h il ic b a c t e r ia

Organisms were selected from the spread plate seen in the previous figure (Figure 7.20)
as soon as they appeared, and were subcultured. A second subculture usually yielded an
apparently pure isolate (determined visually).

Two organisms observed in the spread plate could not be isolated due to their
association with faster growing organisms. That is, in subculturing these strains, some
faster-growing cells were also transferred to the new plate resulting in outgrowth o f the
target strain by the “contaminant”. However, the pigmentation o f these three organisms
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was so distinct that they could be identified as individual strains in the spread plate. The
red-brown sub6 was outgrown by a white or pink organism, while sub 10 was outgrown
by sub4 cells (since sub 10 was found on the edges of the sub4 growth areas).

A list and brief description of the organisms found in the Salt Pond water sample
follows in Table 7.4, with photographs of the isolates in Figures 7.21-7.26.

Table 7.4: Aerobic bacteria obtained from Salt Pond

Classification

Description

prefix BRTsl-

subl

creamy colonies, pale brown in colour, with a lighter perimeter;
spreading colonies

sub2

off-white, mucous growth; spreading colonies

sub3

small translucent, firm colonies

sub4

deep orange gelatinous growth

sub5

pink, gelatinous growth

sub6*

deep red-brown, gelatinous growth

sub7

pure white, gelatinous growth

sub8

yellow, gelatinous growth

sub9

light orange, gelatinous growth

sub 10*

creamy-white growth; initially found in margins of BRTsl sub4
colonies after extensive incubation (1st subculture).

Note: organisms annotated with an asterisk (*) could not be purified by subculturing due to their
association with faster-growing organisms on the original spread plate.
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Figures 7.21 and 7.22: (top row) BRTsl subl and BRTsl sub2
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By the observations of growth at. low temperature and moderate salt concentrations,
these organisms have been described as psychrophilic, moderately halophilic bacteria.
Future work may highlight optimum growth temperature, salt tolerance, and other
properties that may alter the above description.

7.5.4: S c r e e n in g

o f b a c t e r ia l iso l a t e s fo r

B-g a l a c t o s id a s e

a c t iv it y

Several isolates (subl, sub2, sub3, sub4, sub8, and sub9) were screened for the presence
of P-galactosidase activity using the chromogenic substrate X-Gal incorporated into
Marine Agar 2216. Several days were required for the characteristic blue stain to be
seen in the colonies with P-gal activity. Isolates sub2, sub8, and sub9 were positive for
P-gal activity. Isolates subl, sub3, and sub4 were negative for p-gal.

7.6: D is c u s s io n

Section 7.6.1 discussed the amplification of 16S rRNA genes from the uncultivated
archaea found within two marine sponges from McMurdo Sound. Section 7.6.2
discusses the isolation of bacteria from a meltwater pond at Bratina Island.

7.6.1: 16S rRNA

a s a n e x a m p l e o f t h e a m pl ific a t io n o f u s e f u l g e n e s f r o m

UNCULTIVATED ORGANISMS

In three of the six sponges sampled and screened, archaea and bacteria were identified
by PCR amplification of 16 rDNA (i.e. the genes encoding 16S rRNA) from total DNA
extracts with archaea-specific primers. One sponge had archaea only {Sphaerotylus
antarcticus), one had bacteria only (Kirkpatrickia variolosa), and another had both
archaea and bacteria (Haliclona dancoi). DGGE showed these communities to be
diverse. Some of the issues relating to the use o f molecular techniques will be discussed
in Section 7.6.4.

Few other symbionts have been identified. From the GenBank database, four sequences
of archaeal 16S rRNA obtained from extracts o f the sponge Theonella swinhoei were
obtained. These sequences can be located using the accession numbers AF186421
(symbiont AR2), AF186422 (symbiont AR4), AF186423 (symbiont AR8), and
AF186424 (symbiont AR9). This work remains unpublished. Webster et al. (2001)
reported work on baceria within the sponge Rhopaloeides odorabile, using 16S rRNA
sequencing and FISH.
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While it is possible to discuss the results within a biological framework, the main aim
here is to demonstrate the potential of the approach used for amplifying the genes for
novel, useful enzymes. This study used established sequences for the 16S rRNA genes
amplified. They were prepared by first obtaining the 16S rDNA sequences (from online
databases) for the archaea and bacteria (or 18S rRNA sequences from eukarya). These
sequences would then be aligned, and any conserved regions or consensus sequences
identified. These sequences are then used to design PCR primers. Degenerate primers
can account for a small number of base differences in regions where the sequences are
not conserved but have very high similarity. For the gene of any enzyme, the above 16S
rDNA sequences can be replaced with the available sequences of the genes of
homologous enzymes with the target activity. In this work, the presence of specific
conserved sequences for the domains archaea and bacteria allows the amplification of
16S rRNA genes from the desired domain. This is not necessarily achievable with other
genes, however.

In this study, the primers thus designed were used to amplify 16S rDNA for later
sequencing and analysis. The 16S rDNA amplified did not, however, contain the fulllength 16S rDNA sequence. While this is possible to do for 16S rDNA, it is not
necessarily possible for other genes. A new method will then be required to get fulllength sequences. Nonetheless, a partial sequence is extremely useful as a probe, and is
an essential part of any process for recovering new genes from uncultivated organisms.
Here, the discussion leaves the 16S rRNA work to cover a more general theme of
amplifying enzyme genes from uncultivated organisms for future biocatalytic studies
and application.

From a total DNA extract from the environmental sample, PCR can be performed using
the primers designed as described above. Fragments o f this sequence are obtained by
restriction digestion on any purified PCR products, and apply a fluorescent or other
suitable label. This will be used to probe for the full-length target enzyme gene obtained
using a new approach. Messenger RNA (mRNA) is a template of a gene prepared
during its transcription into protein.

If a protein is being expressed at the time of

sampling, the mRNA prepared from its gene can be extracted. A modified form of PCR
known as RT-PCR (Reverse Transcriptase-PCR) converts the mRNA into DNA (known
as complementary DNA or cDNA), amplifying it simultaneously. The mRNA
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molecules contain the full-length sequence of the target enzyme/s, and can be packaged
into vectors for preparation of a cDNA clone library.

Screening the library using the labelled probes prepared as described above results in
the full-length sequence for the target enzyme. This sequence can be re-amplified for
packaging into an expression vector for further study and application.

In the work reported in this chapter, the use of suitable primers has yielded the genes for
16S rRNA, useful as a phylogenetic marker. This is its main use, so the work was
extended to demonstrate this application. The results were presented in Section 7.4.9,
but are not discussed further here.

7.6.2:

B a c t e r ia l

is o l a t e s

from

a

m eltw a ter

po n d

at

B r a t in a

I sl a n d ,

A n t a r c t ic a .

The aqueous sodium sulfate fraction o f the sample removed from the margins of Salt
Pond, Bratina Island, contains a rich community of bacteria. While many of these
organisms grow very slowly at 4°C, they could be cultivated more easily at higher
temperatures. A literature survey shows that few isolates from Antarctica are true
psychrophiles, and it is possible that some of the isolates of Salt Pond could be
cultivated at temperatures up to 25°C (i.e. psychrotrophic). Characterisation o f the
organisms using traditional microbiological techniques and by 16S rRNA sequencing
can be used to identify these isolates. It is not known if any o f these isolates have been
previously characterised, but it is possible make comparisons with previously isolated
organisms.

The orange colony BRTsl-9 is likely to be the same organism isolated by Sheridan &
Brenchley (2000). It has X-Gal hydrolysing activity and similar pigmentation. The
Planococcus spp. isolated by Sheridan and Brenchley was obtained from Son of Salt
Pond on the McMurdo Ice Shelf, presumably derived from Salt Pond (sampled by the
author). Junge et al. (1998) also reported yellow- and orange- pigmented members of
the genus Planococcus in marine environments (including sea-ice). The yellow and
orange isolates from the Salt Pond sodium sulfate fraction (BRTsl) could therefore be
of the genus Planococcus. Other pigmented organisms are common in Antarctica, and
in marine environments the genus Arthrobacter are frequently found. At least one
example of Arthrobacter is yellow pigmented, (Junge et al., 1998).
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7.6.3:

A

COMPARISON

OF

MOLECULAR

AND

MICROBIOLOGICAL

METHODS

FOR

BIOCATALYST DEVELOPMENT

The work presented in this chapter that the two approaches in obtaining useful
biocatalysts highlights their complementary nature. Although each approach can be
used in isolation, the best results will be obtained when both methods are combined.

Certainly, the molecular route covers ail organisms in a sample, but the microbiological
route is the only effective way to obtain enzymes from the culturable organisms. In
theory, no organism is unculturable. The ability to cultivate organisms is limited only by
the knowledge of the nutritional requirements, the physicochemical tolerances, and a
few other factors. After cultivation, the microbiological route then only requires
(initially) an ability to screen isolates for the target activity.

The basic methods of microbiology have been applied for decades with great success,
although extremophile microbiology is in relative infancy. However, it was the
application of molecular techniques that highlighted the presence of uncultivated
organisms, and may yet provide information that can direct future development of
cultivation strategies for some of these organisms.

The molecular route is equally powerful, and contains much potential for the
development of new methods. However, it is limited by the need to design primers that
amplify the target gene, and as such requires a large amount of prior knowledge on the
activity sought. Novel enzyme activities, or enzymes with little homology to sequenced
enzymes of the same activity cannot be obtained by PCR, but may be obtained by
cloning and sequencing restriction digested DNA fragments.

The main drawback with the microbiological approach is that the number of new
isolated extremophiles is limited by the availability o f virgin sampling sites, and the
current low rate of development of new cultivation strategies for previously
unculturable organisms. Here, the molecular biological techniques for isolating new
biocatalysts will become increasingly important.

The advantages of the molecular and microbiological approaches have been presented
in this chapter, and a number of enhancements to laboratory methods are proposed in
Section 7.6.6. Two recent reports (Harold & Ogunnaike, 2000; Hatzimanikatis, 2000)

show how the ever-diversifying field of chemical engineering is embracing the
usefulness of DNA. Despite some of disadvantages raised here it is clear that both
methods, when applied together, will provide chemical engineers with all the necessary
tools to open up the vast untapped, uncultivated microbial resource for the development
of new biocatalysts.

7.6.4: FISH AS A TOOL FOR VISUALISING NOVEL BACTERIA AND ARCHAEA
FISH is a powerful method for visualising organisms on the basis o f their interaction
with an applied probe. Here, the probe was sensitive to the phylogenetic group (i.e.
bacteria, archaea - group I or group II), but can equally be used to probe for organism
containing any gene with conserved sequences. It can be useful in the isolation of
culturable organisms from a complex culture, or for estimating the unculturable portion
o f microorganisms in a sample. When applied in this study, poor results were obtained,
probably due to sample preparation issues. Low ribosome contents can be responsible in
part for the poor results, and can itself be a result o f sample handling or simply the low
nutrient availability to the microorganisms. Environmental organisms would certainly
have fewer ribosomes than a laboratory-grown isolate in complex medium.

Most applications of FISH use organisms retained on sterile filters. Marine sponges are
more complex and no reliable method for treating these samples is available. In the time
available for the experiments reported in this thesis, there was little opportunity to
improve the application of this technique. However, as shown in the published
literature, when FISH is applied with success the results can be striking and enables the
visualisation of novel organisms in the absence of a pure culture. And despite the failure
of this method as reported here, it is nonetheless a valuable technique that (when
optimised) can yield important results.

7.6.5: I m p o r t a n t

issu e s in t h e

PCR a m p l if ic a t io n

of

16S rDNA

In this study, archaea and bacteria associated with marine sponges were identified and
characterised by analysing their small-subunit RNA gene sequences. This is a rapid and
sensitive technique, and allows identification of the organism (if its 16S rDNA genes
have been previously characterised) or identification of any close relatives. The total
reliance on this technique for characterising uncultured organisms has led to a number
of studies that aim to confirm its validity. In presenting a number o f DNA templates
simultaneously to the PCR process (used to amplify the 16S rDNA genes), a
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competitive environment is formed and may result in an amplification bias. Although
there is no evidence for the occurrence of this phenomenon from the studies performed
and reported in the literature, it does emphasise the care with which the results must be
examined. It is also possible for the genome of the different species within the sponge to
have different numbers of 16S rDNA genes (“copy number”). This factor is as
influential to the results as the relative template DNA concentrations in the DNA
extract. Therefore, it is not possible to use the intensity of bands after electrophoresing
PCR products to gauge the relative abundances of templates or species in a given
sample. It is clear that all templates in a sample are normally amplified, so PCR and
subsequent experiments, e.g. DGGE, must be viewed as qualitative but not necessarily
quantitative.

Another problem of multi-template PCR is possibility of chimera formation i.e. the
fusion of two amplified fragments during the PCR process. Chimera detection can be
performed after DNA sequencing with appropriate computer software. This is best
performed when all the 16S rDNA sequences present in the sample are known, but in
any case cannot provide firm indications of chimera presence or absence.

In the next section, some other important issues in the PCR amplification of 16S rDNA
and related experiments are discussed with practical solutions drawn from the literature.

7.6.6: A d d it io n a l m e t h o d s

fo r t h e s t u d y o f u n c u l t iv a t e d m ic r o o r g a n is m s

While the experimental methods used in this project were effective, many methods have
since been found that could enhance the experimental work described in this chapter.
They have are reported here in order to facilitate any future experiments.

7.6.6.1: Contamination in 16S rDNA studies
Due to the ubiquity of eubacteria in the biosphere, when amplifying 16S rRNA genes
from the environment there is much potential for contamination. Despite being highly
purified, the commercial thermostable DNA polymerases used in the PCR process are
overexpressed by recombinant E. coli and therefore may contain traces of E. coli DNA.
Any subsequent eubacterial 16S rDNA experiment may amplify the E. coli 16S rDNA
sequence as well as the 16S rDNA genes from the added template. To avoid this, the
polymerase must first be treated with a restriction endonuclease to digest any E. coli
DNA present. Webster et al. (2001) used the enzyme A lu/ to treat an their PCR master
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mix (containing Taq polymerase, primers, etc.) prior to adding the template, digesting at
37°C for 60 minutes and thermally inactivating the endonuclease at 60°C for 30
minutes. Also, only sterile-filtered water or commercial PCR-grade water must be used
in such experiments. Autoclaved water must be avoided, since the autoclaving may
release DNA from the bacterial spores found routinely in water. In addition, Tanner et
al. (1998) found that many organisms subjected to 16S rDNA sequencing are common
experimental contaminants routinely found in wastewater and potable-water biofilms.
These may contaminate many of the reagents used to isolate genomic DNA, so the
amplification of these sequences should be treated with caution. Tanner et al. (1998)
recommended that the presence of certain organisms in a sample determined by 16S
rDNA sequencing should be confirmed using in situ techniques such as FISH.

7.6.6.2: DNA electrophoresis (native and denaturing)
In DGGE, the large size of the gels together with the low fluorescence intensity of
ethidium bromide under UV transillumination caused difficulty with gel photography. A
more sensitive procedure (and not involving a mutagenic compound) is silver staining,
yielding black bands in a clear gel. The gel can be photographed in visible light, with
the higher stain sensitivity and the improved contrast giving a clearer photograph o f the
gel. The visual quality is especially important in interpreting DGGE gels. However, in
modem facilities, electronic scanning (available with both visible and UV illumination)
is preferable to photography in terms of image quality.

An additional step in the DGGE process is the digestion o f single stranded DNA
(ssDNA) with mung bean nuclease before the electrophoresis (Simpson et al., 1999).
ssDNA bands in the sample may obscure the denatured GC-clamped DNA samples and
provide additional distinct bands that make accurate analysis difficult.

7.6.6.3: Unique clone screening in 16S rDNA studies
In this study, the colonies containing 16S rDNA inserts were screened using a trial
restriction digest, but finally by random selection and sequencing. The restriction
enzymes were chosen from analysis of the first insert sequence obtained. The restriction
digest did show several different patterns, but the difficulty in enzyme selection and the
poor results demands that an alternative plasmid screening method be found. A
particularly effective method has been reported, involving PCR-DGGE (Cytryn et al.,
2000). The same protocols used for DGGE in this study could be applied. The isolated
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plasmids from cultivated clones could be subjected to PCR with the archaea-specific
GC-clamped forward primer GC347F and the reverse primer 519R, amplifying a region
within the insert sequence (previously amplified from the DNA extract using the normal
archaea-specific primers 2 IF and 958R). DGGE can be performed in the same way as
reported previously (the same fragments should be present) but with only a single band
appearing in each lane. This can then be used to screen the plasmids (to avoid the high
cost of the numerous sequencing reactions otherwise needed). An interesting by-product
of this is that by using the sample run in original DGGE experiment as a reference (GCclamped fragments amplified from the DNA extract, Figure 7.10) it is possible to
compare the multiple bands amplified from the DNA extract with the each of the single
bands amplified from the purified plasmids. Alternatively, each band from the complex
DGGE sample can be excised from the gel, re-amplified with the primers GC347F and
519R and directly sequenced. These partial sequences can be compared with the
plasmid insert sequences and the bands assigned to a particular organism.

7.7: CONCLUSIONS

Two approaches to the isolation of new biocatalysts have been reported in this chapter.
One involves isolating bacteria using classical microbiological methods, and screening
them by using chromogenic substrates incorporated into solid media or assaying cell
extracts for the desired activity. The other approach involves the extraction of genomic
DNA from all organisms in a sample and amplification of the genes for useful enzymes.
This can be achieved by screening fragments with probes designed from conserved
sequences o f known homologues. The environment from which the DNA is taken
allows biocatalysts with certain properties to be obtained (i.e. salt tolerance, coldactivity, thermostability, etc.) but without the need or ability to isolate the host
organism. 16S rRNA sequencing provides a phylogenetic characterisation of the host of
the target activity in the absence of a pure culture.

The work presented in this chapter demonstrated both of these concepts. The
amplification of archaeal 16S rRNA genes from DNA extracted from two Antarctic
marine sponges is an example of the identification and phylogenetic characterisation of
uncultivated organisms. Organisms from a variety o f environments can be treated in a
similar way, and useful genes isolated for expression. The isolation of bacteria from a
sample of a meltwater pond on the McMurdo Ice Shelf, Antarctica, demonstrates the
258

preliminary stages of the traditional route for biocatalyst development. The organisms
were isolated, and screened for (3-galactosidase activity using the chromogen X-Gal. In
those colonies that were positive for this activity, it is now possible to obtain highdensity cultures from which the p-galactosidase can be purified. Its gene can then be
cloned and over-expression, ready for further study or application in a low temperature
biotransformation process. The search for new natural products (including enzymes) is
known as “bioprospecting”. While this is not a new concept, the molecular techniques
and apparatus for this endeavour are still evolving, and continue to grow in uptake.

The potential for finding biocatalysts from uncultivated organisms is immense due to
the prevalence of these organisms (-99% of existing species). Molecular techniques can
therefore be a powerful complement to the established microbiological techniques,
which will continue in their essential roles. However, the work presented in this chapter
shows that the unculturability of these organisms need not be a limiting factor in the
search for the new industrial and commercial biocatalysts that they may possess.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK
8 .1 : S u m m a r y

a n d c o n c l u s io n s

The experimental work performed in this project was presented in Chapters 4 to 7, each
chapter drawing conclusions relevant to that section of work. In this thesis, three themes
have been addressed by the experimental work presented:
•

The activity and stability of extremozymes in aqueous-organic media

•

Production of a thermophilic enzyme with potential in organic media catalysis

•

The isolation of useful genes from uncultivated extremophiles

Chapter 4 covered enzyme activity in AAA/OOO (i.e. aqueous/organic) media, using
citrate synthase from a psychrophile (DsCS), mesophile (pigCS), thermophile (TpCS),
extreme thermophile (ssCS), hyperthermophile (PfCS). The stability studies showed a
clear advantage of ssCS over pigCS in both DMSO and DMF, and showed a marked
differenc between the effects of the two solvents. DMSO appears to have some
stabilising properties, while DMF is clearly a denaturant. The activity work showed a
bias towards the thermophilic enzymes in activity terms in DMSO, presumably due to
the stabilising effects of this solvent, but the reverse was true in DMF. This latter case
showed that under denaturing conditions, the thermophilic enzymes had the higher
activities than the mesophilic enzyme pigCS (which had in turn, a much higher activity
than the psychrophilic DsCS). PfCS, the most thermophilic, had the highest activity.
This confirms, in the case of citrate synthase, that increased enzyme thermostability also
affords increased protection from the effects o f polar organic solvents.

The thesis then reported similar experiments with two enzymes from the halophilic
archaeon Haloferax volcanii, reported in Chapter 5. These halophilic enzymes, due to
their adaptation to a low-water environment, may be important as catalysts in organic
media. The activity of citrate synthase (hvCS) and dihydrolipoamide dehydrogenase
(hvDHlipDH) was studied in aqueous DMSO, where both enzymes showed similar
performance. These enzymes were less tolerant of the solvents than pigCS, the
mesophilic non-halophilic control. Replacing the 2M NaCl buffer with buffer
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containing lOOmM KC1 had little effect on the activity of hvCS in DMSO, but caused a
reduced tolerance of DMF. However, stability showed that hvCS was more stable in
DMSO then pigCS, and also in DMF below 20vol%. Above this concentration,
denaturation was rapid. These results show that these enzymes are still promising for
use in non-denaturing solvents (such as DMSO) due to their high stability, but further
work needs to be done with other organic solvent systems.

Chapter

6

reported the process for obtaining a biotechnologically useful [3-glycosidase

from extremophiles for use as a biotransformation catalyst in organic media. A reaction
scheme was proposed for the synthesis of glycosylated serine, a building block for the
preparation of glycopeptides. It was also proposed that an extremophilic protease could
be used to condense other amino acid residues onto the glycosylated serine to form the
glycopeptide, also in an organic solvent. Difficulties were encountered identifying a
suitable activity from extremely halophilic archaea. The enzyme was not isolated, and
promotes the need for further work on the enzymology of halophiles. Instead, a 0glycosidase was found in the thermoacidophilic archaeon Sulfolobus shibatae, and the
gene was cloned in order to over-express the enzyme in sufficient quantities for
application. The presence of a cloning restriction site in the gene required that a
mutagenesis round be performed in order to remove this obstacle in the cloning process.
The complex PCR reactions, however, demanded more time for optimisation than was
available to the project. Alternatives to the approach used were proposed to facilitate
any future cloning attempts.

Finally, the thesis reported the results of part of the project that involved the author
travelling to Antarctica to study the adaptations and diversity of the continent’s
microorganisms. The diversity of microbes is especially important - the majority of
microoranisms have not been cultivated in the laboratory, and represents a vast
untapped resource of biocatalysts. Chemical engineers are relying ever more on enzyme
technology, and if they are to find a biocatalyst with the right properties for a particular
process, the potential of this diversity cannot be overlooked. In this work, genes
encoding 16S rRNA were amplified from a total DNA extract using the Polymerase
Chain Reaction. This approach was used to demonstrate that it is possible to obtain any
gene (including genes for useful enzymes) in this way provided suitable primers can be
designed. Psychrophilic, moderately halophilic bacteria were isolated from a water
sample of an Antartic meltwater pond, and screened for |3-galactosidase activity, to
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demonstrate the conventional approach for obtaining biocatalysts. The relative merits of
both the microbiological and the molecular approaches were discussed.

The novel work presented in this thesis has tackled some of the important issues in
biocatalysis. The relationship between thermostability and solvent stability has been
explored and confirmed (in the case of the model enzyme, citrate synthase), a new
biotransformation process proposed, and the potential of microbiological and molecular
methods for isolating new biocatalysts has been explored. This thesis has shown that
extemozymes

have great potential for use in non-aqueous biocatalysis, and

extremophile biodiversity has the potential for providing chemical engineers with
biocatalysts for new biotransformation processes.

8.2 : F u t u r e

w ork

This section introduces experiments, approaches, and practical considerations that may
be used to address the lack of data available in certain areas o f biocatalysis in organic
media using enzymes from extremophiles. Section 8.2.1 looks at extremozymes and
their performance in organic media, Section 8.2.2 looks at the use of extremozymes in
biotransformations, and Section 8.2.3 looks at obtaining biocatalyst genes from
uncultivated extremophiles.

8.2.1: ENZYMES FROM EXTREMOPHILES AND THEIR USE IN ORGANIC MEDIA
The literature survey in Chapter 2 and the research reported in Chapter 4 highlight the
lack of available on the activity of thermophilic enzymes in organic media. There are
even fewer reports using enzymes from psychrophiles.

As described in Chapters 4 and 5, there is still much to be revealed about the interaction
of enzymes and polar organic solvents. A greater use of structural analysis would shed
light on the presence and extent o f denaturation in AAA/OOO media. In parallel to
activity and stability studies, structural changes may be monitored using, for example,
circular dichroism (CD). This is very effective for monitoring even small structural
changes, but was unavailable for this study. Issues such as pH in AAA/OOO media also
need to be tackled, with experiments performed at the same pH regardless of the solvent
concentration.
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The activity and stability studies presented in Chapters 4 and 5 may be refined by, for
example, assaying enzyme activity at more appropriate temperatures i.e. closer to their
temperature optima (therefore assaying enzynes with a similar degree of structural
flexibility). In the case of citrate synthase, the stability of the substrate oxaloacetic acid
is the limiting factor in the assay temperature. Coenzyme stability is also important.
Daniel and Cowan (2000) reported the stability of various coenzymes. NAD is almost
completely degraded after 1 hour at 95°C, but CoASH and Acetyl-CoA appear to be
unaffected.

To reduce the limitation of substrate stability, a new enzyme needs to be used. In
choosing a new enzyme, it may also be prudent to use an enzyme that has a practical use
as well as serving as a model for studying protein-solvent interactions. Hydrolytic
enzymes (this includes proteases and glycosidases) may be used, but some substrates for
these enzymes become more susceptible to hydrolysis at higher temperatures. This may
complicate any comparisons of enzymes (with the same type of activity) operating at
different temperatures. Polar solvents will reduce the water activity and make the
forward reaction less favourable. However, the effect of water activity on the
equilibrium position will be the same for any solvent with the same enzyme, so this can
be accounted for using aw instead as vol% solvent to express the water content o f the
reaction medium.

It may also be important, when extending the work reported in Chapter 4, to choose
enzymes solely from the archaea. Psychrophilic archaea have yet to be cultivated, and
the only mesophilic archaea known are methanogens. When making comparisons on the
structural effects of polar solvents on enzymes, it may be desirable to remove any
differences introduced by comparing enzymes from different domains. The work in
Chapter 4 did use enzymes with high structural homology, but the enzymes were
obtained from all of the three domains o f eubacteria (DsCS), eukarya (pigCS), and
arhcaea (TpCS, ssCS, and PfCS). There may be an opportunity to obtain a psychrophilic
enzyme from uncultivated archaea using molecular biology tools.

For example, Section 2.4.2 showed that extreme halophiles secrete amylolytic,
proteolytic, and lipolytic activity. The latter two activities may be especially useful in
organic media due to their low-water activity adaptation. Many enzymes with possible
roles in biotransformations have yet to be isolated from extreme halophiles, and their

performance examined in organic media. Section 2.4.2 also reported the use of
halophilic proteases in AAA/OOO media, but any work on their use in OhOO media
has not been published. The next section further discusses this issue.

8.2.2: E n z y m e s

f r o m e x t r e m o p h il e s as b io t r a n s f o r m a t io n c a t a l y s t s in o r g a n ic

MEDIA

Enzymes from extremophiles have often been stated in the literature as promising
biotransformation catalysts, but the literature survey of this thesis (Chapter 2) showed
that few reports describe such an application. For example, the halophilic proteases of
Halobacterium salinarium has been shown to have superior peptide synthetic capacity
than the mesophilic, non-halophilic Subtilisin Carlsberg (Section 2.4.2). While a peptide
synthetic report in the literature would not be significant, such a report with a halophilic
enzyme in organic media is highly publishable and would provide additional
information on the performance of these enzymes in organic media. These enzymes
may prove to be highly active on OhOO media when co-lyophilised with salt, and
addition of salt to a solvent, such as ethanol, would also improve the solubility of the
peptide product.

The |3-glycosidase of Sulfolobus solfataricus has also been used for biotransformations
(Moracci et al., 1994; Huneke et al., 2000) but data for thermophilic enzymes is still
scant. Outside the work reported in this thesis, there is little information on the activity
and stability of thermophilic enzymes in organic media. Activity and stability studies in
a variety of organic media, which a variety o f thermophilic enzymes, are needed to
address this issue.

Despite advances in enzyme technology, there is still much potential for “medium
engineering” i.e. improving the environment o f the enzyme to enhance catalysis in
organic media. The application of ionic liquids to biocatalsys is one advance that seems
to have many advantages over conventional solvents (non-toxic, low/zero vapour
pressure), and enzymes appear to be highly stable in such media (Section 2.2.5). A
biotransformation reaction could be enhanced by using this type of medium. Scale-up of
a organic medium biotransformation process also required suitable downstream
processing - alternatives need to be found to the HPLC steps typically used in smallscale experiments, and is one of many ways in which chemical engineering experience
ca be applied to a biocatalysis project. Another area with much potential for future work
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is in the way the enzymes are applied - PEG-modified enzymes, CLECs, and
biocatalytic plastics (Section 2.5.4) have already shown to be highly effective
preparations.

8.2.3: E n z y m e s

f r o m u n c u l t iv a t e d e x t r e m o p h il e s

Chapter 7 reported the potential of uncultivated extremophiles for providing chemical
engineers with new biocatalysts for large-scale processes. The next step would be to
select an appropriate biocatalyst and proceed with obtaining the genes from appropriate
samples containing uncultivated organisms. Firstly, the target activity needs to be
determined. Then, the global properties (thermophilic, psychrophilic, etc.) need to be set
so that suitable samples can be taken. However, both these features are critical to the
success of the project - the design of suitable PCR primers is reliant on there being a
number of sequences from similar enzymes in public databases.

To test this approach, an enzyme such as P-galactosidase may be sought in uncultivated
enzymes using the large numbers of available sequences in on-line databases. Since
many psychrophilic

enzymes

show

high

sequence

similarity to

thermophilic

counterparts, the sequences of thermophilic p-galactosidases may be incorporated into
the primer design approach if a psychrophilic enzyme is sought. Probes or gene product
activity screening may also be used to screen restriction digests o f crude DNA obtained
from environmental organisms. The fragment containing the target gene can then be
cloned and sequenced, and the gene isolated for expression. This approach has been
used in the industrial sector, with a thermophilic glycosidase library (“Clonezyme”)
from uncultivated thermophiles being marketed by Diversa (San Diego, CA, USA).

It appears that the isolation of an enzyme from an uncultivated extremophile, and its
subsequent use in biotransformations, has yet to appear in the literature.
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APPENDIX 1
PREPARATION OF E. COLI MOB 154 oCSEH19 BY TRANSFORMATION OF
COMPETENT CELLS AND VALIDATION OF THE INSERT BY RESTRICTION
DIGESTION.

A l.l: T r a n s f o r m a t i o n o f E.

c o l i MOB154

a n d i s o l a t i o n o f p l a s m id s

E. coli MOB 154 was cultivated in a orbital shaking incubator, using 10ml LB medium in a
50ml polypropylene tube at 37°C, 250rpm. The culture was removed from the incubator
when the A 6oo reached 0.3 and centrifuged at 3000rpm for 20 minutes. The supernatant was
discarded and the pellet was resuspended in 1ml 50mM CaCl2 . lOOpl aliquots o f the cell
suspension were transferred to sterile 1.5ml micro-centrifuge tubes, and kept in an ice bath
for 1 hour. The vector pCSEH19 (prepared in sterile water) was added to one aliquot of
cells (<10pl, volume not recorded) and another aliquot was left untreated as a control. The
cells were stored on ice for a further 30 minutes. The micro-centrifuge tubes were
immersed in a water bath at 42°C for 45 seconds to complete the transformation process.
To allow the transformants to express the (3-lactamase required for ampicillin resistance,
LB medium was added and the cells incubated for 1 hour at 37°C, before plating out onto
LB/Agar/Amp. This was cultivated overnight, and colonies sub-cultured onto another plate.
Polypropylene tubes containing 2ml LB/Amp were inoculated with single colonies of two
transformants (dentoed SI and SI), and cultivated overnight at 37°C, 18Qrpm. Plasmids
were isolated from 1.5ml aliquots of both cultures with a SNAP Mini-Prep kit (Invitrogen,
Carlsbad, CA, USA; Cat. No. K1900-01) used in accordance with the manufacturer’s
instructions.

A1.2: R e s t r i c t i o n d i g e s t i o n o f pCSEH19

The restriction enzyme
pCSEH19. Stock

E cori

E cori

(New England Biolabs) was used to digest the plasmid

was diluted ten-fold using lOx

E cori

remaining volume with sterile water. 6 pl of purified plasmid,

2 pi

buffer, making up the
lOx diluted

E c o r i,

and

5.5pl sterile water were mixed in a sterile 1.5ml micro-centrifuge tube, and incubated at
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37°C for 2 hours. Digested and undigested samples were electrophoresed alongside a lkb
ladder in 1% agarose with lx TAE.

A 1.3: R e s u l t s

and d is c u s s io n

The figure below shows the results of the electrophoresis in 1% agarose of the restriction
digests. A band relating to 3.8kb is desired, resulting from the 2.5kb vector and the 1.5kb
TpCS gene insert.
1

2

3

4

4072-

3.8kb

305420361636-

Figure A l.l: Agarose electrophoresis of uncut and Emm-digested samples of pCSEH19.
Lanes 1, 2, 3, and 4 refer to lkb ladder (with fragment sizes marked on the left), uncut SI
plasmid, cut S 1 plasmid, and cut S2 plasmid, respectively. The samples in lanes 2 and 3 are
unclear, but the single fragment of approx. 3.8kb in lane 4 shows that sample S2 had been
transformed with a plasmid of a size that corresponds to pCSEH19.

As a result of the agarose electrophoresis shown above in Figure A l.l, the sample denoted
S2 (lane 4 in Figure A l.l above) was selected as an authentic transformant of pCSEH19,
and was subcultured for future use.
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APPENDIX 2
CHEMICAL SYNTHESIS OF DIHYDROLIPOAMIDE AND CONFIRMATION OF ITS
STRUCTURE BY PROTON NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY.

A 2.1: I n t r o d u c t io n

Dihydrolipoamide is used as a substrate in assays of the enzyme dihydrolipoamide
dehydrogenase. It is not commercially available. Lipoamide was subjected to sodium
borohydride reduction to form dihydrolipoamide. The product was purified by
recrystallisation and its structure confirmed by proton nuclear magnetic resonance
spectroscopy. The synthesis protocol was based on that of Patel et al. (1995).

A 2.2: S y n t h e s is

The starting material was DL-6 ,8 -thioctic acid amide (Sigma, T5875, 99-100%), lipoamide.
A solution of 80vol% methanol in water was made, stored overnight at 4°C, and then
cooled on ice. 203mg lipoamide was dissolved in 5ml of the above solution in a 25ml glass
bottle (with a solvent-resistant screw cap) under agitation with a teflon-coated magnetic
stirrer bar, yielding a yellow solution. This was stirred at room temperature until all the
lipoamide had dissolved, then transferred to an ice bath. 205mg sodium borohydride
(Sigma S9125) was dissolved in 1ml ice-cold water. (Sodium borohydride can react
violently with water, so a small amount of the chilled water was added to a small aliquot of
borohydride to see the extent of any reaction - no effects were seen). The 205mg/ml
borohydride solution became slightly turbid, was transferred to an ice bath, and added to
the lipoamide solution as soon as possible. The bottle was put in an ice-filled beaker,
covered with a polystyrene box for insulation, and placed on a magnetic stirrer. The initial
yellow colour of the solution was seen to fade as the reaction proceeded. The reaction was
maintained on the stirrer for 1 hour. The bottle was kept in the ice bath for a further 15
minutes to complete the reaction, without agitation. Gas was produced during the reaction
(most likely to be hydrogen) and some pressure built up inside the bottle. A slight hiss was
heard upon opening the bottle. Any remaining borohydride was neutralised by acidification.
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1M HC1 was added drop-wise, and the solution fizzed profusely. The acid was added in this
fashion until the fizzing ceased. At this point, the solution was at approximately pH 2 as
measured using Whatman pH paper.

A 2 .3 : P r o d u c t

e x t r a c t io n , r e c r y s t a l l is a t io n , a n d r e c o v e r y

Extraction of the product with chloroform (Fisons, C/4920/08, >99%) was performed in a
50ml standard flask. Three extractions were performed, each with 10ml chloroform. In each
extraction, the 2-phase mixture was shaken for 30 seconds before decanting the chloroform
(lower phase). The chloroform fractions from each extraction were retained and pooled.
The aqueous phase was discarded. The chloroform was evaporated under reduced pressure
in a round-bottomed flask. The flask was immersed in an oil bath (at approx. 30°C) to
supply latent heat and the vacuum line passed through a liquid nitrogen cold trap. After
several minutes, only the solid product remained in the flask.

The recrystallisation process was performed with the assistance of T. Coombs (Department
of Chemistry, University of Bath), 10ml toluene (Aldrich) was added to the flask and the
solid was dissolved under heating with a hot air gun. This was continued until the solvent
began to boil. Some material did not dissolve, so another 10ml toluene was added. The
liquid was decanted, and hexane (Aldrich) was added until the solution became turbid. It
was then cooled on ice for several minutes. The product was recovered on a fritted glass
filter under suction from a water ejector. After the solvent had been removed, air continued
to be drawn over the product for several minutes to evaporate any remaining solvent. Some
of the solid left undissolved from the resuspension in toluene was re-dissolved in a fresh
aliquot of toluene, and recrystallised by simply adding to the remaining toluene/hexane
solution. A little precipitation was seen and very little additional material was recovered.
The entire sample of product was weighed and stored at -20°C in the presence of a silica
gel desiccant.

A 2 .4 : I d e n t if ic a t io n

of pro duct

Approximately 35mg of product was dissolved in an amount of deuterated chloroform
(CDCI3) in a thin-walled glass NMR tube, with lvol% tetramethyl silane (TMS) present as
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the internal standard. The product was subjected to one dimensional proton nuclear
magnetic resonance with a JEOL GX 270 spectrometer at 270.05 MHz, at the University of
Bath NMR service. A “deuterium shake” was also performed after the standard NMR run.
In this method, a drop of D 2O (2H20) is added after the normal NMR run, and the NMR
repeated. Any difference in the spectrum will therefore highlight the sites of H/D exchange
between the sample and D 2O, since the spectrum only registers *H. Peaks that have
diminished after the addition of the heavy water can be inferred to belong to moieties with
exchangeable protons (e.g. amino, imino, thiol, and hydroxyl groups), and assists the
interpretation of the spectrum.

A2.5: R e s u l t s a n d d i s c u s s i o n

Dihydrolipoamide was successfully synthesized from lipoamide using the protocol
described above. O.lg of product was obtained from an initial mass of 0.2g of lipoamide - a
50% yield if the product can be considered to be pure DHlip. This value encompasses the
yield of the reaction and the product recovery. The product took the form of a white
powder. The purity of the dihydrolipoamide was not measured, however.

The product was subjected to proton nuclear magnetic resonance in order to confirm the
formation of dihydrolipoamide. The spectrum was compared with that of DL-6-thioctic
amide (Pouchert & Campbell, 1974; Pouchert & Behnke, 1993), the starting material. The
NMR spectrum appears consistent with the formation o f dihydrolipoamide. The spectrum is
shown in Figure A2.1.

Measuring the purity of DHlip is facile process, and involves a similar method to the citrate
synthase assays. Jolley (1996) reported a spectrophotometric method for measuring the
purity of DHlip. 0.05mM DHlip can be complexed with DTNB at 0.2mM in a buffer of
20mM Tris-HCl, 2mM EDTA (pH 8). A pure sample of DHlip will register an absorbance
of 1.36 at 412nm. The results of such a purity measurement may determine that a further
purification process is needed. Patel et al. (1995) used HPLC, a process that may also be
subject to further optimization.
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Figure A2-1: *H-NMR spectrum of dihydrolipoamide as prepared by the sodium
borohydride reduction of lipoamide
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Table A2.1: Data reduction of the ^ -N M R spectrum of dihydrolipoamide

No.

ppm

int ( % )

Freq (Hz)

Position

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

7.26840
2.93312
2.76565
2.74599
2.73650
2.71616
2.70802
2.67954
2.65107
2.63073
2.27748
2.25036
2.22323
1.94796
1.92490
1.90795
1.89643
1.87948
1.86727
1.85032
1.81574
1.79608
1.78727
1.76150
1.75337
1.70997
1.67539
1.65980
1.64624
1.60081
1.54047
1.50792
1.48080
1.38588
1.35604
1.32689
1.32079
1.29231
0.21697
0.01220
0.00000
-0.01220
-0.22036

2.60775
0.30552
0.54383
0.40266
1.16529
0.82161
1.27213
1.08989
0.40777
0.25892
0.94524
2.39343
1.65584
0.27371
0.36666
0.33986
0.56764
0.53954
0.29162
0.27654
0.33456
0.34071
0.41145
0.48035
0.47073
1.58954
0.95454
0.91932
0.91126
0.54375
0.57373
0.70423
0.54823
1.28500
2.49262
1.30909
2.64852
2.56570
0.30018
3.24974
100.00000
2.87453
0.25183

1963.68
792.43
747.19
741.87
739.31
733.81
731.62
723.92
716.23
710.73
615.30
607.97
600.64
526.27
520.04
515.46
512.35
507.77
504.47
499.89
490.55
485.24
482.86
475.90
473.70
461.98
452.63
448.42
444.76
432.48
416.18
407.39
400.06
374.42
366.36
358.48
356.83
349.14
58.62
3.30
0.00
-3.30
-59.53

4782
11176
11423
11452
11466
11496
11508
11550
11592
11622
12143
12183
12223
12629
12663
12688
12705
12730
12748
12773
12824
12853
12866
12904
12916
12980
13031
13054
13074
13141
13230
13278
13318
13458
13502
13545
13554
13596
15182
15484
15502
15520
15827
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APPENDIX 3
PREPARATION OF THE AFFINITY CHROMATOGRAPHY MATRIX BACITRACINSEPHAROSE 4B

AND

ITS APPLICATION TO THE PURIFICATION OF A

HALOPHILIC SERINE PROTEASE. HALOLYSESf R4.

A 3.1: I n t r o d u c t io n

Bacitracin-Sepharose 4B is an affinity chromatography matrix for the selective adsorption
of serine, cysteine, aspartic, and metallo proteases. The immobilized ligand, bacitracin, is a
cyclic peptide antibiotic that reversibly inhibits such proteases. It is obtained from culture
supernatants of Bacillus licheniformis, and is widely used in medicine (as a topical
antibiotic) and food production (as an animal feed additive).

Bacitracin preparations are heterogeneous, comprising mainly of components A, B, and F.
Bacitracin F does not have anti-microbial activity and is unlikely to be a selective protease
inhibitor. Characterisation of the ligand is important, since changes in the bacitracin
preparation between batches (and suppliers) may influence the performance of BacitracinSepharose 4B in purifying proteases. Oka et al. (1989) described a method for the
separation of bacitracin into its constituent forms by RP-HPLC using a Cis column (free
from silanol groups). Using a 5pm, 150mm x 4.6mm (i.d) column, component separation
was achieved using a mobile phase of 6:4 (by volume) methanol :40mM di-sodium
hydrogen phosphate, at 1.3ml/min with detection at 234nm. Preparative HPLC was also
performed to provide samples of the purified bacitracin components for further analysis.

The preparation of Bacitracin-Sepharose 4B was filed as a patent by Stepanov &
Rudenskaya in 1977 (US Patent No. 4100028), and briefly mentioned the preparation of a
similar matrix using the ligand Gramicidin (an antibiotic peptide from Bacillus brevis). A
number of papers have reported successful application o f Bacitracin-Sepharose 4B
(Stepanov & Rudenskaya, 1983; Stepanov et al., 1992; Svendsen & Breddam, 1992; Irvine
etal., 1993; Griffen et al., 1997; Kulakova e ta i, 1999).
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A3.2: M a t r i x p r e p a r a t i o n

The method for the preparation of Bacitracin-Sepharose 4B is based on that reported by
Stepanov & Rudenskaya (1983).

A 3 .2 .1 : G el

sw elling

5g of lyophilised cyanogen bromide-activated matrix (Sigma, C9142) was added into a
30ml polypropylene tube. ImM HC1 was made by diluting stock 10M HC1 10-fold to give
1M, which was further diluted 1000-fold to give ImM HC1. 15mls of ImM HC1 was added
to the matrix. The suspension was mixed by repeated pipetting, using a 5ml Gilson pipettor.
The tube was placed on a rocking platform (Stuart Scientific, UK; model Str9) at 4°C for
30 minutes for the gel to swell (hydrate).

A 3 .2 .2 : L ig a n d

c o u plin g

A buffer of 0.1M NaHCC>3 containing 0.5M NaCl (pH 8.4) was prepared. Stepanov &
Rudenskaya (1983) used this buffer at pH 10, but the pH used in this protocol was reduced
to a value of 8.4 since the active groups on the matrix hydrolyse rapidly at high pH. 0.5g of
bacitracin (Sigma B0125, 66,000 Units/g) was dissolved in 25ml of the above buffer to
form the coupling solution. More bacitracin was present than that derived from the
bacitracin/gel mass ratio of Stepanov & Rudenskaya (1983), since a high binding efficiency
was desired. The fully swollen matrix was filtered on a fritted glass filter under reduced
pressure, and washed with water. It was washed with the above buffer and transferred to a
30ml polypropylene tube containing the coupling solution. The screw-capped tube was
sealed with parafilm, and put on an end-over-end mixer (Stuart Scientific, UK; model Str4)
for 17.5 hours at room temperature.

The coupling reaction was terminated - the matrix/coupling solution slurry was poured
onto the fritted glass filter, and the liquid removed under reduced pressure. The filtrate was
clear, but the final few milliliters removed had the same colouration of the coupling
solution. The remaining matrix was also pale yellow in colour. The matrix was washed by
adding 50ml buffer (0.1M NaHCC>3 containing 0.5M NaCl, pH 8.4) on the fritted glass
filter, with continuous removal of liquid under reduced pressure. The gel retained its pale
yellow colour.
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A 3.2.3: B lo ck ing

Stepanov & Rudenskaya (1983) used 1M ethanolamine to block any binding sites
remaining on the matrix. Ethanolamine was not available so 0.2M glycine (Sigma G8898,
99+%) set to pH 8 was used, as suggested in the Sigma Product Information Sheet for the
activated matrix. This was performed for 2 hours in a volume of 15ml using an end-overend mixer at room temperature.

A 3.2.4: W a sh in g

a n d sto r a g e

After the blocking step, the gel was washed with a buffer o f high pH followed by a wash
with a low pH buffer (see below for buffer compositions). This cycle was performed once
with 10ml of each buffer, and then a further three times with 5ml of each buffer.
high pH buffer: 0.1M NaHC03, 0.5M NaCl (pH 8.4)
low pH buffer: 0.1M sodium acetate (BDH 10236, 99%), 0.5M NaCl (pH 4)

The Bacitracin-Sepharose 4B was finally washed with 1M NaCl containing 0.066% sodium
azide (Sigma S2002), pH 7.2, for storage at 4°C.

A 3.3:

P u r ific a t io n

of

th e

p r o te a s e H a lo ly s in

R4

fr o m

th e

e x tr e m e ly

h a lo p h ilic A r c h a e o n H a lo fe r a x m e d ite r r a n e i

A3.3.1: G row th o f H a l o f e r a x m e d ite r r a n e i
One litre of growth medium was prepared according to Stepanov et al. (1992). The
componts are listed as follows (the mass of each component is given in grams added per
litre): peptone 5, yeast extract 2.5, NaCl 250, KC1 2, M gS04 anhydr. 10, Na-citrate 2. The
pH was set to 7.2. Five 10ml inocula were prepared from the above medium, and the
remainder was divided equally between five shake flasks, and sterilized by autoclaving for
20 minutes at 121°C (14.7psig). The inocula were cultivated for 3 days at 37°C, 200 rpm.
5ml of each inoculum was transferred to each shake flask to inoculate with Hf
mediterranei. These cultures were kept at 37°C, 200 rpm, for 4 days.

The cultures were pooled and centrifuged at 7000 rpm for 20 minutes in a Sorvall RC5B
centrifuge with a GSA rotor. The supernatant was retained, for ultrafiltration prior to
purification. It was stored at 4°C.
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A3.3.2: S a m p l e

pr epa r a t io n

For preliminary experiments, the protease activity was concentrated by ultrafiltration using
an Amicon stirred cell system, with a 3kDa MWCO membrane (Filtron, Cat. No.
OMOO3062, 62mm diameter). 180ml culture supernatant was applied to the stirred cell,
and the system pressurized to 50 psig using nitrogen from a cylinder. 150ml of a clear
permeate (faint yellow colour) and 50ml of turbid retentate were collected. This resulted in
a 5-fold concentration of the Halolysin in the culture supernatant. NaCl was added to
saturate the retentate. The experiment reported here, however, involved applying the
untreated culture supernatant directly to the column.

A 3 .3 .3 : P u r ifica tio n

u s in g

B a c itr a cin -S e ph a r o se 4B

A Pharmacia XK16 column was packed (using two adapters) with Bacitracin-Sepharose 4B
to form a bed of 100 x 16 mm (height x diameter). The column was used with a BioRad
BioLogic chromatography system.

The running buffer was 50mM Tris (pH 8) containing 4.5M NaCl. 300ml was passed
through the column at 1 ml/min for equilibration. 150ml culture supernatant was applied to
the column. The column was washed with 500ml of running buffer, before eluting the
enzyme with 100ml elution buffer (50mM Tris, pH 8, containing 4.5M NaCl and 10vol%
ethanol) at 1.2ml/min.

A 3 .3 .4 : H a l o l y sin

a c t iv it y a s s a y

Halolysin R4 was assayed using the substrate A-succ-Ala-Ala-Pro-Phe-p-nitroanilide.
Hydrolysis of the substrate was followed at 410nm. A stock solution was prepared by
dissolving 1.9mg substrate in 1.9ml DMF, giving a concentration o f 1.6mM. 50pl of this
was added to the 1ml enzyme assay (final volume), giving a final concentration of 80pM in
the cuvette. The assay buffer used was the same as the column running buffer as described
in the previous section. The assay consisted 850pl assay buffer,

IOO jliI

halolysin (culture

supernatant or active column fraction), and 50jal substrate. Assays were performed at room
temperature (20-25°C), for this preliminary study, but would normally be assayed at 30°C.
A linear increase in absorbance was seen over the period of the assay (2 minutes).
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A 3.4: R e s u l t s

a n d d is c u s s io n

The elution of the bound enzyme resulted in a single small peak exhibiting proteolytic
activity. The activity of around 5mU/ml of the peak fraction (No. 33) was around a third of
the activity of the halolysin sample added to the column (17mU/mlenzyme)- This shows that
there is a need to optimize the culture conditions for protease production and to optimize
the purification process. Nonetheless, since a single peak was eluted from the column, it is
expected that this peak is Halolysin R4 due to the specificity of this column for proteases.
Unexpectedly, the enzyme eluted with the breakthrough of the elution buffer (containing
ethanol). The ethanol induces conformational changes that unbind the immobilized
inhibitor from the enzyme’s active site. Previous work reported by Stepanov et al. (1992)
found the halolysin to elute after at after a certain volume o f elution buffer had passed
through the column. However, it is possible that this may result from the use of differing
preparations of bacitracin as the immobilized ligand.
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APPENDIX 4
PARTIAL mRNA

SEQUENCE FOR A

PUTATIVE

B-GLYCOSIDASE FROM

SULFOLOBUS SH1BATAE.

The sequence given below was obtained from the NCBI Nucleotide database (GenBank) at
http://www.ncbi.nlm.nih.gov

under

the

accession

number

L47841.

The

regions

incorporated into PCR primers have been underlined. The ATG and TAG codons (start and
stop, respectively) are shown in bold type, and regions engineered to incorporate or remove
restriction sites have been double-underlined.

aa/gct/taa/ata/ata/ctg/aac/gta/agt/aaa/qtc/atq/tat/tca/ttt/cca/aaa
/aac/ttt/agg/ttc/ggt/tgg/tcg/caa/gct/gga/ttt/caa/tcc/gaa/atg/ggt/a
ca/cca/gga/tca/gaa/gat/cca/aat/acg/gac/tgg/tat/aaa/tgg/gtg/cac/gat
/cca/gaa/aat/ata/tca/gca/gga/tta/gta/agc/gga/gat/ctt/cca/gaa/aac/g
ga/cca/gga/tac/tgg/gga/aac/tac/aag/aca/ttc/cac/gac/aat/gca/caa/aaa
/atg/gga/tta/aaa/ata/gct/aga/cta/aat/gtt/gaa/tgg/tcc/aga/ata/ttt/c
ca/aac/caa/cta/cca/aaa/cca/caa/aac/ttt/gac/gat/tca/aaa/caa/gat/gtt
/aca/gag/gtt/gaa/ata/aac/caa/aac/gaa/cta/aga/aga/ctc/gac/gaa/cac/g
ca/aat/aaa/gat/gca/tta/aac/cac/tat/agg/gaa/ata/ttc/aag/gac/ttg/aaa
/agt/agg/gga/att/tat/ttc/ata/cta/aac/atg/tac/cat/tgg/ccc/ttg/ccc/t
tg/tgg/cta/cac/gac/cca/att/aga/gta/aga/aga/gga/gat/tta/agc/gga/cca
/acg/ggt/tgg/cta/agc/act/aga/aca/gtt/tac/gaa/ttc/gcc/aga/ttc/tca/g
cc/tac/ata/gcg/tgg/aaa/ttt/gac/gac/cta/gta/gac/gag/tac/tcg/aca/atg
/aac/gaa/cct/aat/gta/gtt/gga/ggt/tta/gga/tat/gtt/ggt/gtt/aag/tct/g
gt/ttc/cct/cca/gga/tat/cta/agc/ttt/gaa/ctt/tcc/aga/aag/gct/atg/tac
/aac/att/att/caa/gct/cat/gct/aga/qca/tat/qat/gga/ata/aag/agc/gtt/t
ct/aag/aag/cca/ata/ggt/ata/att/tac/gca/aat/tct/tca/ttc/caa/ccg/ttg
/acg/gag/aaa/gat/gtg/gag/gct/gtt/gaa/atg/gcc/gaa/tac/gat/aac/aga/t
gg/gcg/ttc/ttt/gat/gcc/ata/ata/agg/ggt/gag/att/atg/aga/ggg/agt/gag
/aag/gtt/gtg/agg/gat/gat/tta/agg/ggt/agg/tta/gac/tgg/att/ggt/gtt/a
at/tac/tac/act/agg/act/gta/gtt/aag/aag/act/gag/aag/gga/tac/act/agt
/cta/ggt/ggt/tat/ggt/cat/gga/tgt/gag/agg/aat/tca/gta/agc/tta/gca/g
gc/tta/cca/aca/agt/gac/ttt/ggg/tgg/gag/ttc/ttc/cca/gag/ggg/tta/tat
/gac/gtt/tta/act/aaa/tac/tgg/aat/agg/tat/cat/cta/tac/atg/tac/gtt/a
ca/gaa/aat/ggt/att/gct/gat/gat/gca/gat/tat/caa/aga/cct/tat/tat/ctg
/gtc/tct/cac/gtt/tat/caa/gtt/cat/agg/gca/ata/aat/agt/ggt/gct/gat/g
tt/aga/gga/tat/ttg/cac/tgg/tcc/tta/gcc/gat/aat/tac/gaa/tgg/gct/tca
/ggt/ttc/tcc/atg/agg/ttt/ggc/ttg/tta/aag/gtg/gat/tac/ggt/act/aaa/a
ga/ctg/tac/tgg/aga/cct/tca/gcc/ctt/gta/tat/agg/gaa/atc/gct/aca/aat
/ggt/gga/ata/act/gac/gag/ata/gag/cac/tta/aat/act/gta/cca/cct/ata/a
ga/cca/tta/aga/cac/tag/aca/ttt/tca/agt/ctc/aac/aca/cca/aaa/qcq/ttt
/tct/ttt/aac/ctc/acc/cta/acc/tca/t
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APPENDIX 5
IDENTIFICATION OF LACTATE DEHYDROGENASE ISOZYMES IN THE TISSUES
OF THE ANTARCTIC NOTOTHENIOID FISH, TREMATOMUS BERNACHII*

A 5 .1 : I n t r o d u c t io n

A5.1.1: T r e m a t o m u s b e r n a c c h ii
Trematomus bernacchii is a benthic notothenioid fish commonly found in the waters of the
McMurdo Sound. The seawater of the Sound has a constant temperature of -1.9°C, and as
such T. bernacchii - like many other Antarctic fish - employs antifreeze glycopeptides
(AFGPs) to inhibit freezing in its blood and tissues. The salinity of the blood of Antarctic
fish is sufficiently high to give a freezing point of -1.2°C, but is depressed to -2.2°C by the
AFGPs (Eastman, 1990). The absence of these glycopeptides in the urine of these fish
shows that their kidneys can retain them in the bloodstream to conserve energy. A feature
o f cold-adaptation in some fish, namely the icefishes (Channichthydae) is a lack of
haemoglobin. The increased oxygen solubility at these low temperatures is a factor in the
success of this adaptation. This property, however, is not shared by T. bernacchii.

An interesting feature of T. bernacchii is the lack of induction of heat shock proteins under
thermal stress (Somero et al., 1998). However, this fish does express chaperones, of the
HSP 70 family, constitutively (Carpenter & Hofmann, 2000). It must be remembered that
chaperones are part of the cellular machinery, essential for folding many important
proteins. Heat shock proteins or HSPs (often incorrectly referred to as chaperones) are
required for the refolding of proteins denatured under thermal stress, but it would appear
that living in such a constant-temperature environment has alleviated the need for such
protective measures.

* This work was performed in January 2000 at the Crary Science and Engineering Center located at the
McMurdo Station (Ross Island, Antarctica) as part of the National Science Foundation biology course (event
BO-301) entitled “Integrative Biology and Adaptations of Antarctic Marine Organisms”. The work was
performed during the “Constant Low Temperature” module of the course, and was supervised by Dr. Craig
Marshall (University of Otago, New Zealand).
279

Notothenoids are some of the most stenothermal fish known - a rise in water temperature to
6°C is lethal to T. bemacchii. This fish also lacks a swimbladder, and neutral buoyancy is
provided by reserves of lipids and a reduction in skeletal calcification, especially of the
spine (Eastman, 1990).

A 5 .1 .2: L a c ta te

d e h y d r o g e n a s e a n d cold a d a p t a t io n

Lactate dehydrogenase (EC 1.1.2.7) is a useful model enzyme in the study of coldadaptation, and catalyses the following reaction:

pyruvate + NADH <-> lactate + NAD + H+

A major issue in Antarctic biology is whether organisms have the same metabolic rates as
equivalent organisms living at higher temperatures. Do cold-adapted organisms compensate
for the low temperatures, or do they simply have lower respiration rates? In studies of LDH
and citrate synthase, there appears to be evidence of at least partial compensation in
Antarctic fish (Somero et al., 1998). Other ways of investigating this issue involve
measuring respiration, via the oxygen content of water in closed systems containing the
organism in question, which is only a practical method for small invertebrates.

LDH-A (muscle-type LDH) from Notothenioids has been found to undergo a sharp increase
in Km (pyruvate) above 0°C. This has also been found with pyruvate kinase from T.
bemacchii (Somero et al., 1998). With this information, and that some enzymes from
eurythermal organisms exhibit a more gentle increase in Km with temperature, it would
appear that the properties of individual enzymes reflect the fluctuations in environmental
conditions experienced by the whole organism (Somero et ah, 1990).

In this study, the number and distribution of LDH isozymes in the tissues of T. bemacchii
was determined in order to provide more information on the cold adaptation of LDH in
Antarctic fish. The total LDH activity in each organ was also determined.
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A5.2: M a t e r ia l s

and

A 5.2.1: P r epa r a t io n

M eth o ds

o f t issu e extracts

Specimens of Trematomus bemacchii were collected from McMurdo Sound, Antarctica, in
the vicinity of the McMurdo Station through holes in the ice using either hook-and-line or
baited fish traps. They were stored in an aquarium at the Crary Science and Engineering
Center, with a continuous flow of fresh seawater pumped directly from the Sound. There
was a small increase in the water temperature (not greater than 1°C) between the pipe inlet
at the McMurdo Station Jetty and the aquarium. A specimen was selected and sacrificed
with a blow to the back of the head. It was then dissected and the spleen, liver, heart, brain,
eyes, and white muscle transferred to small pre-weighed plastic trays. The lenses were
removed from the eyes during dissection, and the weights of the organs were recorded.

The organs were carefully sectioned using sterile scalpels to facilitate further dissociation.
Small conical PTFE-coated tissue homogenisers were used to grind up the organs directly
in 1.5ml micro-centrifuge tubes. For every gram of organ, 5ml 50mM sodium phosphate
buffer (pH 7 at 20-25°C) was added for LDH extraction. Complete Protease Inhibitor
Cocktail (Cat. No. 1 697 498; Boehringer Mannheim, Mannheim, Germany) was prepared
in accordance with the manufacturer’s instructions. 1725th of the sample volume was added
to the homogenate. From the moment of dissection, the organ samples and homogenates
were stored in an ice bath (but it must be remembered here that the temperature of the ice
bath is nearly 2°C higher than the organ temperatures in vivo). After homogenisation, 1ml
of homogenate was removed and centrifuged at 14,000 rpm in a microcentrifuge for 20
minutes. For the samples smaller than lml, the entire sample was centrifuged.

A5.2.2: L a c t a t e d e h y d r o g e n a se

assay

LDH was assayed according to Fleming (1999) at 340nm in 50mM sodium phosphate
buffer (pH 7), containing 0.2mM NADH and 2mM pyruvate. Stocks of lOmM NADH
(Sigma N8129) and lOOmM pyruvic acid (Sigma N8129) were prepared freshly in
phosphate buffer (see below) and stored on ice. Assays were performed at 10°C (temp, of
cuvette contents) by circulating 50vol% aqueous ethylene glycol from a heater/cooler
(Haake F3) through the jacketed spectrophotometer cell. (Note: while the Antarctic air is
quite dry, condensation on the cuvette can still be a problem. To stop this, dry air from a
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compressed air cylinder can be blown directly onto the cuvette). A Beckman DU7400 diode
array open beam spectrophotometer was used, using a deuterium (UV) lamp as the sole
light source for the assays. For purified LDH standards, lpl of a lOOOx dilution of stock
enzyme was used. The standards were: trout muscle LDH (Sigma L6383; type XXVII) at
6068U/ml, and rabbit muscle (Sigma L2500). The commercial trout muscle LDH
preparation was diluted 1000-fold into PBS containing 0.02vol% Tween 20. Pyruvate and
NADH solutions were added after the cuvette contents had reached 10°C, measured using a
thermocouple (immersed in the cuvette contents, but removed just before starting the
assay). Assays were initially performed using PBS, but the final assays were performed in
50mM sodium phosphate (pH 7 at 20-25°C). Assays were started by the addition of enzyme
using a glass analytical syringe (lOpl syringe, Hamilton; Reno, NV, USA), followed by
careful mixing with parafilm to avoid warming the contents noticeably. Absorbance at
340nm was monitored over a period up to four minutes, due to the low enzyme activities
observed in the tissue samples.

The extinction coefficient of NADH at 340nm (6.22 cm'1 mM'1) together with a dilution
factor (assay volume/enzyme volume) was used convert the raw data in A/min to U/ml,
where 1 Unit of LDH activity is defined as the liberation of lpmol of NAD per minute.
Activities in U/ml were converted into total activity (for the entire sample o f tissue
homogenate) and finally expressed as U/gram tissue. The specific activity relies only on the
mass of the organ before homogenization. The effectiveness of the extraction of soluble
protein from the organs during the homogenisation process was not studied.

A5.2.3: P o l y a c r y l a m id e G e l E lectroph oresis
Polyacrylamide gels were cast and run using the BioRad Mini Protean II system. SDSPAGE protocols and recipes reported by Sambrook et al. (1989) were followed. Gels of
6.25% acrylamide were used, with a thickness of 0.75mm and a 10-well comb. For native
gels, the same protocols were used, and modified simply by eliminating SDS from the
recipes. Samples were mixed with an equal volume of loading buffer (1ml glycerol,
0.315ml 1M Tris at pH 6.8, 5pl Tween 20, 3.68ml water, trace bromophenol blue).
Standard protocols for staining and destaining were also followed (ibid).
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A5.2.4: LDH ACTIVITY STAINING
A Lactate Dehydrogenase Isoenzymes kit (Sigma Diagnostics) was used according to the
manufacturer’s instructions. After staining, gels were stored at room temperature in native
PAGE destaining buffer (Sambrook et al, 1989) in the dark. Gels were photographed by
the author with the assistance of Lionel Camus (University of Plymouth, UK) using an
Olympus C-2000 digital camera, and stored electronically in the JPEG format.

A 5 .3 : R e s u l t s

A5.3.1: O r g a n

r ec o v e r y

The following organs were removed from the T. bemachii specimen (organ weights are
given in parentheses): Eyes (1.027g), Liver (1.648g), Spleen (0.624g), Heart (0.087g),
Brain (0.02lg), White muscle (1.499g).

A5.3.2: Q u a n t i f i c a t i o n o f LDH a c t i v i t y in T.

b e r n a c h ii

o rg an s

The results of the LDH assays of the organ homogenates is given in Table A5.1 below. The
data is organised in order of decreasing LDH activity:

Table A5.1: Specific activity of LDH in the organs of T. bemachii

Organ

Specific activity
U/g tissue

Muscle
Brain
Eyes
Heart
Spleen
Liver

6.77
5.69
1.77
1.34
0.22
0.16

The organs with the largest LDH activities are the white muscle and brain. Both have high
metabolic demands, which is presumably the reason for such high activity.
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A5.3.3: N a t i v e PAGE: s t a i n e d f o r t o t a l p r o t e i n
Figure A5.1 shows the results o f the electrophoresis o f LDH samples after staining with
Coomassie. The spleen sample appears to contain a lot o f protein, because o f
haemolysis o f the red blood cells. The rabbit and trout muscle samples consisted o f
highly active, purified protein and the protein levels are below the limit o f detection
with Coomassie.

1 2 3 4 5 6 7 8 9

10
Stacking
gel
Separating
gel

Figure A5.1: Coomassie-stained native PAGE o f organ homogenates.
The samples loaded to the gels (minus loading buffer) are as follows - Lane: 1) 5pi
rabbit muscle LDH (standard), 2) 5pl Trout muscle LDH (standard), 3) empty, 4) 5pi
heart, 5) 5pl brain, 6) 5pl liver, 7) 5pl eyes, 8) 5pl spleen, 9) 2.5pl white muscle, 10)
blank. The gel was run at 125V for 1 hour 30 minutes, then at 60V for 1 hour.

A5.3.4:

N

a t iv e

PAGE:

s t a in e d f o r

LDH

a c t iv it y

Figure A5.2 below shows the results o f an activity-stained native PAGE o f the LDH
samples. The sample containing LDH from the eyes (lane 7) can be seen to contain 5
five bands o f LDH activity, while all the other samples contain only one band. The
uppermost band in the eye sample has migrated the same distance in the gel as the
single bands from the other samples. Since native PAGE is sensitive to charge as well as
MW, it is possible to infer that this common band is the same isoform o f LDH.
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Figure A5.2: Activity stain o f LDH samples after native PAGE.
Lanes are as in Figure A5.1, except that no brain homogenate remained to be applied to
the gel and the lane was left blank. The rabbit muscle LDH is still in the stacking gel.
Run at 60V for 1 hour.

A 5.4: D is c u s s io n

and c o n c l u s io n s

Five iso forms o f LDH activity were found in eye tissue, whereas only one was found in
the other T. bemacchii organs analysed. The latter finding is consistent with Eastman
(1990), the selective pressure in the stenothermal environment o f McMurdo evolving
out a need for further isozymes. The presence o f another isozyme in the eyes (LDH-B or
LDH-C) would result in 5 isoforms, due to the different combinations o f the subunits o f
the two isozymes obtainable with a tetrameric enzyme. It is likely that the eyes have
retained this extra isozyme due to the lower selective pressure on the eyes (H. Boyle,
2000 - unpublished data), as a result o f life in deep water (often below ice cover) and
the presence o f a prolonged dark winter period.
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APPENDIX 6
FURTHER CHARACTERISATION OF THE MELTWATER PONDS AT BRATINA
ISLAND. McMURDO ICE SHELF. ANTARCTICA.

A 6 .1 : I n t r o d u c t io n

The ponds of the McMurdo Ice Shelf were introduced in Section 7.2.4 and the bacteria
isolated from the pond sediment sample were reported in Section 7.5. This section
describes the sampling site at Salt Pond, and gives the results of a small survey of the ponds
of the Bratina Island region.

A 6 .2 : B r a t in a I s l a n d

po n d sur v ey

Five ponds were visited during the field trip to Bratina Island, on an established pond
survey route. The survey was performed on 20th January 2000. The data reported here was
collected by several of the biology course participants, and collated by the author in the
field. The results of the pond survey are shown in Table A6.1 below. Pond temperatures
were taken using a thermocouple, pH was measured with a portable pH meter, and salinity
was measured with a reffactometer. The pond positions were determined using a Magellan
GPS (Global Positioning System) receiver.

Table A6.1: Physicochemical properties of meltwater ponds o f Bratina Island

Pond

Time

Latitude

Longitude

Salinity

Water temp.

(NZ)

S

E

ppt

°C

PH

Casten Pond

1200

78° 00.817”

165° 33.136”

0

0.90

10.10

Skua

1215

78° 00.807”

165° 33.087”

0

2.80

8.50

P70

1230

78° 00.888”

165° 33.160”

0

2.45

9.60

Salt

1300

78° 00.966”

165° 32.866”

50

2.92

8.86

Conophyton

n.m.

78° 00.870”

165° 32.689”

0

1.74

8.77
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Bratina Island was one of the study locations for the biology course, and as such all three
groups visited the site at different times to perform surveys. The total data collected by the
participants has been collated into a single table, and is shown in Table A6.2 below.

Table A6.2: Total physicochemical data for the ponds of Bratina Island, Antarctica,
collected during January 2000
Pond

Skua Sub pond
Cripple Creek
Cripple Creek
Orange
Maslin
P70
Login
Conphyton
Rotifer
Rot2
Casten
Skua
Guey
Brak
Salt

Duey

Date

Time

Latitude
S

Longitude Salinity Air temp. Water temp.
E
ppt
°C
°C

10/01/00
10/01/00
10/01/00
14/01/00
20/01/00
14/01/00
20/01/00
14/01/00
20/01/00
14/01/00
14/01/00
20/01/00
14/01/00
20/01/00
14/01/00
20/01/00
20/01/00
14/01/00
14/01/00
20/01/00
14/01/00
20/01/00
20/01/00
14/01/00

03:00
03:20
03:20
12:42
12:00
15:00
12:48
12:53
12:30
13:16
14:36

78° 0.812'
78° 0.888'
78° 0.888'
78° 0.84'

165° 32.985'
165° 32.608'
165° 32.608'
165° 33.401'

78° 0.839' 165° 33.401'
78° 0.888' 165° 33.160'

78° 0.87' 165° 32.659'
14:53
13:14
78° 0.817' 165° 33.136'
78° 0.807' 165° 33.087'
13:06 78° 0.839' 165° 33.401'

14:30 78° 1.017' 165° 32.853’

13:00 78° 0.862' 165° 33.393'
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0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
10
10
46
52
50

-5.00
1.50
-2.60

0.00
-4.50
1.70
-3.70
0.60

pH

7.60
7.13
7.13
4.80
1.15
5.30

10.46
9.33
9.33
9.91
9.88
9.60

5.22
2.45
5.55
6.35
1.74
5.35
2.04
6.46
0.90
2.80
5.20
5.18
2.00
7.00
2.62
2.92

10.02
9.60
9.18
9.39
8.77
9.84
9.95
9.57
10.10
8.50
9.86
10.09
10.04
9.31
9.27
8.86

A 6.3: V is u a l

c h a r a c t e r is a t io n o f t h e s a m p l in g s it e a t

Salt P o n d .

To form a visual record o f the sampling site from which several bacteria were isolated
(see Section 7.5), this section displays two photographs o f Salt Pond near Bratina
Island, Antarctica. Figure A6.1 below is a wide view o f the pond sampled in this study.
Figure A6.2 is a closer view o f the sampling point.

I

Figure A6.1: Wide-angle view o f Salt Pond.
The salt visible around the pond perimeter shows the previous pond levels. As seen in
this photograph, there is no ice present in the pond (unlike most o f the others visited
during the survey). The Transantarctic Mountains are just visible on the horizon, in this
northwest view. A meteorological station can also be seen extending just above the
horizon, right o f center (see map in Figure 7.18). Brack pond can be seen at far right.

The point o f intersection o f the two arrows shows the approximate sampling point,
located at pond edge.
(Photo credit: Dr. Deneb Karentz, University o f San Fransisco, USA)
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Figure A6.2: Closer view o f the sampling point at Salt Pond.
The white arrow shows the location at which the two samples were removed. The
photograph looks south-southwest. The author’s shadow is at bottom left. Note the
white salt covering the soil around the edge o f the pond.
(Photo credit: Gerard Sellek)
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APPENDIX 7
ABBREVIATIONS FOR NUCLEOTIDE DEGENRACY

A 7.1: I n t r o d u c t io n

Table A7.1 below gives the single letter abbreviations for nucleotide degeneracy, used
mainly in the sequences of primers for the polymerase chain reaction. Degenerate primers
consist of equimolar concentrations of primers with bases differing at certain positions.

Table A7.1: List of abbreviations for nucleotide degeneracy

R = A or G

Y = C or T

M = A or C

K = G orT

S = C or G

W = A o rT

H = A or C or T

B = C or G or T

V = A or C or G

D = A or G or T

N = A or C or G or T
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APPENDIX 8
SPONGE-ASSOCIATED ARCHAEA 16S rRNA SEQUENCES

A 8.1: I n t r o d u c t io n

This section gives the final sequences for the archaeal 16S rRNA sequences from the
sponges collected from McMurdo Sound, Antarctica. Each sequence was derived from two
sequencing reactions, with the reverse reaction sequence being reverse-complemented to
give the correct orientation.

The sequences for the following clones are reported here:
pSA121: uncultivated archaeon from Spaerotylus antarcticus
pSA124: uncultivated archaeon from Spaerotylus antarcticus
pSA125: uncultivated archaeon from Spaerotylus antarcticus
PSA324: uncultivated archaeon from Halicona dancoi
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pSA121 sequence: uncultivated archaeon from Svhaerotvlus antarcticus
TTCCGGTTGATCCCGCCGGACCTGACTGCTATCGGATTGATACTAAGCCATGCGAGTCA
TTGTAGCAATGCAAGGCAGACGGCTCAGTAACGCGTAGTCAACCTAACCTATGGACGGGA
ATAACCTCGGGAAACTGAGAATAATGCCCGATAGAACACTATACCTGGAATGGTTTGTGT
TCCAAATGATTTATCGCCGTAGGATGGGACTGCGGCCTATCAGTTTGTTGGTGAGGTAAT
GGCCCACCAAGACTATTACAGGTACGGGCTCTGAGAGGAGTAGCCCGGAGATGGGTACTG
AGACACGGACCTAGGCCCTATGGGGCGCACAGGCGAGAAAACTTTGCAATGTGCGAAAGC
ACGACAAGGTTAATCCGAATGGTTTGTGCTAACGAACCTTTTGTTAAGTCCTAGAAACAC
TTGACGAATAAGGGGGTGGGCAAGTTCTGGTGTCACCCGCCCGGGTAAACCACACCTAAA
GTGGTAGGATGATTATTGGCCTTAAAGCATCCGTACCCGGTTCTGTAAGTTTTCGGTTAA
ATCTGACGCTCAACGACAGGCTGCCGGAATACTGCAGAGCTAGGGAGTGGGAGAGGTAGA
CGGTACTCGGTAGGAAGGGGTAAAATCCTTTGATCTATCGATGACCACCTGTGGCGAAGG
CGGTCTACCAGAACACGTCCGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGGATTAG
ATACCCGGGTAGTCCCAGCTGTAAACTATGCAAACTCAGTGATGCATTGACTTATGGTCA
ATGCAGTGCTGCAGGGAAGCCGTTAAGTTTGCCGCCTGGGAAGTACGTACGCAAGTATGA
AACTTAAAGGAATTGGCGGGGGAGCACCACAAGGGGTGAAGCCTGCGGTTCAATTGGATT
CAACGCCGGA

pSA124 sequence: uncultivated archaeon from Sphaerotvlus antarcticus
TTCCGGTTGATCCCGCCGGACCTGACTGCTATCGGATTGATACTAAGCCATGCGAGTCAT
TGCAGCAATGCAAGGCAGACGGCTCAGTAACGCGTAGTCAACCTAACCTATGGACGGGAA
TAACCTCGGGAAACTGAGAATAATGCCCGATAGAACACTATACCTGGAATGGTTTGTGTT
CCAAATGATTTATCGCCGTAGGATGGGACTGCGGCCTATCAGTTTGTTGGTGAGGTAATG
GCCCACCAAGACTATTACAGGTACGGGCTCTGAGAGGAGTAGCCCGGAGATGGGTACTGA
GACACGGACCTAGGCCCTATGGGGCGCAGCAGGCGAGAAAACTTTGCAATGTGCGAAAGC
ACGACAAGGTTAATCCGAGTGGTTTGTGCTAAACGAACCTTTTGTTAGTCCTAGAAACAC
TGACGAATAAGGGGTGGGCAAGTTCTGGTGTCAGCCGCCGCGGTAAAAACCAGCACCTCA
AGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCGGCTCTGTAAGTTTTCGGTT
AAATCTGTACGCTCAACGTACAGGCTGCCGGGAATACTGCAGAGCTAGGGAGTGGGAGAG
GTAGACGGTACTCGGTAGGAAGGGGTAAAATCCTTTGATCTGTCGATGACCACCTGTGGC
GAAGGCGGTCTACCAGAACACGTCCGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG
ATTAGATACCCGGGTAGTCCCAGCTGTAAACTATGCAAACTCAGTGATGCATTGACTTAT
GGTCAATGCAGTGCTGCAGGGAAGCCGTTAAGTTTGCCGCCTGGGAAGTACGTACGCAAG
TATGAAACTTAAAGGAATTGGCGGGGGAGCACCACAAGGGGTGAAGCCTGCGGTTCAATT
GGAGCCAACGCCGGG
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pSA125 sequence: uncultivated archaeon from Sphaerotvlus antarcticus
TTCCGGTTGATCCCGCCGGACCTGACTGCTATCGGATTGATACTAAGCCATGCGAGTCAT
TGTAGCAATGCAAGGCAGACGGCTCAGTAACGCGTAGTCAACCTAACCTATGGACGGGAA
TAACCTCGGGAAACTGAGAATAATGCCCGATAGAACACTATACCTGGAATGGTTTGTGTT
CCAAATGATTTATCGCCGTAGGATGGGACTGCGGCCTATCAGTTTGTTGGTGAGGTAATG
GCCCACCAAGACTATTACAGGTACGGGCTCTGAGAGGAGTAGCCCGGAGATGGGTACTGA
GACACGGACCTGGGCCCTATGGGGCGCAGCAGGCGAGAAAACTTTGCAATGTGCGAAAGC
ACGACAAGGTTAATCCGAGTGGTTTGTGCTAAACGAACCTTTTGTTAGTCCTAGAAACAC
TGACGAATAANGGGTGGGCAAGTTCTGGTGTCAGCCCGNCGNGGTAAAACCAGCACCTCA
AGTGGTCANGATGATTATTGGGCCTAAAGCATCCGTAGCCGGCTCTGTAAGTTTTCGGTT
AAATCTGTACGCTCAACGTACAGGCTGCCGGGAATACTGCAGAGCTAGGGAGTGGGAGAG
GTAGACGGTACTCGGTAGGAAGGGGTAAAATCTTTTGATCTATCGATGACCACCTGTGGC
GAAGGCGGTCTACCAGAACACGTCCGACGGTGAGGGATGGAAGCTGGGGGAGCAAACCGG
ATTAGATACCCGGGTAGTCCCAGCTGTAAACTATGCAAACTCAGTGATGCATTGACTTAT
TGTCAATGCAGTGCTGCAGGGAAGCCGTTAAGTTTGCCGCCTGGGAAGTACGTACGCAAG
TATGAAACTTAAAGGAATTGGCGGGGGAGCACCACAAGGGGTGAAGCCTGCGGTTCAATT
GGAGTCAACGCCGGG

pSA324 sequence: uncultivated archaeon from Haliclona dancoi
TCAACGTACAGGCTGCCGGGGAATACTGCAGAGCTAGGGAGTGGGAGAGGTAGCGGTACT
CGGAAGGAAGGGGTAAAATCCTTTGATCTTTTGATGACCACCTGTGGCGAAGGCGGTCTA
CCAGAACACGTCCGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGGATTAGATACCCG
GGTAGTCCCAGCTGTAAACTATGCAAACTCAGTGATGCATTGACTTGTGGTCAATGCAGT
GCTGCAGGGAAGCCGTTAAGTTTGCCGCCTGGGAAGTACGTACGCAAGTATGAAACTTAA
AGGAATTGGCGGGGGAGCACCACAAGGGGTGAAGCCTGCGGTTCAATTGGATTCAACGCC
GGGA
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APPENDIX 9
TABULATED EXPERIMENTAL DATA AND WATER ACTIVITY MODEL

A 9 .1 : I n t r o d u c t io n

t o t a b l e s o f e x p e r im e n t a l d a t a

This section tabulates the raw data for all the figures presented in this thesis. This section
contains the tabulated experimental data for the experiments reported in Chapters 4 and 5.

This includes the data of the activity and stability of citrate synthase in AAA/OOO
including the data re-expressed in terms of water activity, the tryptophan fluorescence study
of psychrophilic citrate sythase in aqueous DMSO, the activity and stability of halophilic
citrate synthase in AAA/OOO media, and the activity of halophilic dihydrolipoamide
dehydrogenase in AAA/OOO media. Finally, the reconstruction of the water activity model
presented by Bell et al. (1997) and employed in Chapter 4 is shown.

In the data tables, “ nm “ refers to a data point that was not measured.
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Table A9.1: Activity of citrate synthase in AAA/OOO media

DMSO conc.
vol%

DsCS

enzyme activity %
ssCS
pigCS
TpCS

PfCS

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70

100.0
107.8
122.0
141.2
151.9
150.5
157.8
129.8
104.8
50.5
4.9
nm
nm
nm
nm

100.0
nm
88.7
nm
64.6
nm
37.3
nm
16.6
nm
0.0
nm
nm
nm
nm

100.0
nm
76.2
nm
50.0
nm
30.0
nm
16.6
nm
7.6
nm
4.9
nm
1.0

100.0
nm
66.6
nm
41.3
nm
21.9
nm
12.9
nm
4.9
nm
0.0
nm
nm

DMF conc.
vol%

DsCS

enzyme activity %
TpCS
ssCS
pigCS

PfCS

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70

100.0
76.4
21.2
3.4
2.5
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm

100.0
nm
84.9
nm
75.2
nm
32.3
nm
0.0
nm
nm
nm
nm
nm
nm

100.0
nm
80.1
nm
56.9
nm
31.6
nm
3.4
nm
nm
nm
nm
nm
nm

100.0
nm
103.6
nm
92.5
nm
39.9
nm
15.9
nm
18.1
nm
14.3
nm
3.8

Glycerol conc.
vol%

DsCS

enzyme activity %
pigCS
TpCS
ssCS

PfCS

0
10
20
30
40
50
60
70

100.0
91.8
91.8
86.1
82.2
57.2
37.9
16.4

100.0
91.3
63.4
41.7
24.3
7.8
4.0
0.0

100.0
71.4
46.0
30.1
16.9
9.2
5.3
4.0

100.0
69.4
49.0
29.8
16.7
10.3
5.1
3.3

100.0
nm
68.7
nm
40.8
nm
20.9
nm
9.1
nm
5.6
nm
1.8
nm
nm

100.0
nm
91.0
nm
68.3
nm
36.9
nm
12.0
nm
7.5
nm
5.2
nm
2.9

100.0
63.5
39.3
21.9
11.4
7.1
4.7
3.4
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Table A9.2: Raw data for the fluourescence study of DsCS in aqueous DMSO
DMSO conc.
vol%

DsCS activity
%

av. DsCS MEW
nm

0
5
10
15
20
25
30
35
40
45
50
60
70

100.0
107.8
122.0
141.2
151.9
150.5
157.8
129.8
104.8
50.5
4.9
nm
nm

327.5
nm
327.0
nm
327.0
nm
326.8
nm
326.5
nm
326.0
325.8
324.8

Denaturant conc.
M

Urea M EW
nm

GdnHCl MEW
nm

0
1
2
3
4
5
6
7

327.8
327.8
328.0
328.0
328.0
328.0
328.0
328.3

327.5
nm
346.5
nm
351.0
nm
351.0
nm

[SO conc.
vol%
0
10
20
30
40
50
60
70

L-Trp M EW
nm
327.5
328.5
350.5
350.0
348.8
349.5
347.5
346.5
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Table A9.3: Data for standard water activity graphs for DMSO and DMF
DMSO
Xw

®w

y=x

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.50

0.0000
0.0043
0.0087
0.0131
0.0176
0.0222
0.0268
0.0315
0.0363
0.0411
0.0460
0.0510
0.0560
0.0612
0.0664
0.0716
0.0770
0.0824
0.0880
0.0936
0.0993
0.1051
0.1110
0.1169
0.1230
0.1292
0.1354
0.1418
0.1483
0.1549
0.1616
0.1684
0.1753
0.1823
0.1895
0.1968
0.2042
0.2117
0.2194
0.2272
0.2352
0.2433
0.2515
0.2599
0.2684
0.2771
0.2860
0.2950
0.3042
0.3136
0.3232

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.50

DMSO continued
aw y=x
Xw

DMF
Xw

aw

y=x

0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.60
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.80
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.90
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1.00

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.50

0.0000
0.0160
0.0316
0.0470
0.0621
0.0768
0.0914
0.1056
0.1196
0.1333
0.1468
0.1601
0.1732
0.1860
0.1986
0.2111
0.2233
0.2353
0.2472
0.2589
0.2704
0.2817
0.2929
0.3040
0.3149
0.3256
0.3362
0.3467
0.3571
0.3673
0.3774
0.3874
0.3973
0.4071
0.4168
0.4264
0.4359
0.4454
0.4547
0.4640
0.4732
0.4823
0.4913
0.5003
0.5092
0.5181
0.5269
0.5357
0.5444
0.5530
0.5617

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.50

0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.60
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.80
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.90
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1.00

0.3329
0.3428
0.3529
0.3633
0.3738
0.3845
0.3954
0.4066
0.4179
0.4295
0.4413
0.4534
0.4657
0.4782
0.4910
0.5040
0.5173
0.5309
0.5447
0.5588
0.5731
0.5878
0.6027
0.6178
0.6332
0.6489
0.6649
0.6811
0.6975
0.7142
0.7311
0.7482
0.7654
0.7828
0.8003
0.8178
0.8353
0.8527
0.8700
0.8870
0.9036
0.9197
0.9351
0.9496
0.9630
0.9749
0.9850
0.9929
0.9981
1.0000
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DMF continued
xw
aw y=x
0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.60
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.80
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.90
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1.00

0.5703
0.5788
0.5873
0.5958
0.6043
0.6127
0.6211
0.6295
0.6379
0.6463
0.6546
0.6630
0.6713
0.6797
0.6880
0.6964
0.7047
0.7131
0.7215
0.7299
0.7383
0.7467
0.7551
0.7636
0.7721
0.7806
0.7891
0.7977
0.8063
0.8150
0.8237
0.8324
0.8412
0.8501
0.8589
0.8679
0.8769
0.8859
0.8950
0.9042
0.9134
0.9227
0.9321
0.9416
0.9511
0.9607
0.9704
0.9802
0.9900
1.0000

0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.60
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.80
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.90
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1.00

Table A9.4: Citrate synthase data re-expressed in terms o f water activity
aw

1.000
0.988
0.997
0.987
0.975
0.972
0.961
0.951
0.946
0.924
0.913
0.892
0.873
0.854
0.824
0.812
0.764
0.713
0.686
0.597

enzyme activity %
DsCS/DMSO pigCS/DMSO TpCS/DMSO DsCS/DMF pigCS/DMF TpCS/DMF
100.0
76.4
nm
nm
21.2
nm
3.4
nm
2.5
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm

100.0
nm
nm
nm
84.9
nm
nm
nm
75.2
nm
32.3
nm
0.0
nm
nm
nm
nm
nm
nm
nm

aw TpCS/DMSO ssCS/DMSO
1.000
0.987
0.975
0.951
0.946
0.913
0.892
0.873
0.824
0.812
0.764
0.713
0.686
0.597
0.466

100.0
nm
91.0
nm
68.3
36.9
nm
12.0
7.5
nm
5.2
nm
2.9
nm
nm

100.0
nm
80.1
nm
56.9
31.6
nm
3.4
nm
nm
nm
nm
nm
nm
nm

100.0
nm
nm
nm
91.0
nm
nm
nm
68.3
nm
36.9
nm
12.0
nm
7.5
nm
5.2
nm
2.9
nm

100.0
nm
107.8
122.0
nm
141.2
nm
151.9
nm
150.5
nm
157.8
nm
129.8
nm
104.8
50.5
4.9
nm
nm

100.0
nm
nm
88.7
nm
nm
nm
64.6
nm
nm
nm
37.3
nm
nm
nm
16.6
nm
0.0
nm
nm

100.0
nm
nm
68.7
nm
nm
nm
40.8
nm
nm
nm
20.9
nm
nm
nm
9.1
nm
5.6
nm
1.8

PfCS/DMSO TpCS/DMF ssCS/DMF PfCS/DMF
100.0
nm
103.6
nm
92.5
39.9
nm
15.9
18.1
nm
14.3
nm
3.8
nm
nm
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100.0
68.7
nm
40.8
nm
nm
20.9
nm
nm
9.1
nm
5.6
nm
1.8
nm

100.0
76.2
nm
50.0
nm
nm
30.0
nm
nm
16.6
nm
7.6
nm
4.9
1.0

100.0
66.6
nm
41.3
nm
nm
21.9
nm
nm
12.9
nm
4.9
nm
0.0
nm

Table A9.5: Other effects on the activity of citrate synthase in AAA/OOO media

The effect of polar solvents on medium pH
Solvent conc.
vol%

DMSO
PH

DMF
PH

Glycerol
PH

DMSO
pH dev.

DMF
pH dev.

Glycerol
pH dev.

0
10
20
30
40
50
60
70

7.00
7.05
7.10
7.20
7.30
7.60
7.85
8.20

7.00
7.05
7.05
7.15
7.20
7.30
7.40
7.55

7.00
7.00
7.00
7.00
6.95
6.95
6.95
6.90

0.00
0.05
0.10
0.20
0.30
0.60
0.85
1.20

0.00
0.05
0.05
0.15
0.20
0.30
0.40
0.55

0.00
0.00
0.00
0.00
-0.05
-0.05
-0.05
-0.10

The effect of temperature on pigCS activity in aq. DMSO
DMSO conc.
vol%
0
10
20
30
40
50
60
70

pigCS activity %
20.5°C
30°C
100.0
99.0
87.7
54.5
35.2
18.9
3.5
0.0

100.0
88.7
64.6
37.3
16.6
0.0
nm
nm

The effect of purity on the activity of citrate synthase in AAA/OOO media
[SO conc.
vol%
0
10
20
30
40
50

[SO conc.
vol%
0
10
20
30
40
50
55
60

pigCS activity %
pure
impure
100.0
105.2
90.3
67.0
45.8
nm

100.0
88.7
64.6
37.3
16.6
0.0

ssCS activity %
pure
impure
100.0
76.0
48.4
29.2
13.3
9.0
nm
0.0

100.0
76.2
50.0
30.0
16.6
7.6
4.9
1.0
299

Table A9.6: Citrate svnthase stability in AAA/OOO media
DsCS activity %
Time (mins.) 0% DMSO 10vol% DMSO 20vol% DMSO 30vol% DMSO
0
3
5
10
15
20
30
40
50
60

100.0
93.6
98.0
99.0

nm

89.7
91.2
93.1
90.7
88.7
87.7
85.3
89.2
84.7

88.2

nm

nm
96.5
94.1
89.7

99.0
114.7
118.6
117.6
nm
105.8
nm
115.6
121.1
130.8

63.7
61.2
60.3
58.3
60.3
72.5

nm
103.0

nm
nm

pigCS activity %
Time (mins.) 0% DMSO 10vol% DMSO 20vol% DMSO 30vol% DI
0
3
5
10
15
20
30
35
40
51
60
63
65
73
130
240

100.0
83.6
82.2
82.2
nm
75.9
68.0

100.0
98.0
98.9
100.5

nm
nm
nm

91.3

nm

nm
86.0

nm
nm
nm

nm
nm
nm
nm

nm
87.8

nm

116.8
112.3
105.9
101.3
100.8
96.6
86.7

100.0

nm
nm
nm
87.2

nm

nm
nm
nm

88.3

86.2
77.6
73.0
nm

nm
nm

nm

77.5

74.9

70.3
68.5

88.8
87.3

nm
nm

nm
nm
nm

71.2

300

Table A9.6 continued

Time (mins.)

0 % DMF

0
3
4
5
7
10
13
16
18
20
23
23.5
25
28
30
31
32
45
46
56
60
61
66
76
80
120
130
150
240

100.0
83.6
nm
82.2
nm
82.2
nm
nm
nm
75.9
nm
nm
nm
nm
68.0
nm
nm
nm
nm
nm
71.2
nm
nm
nm
nm
nm
70.3
nm
68.5

pigCS activity %
10vol% DMF
20vol% DMF
108.2
110.4
nm
nm
109.0
101.3
nm
84.0
nm
nm
90.8
nm
nm
nm
nm
88.9
nm
nm
85.3
nm
nm
67.1
nm
nm
61.5
57.1
nm
50.2
nm

71.1
nm
72.5
nm
68.9
nm
64.8
nm
64.3
nm
nm
55.6
nm
58.4
nm
nm
50.7
34.6
nm
32.0
nm
nm
23.6
21.5
nm
nm
nm
nm
nm

30vol% DMF
33.2
nm
nm
nm
nm
12.4
nm
nm
nm
6.3
nm
nm
0.9
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm

ssCS activity %
Time (mins.) 0% DMSO 10vol% DMSO 20vol% DMSO 30vol% DMSO
0
3
5
8
10
12
13
15
20
30
32
40
45
50
55
60

100.0
88.8
85.6
nm
77.9
nm
nm
nm
76.8
76.8
nm
nm
73.6
nm
81.9
nm

107.9
105.6
nm
94.5
nm
95.4
nm
nm
94.0
96.8
nm
95.5
nm
98.7
nm
94.0

128.3
108.9
112.9
nm
nm
nm
121.4
nm
116.3
113.4
nm
116.7
nm
113.9
nm
120.4
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102.4
88.5
95.0
nm
98.6
nm
nm
94.5
89.3
nm
88.0
84.3
nm
81.6
nm
nm

Table A9.6 continued

Time (mins.)

0% DMF

0
3
3.5
5
7
8
10
10.5
11
15
16
17
20
21
22
30
33
40
45
50
55
60
62
70
78
80
100
111
120
125
180
210

100.0
88.8
nm
85.6
nm
nm
77.9
nm
nm
nm
nm
nm
76.8
nm
nm
76.8
nm
nm
73.6
nm
81.9
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm

ssCS activity %
10vol% DMF
20vol% DMF
125.0
nm
123.7
114.4
nm
119.0
116.7
nm
nm
nm
nm
118.6
116.7
nm
nm
116.3
nm
120.4
nm
124.2
nm
125.5
nm
nm
nm
131.1
nm
nm
nm
nm
nm
nm

140.8
144.5
nm
141.3
nm
nm
nm
141.8
nm
nm
nm
nm
nm
123.6
nm
124.2
nm
128.4
nm
123.6
nm
nm
116.3
nm
116.7
nm
111.6
nm
nm
nm
155.2
nm
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25vol% DMF

30vol% DMF

115.4
118.1
n
119.9
99.6
nm
nm
nm
106.5
nm
101.0
nm
100.5
nm
nm
nm
90.5
91.2
nm
89.4
nm
77.8
nm
81.5
nm
83.4
n
n
72.7
n
n
n

125.5
nm
nm
117.7
nm
nm
96.8
nm
nm
79.6
nm
nm
nm
nm
72.0
65.3
nm
59.8
nm
44.3
nm
nm
nm
37.1
nm
nm
nm
20.9
nm
18.5
nm
16.6

Table A9.7: Halophilic citrate svnthase activity in AAA/OOO media

hvCS activity in AAA/OOO media in 2M NaCl
DMSO conc. enzyme activity %
vol%
DHlipDH
hvCS
0
5
10
15
20
25
30
35
40

Solvent conc.
vol%
0
5
10
15
20
25
30
35
40

100.0
nm
78.3
nm
62.1
nm
44.5
nm
8.1

0.0
5.0
10.0
15.0
20.0
25.0
30.0

100.0
96.0
87.8
74.5
55.6
31.2
nm
10.7
0.0

hvCS activity
glycerol
DMSO
100.0
nm
93.5
nm
74.4
nm
43.3
nm
22.7

DMF conc. enzyme activity %
hvCS
vol%
DHlipDH

100.0
96.0
87.8
74.5
55.6
31.2
nm
10.7
0.0

100.0
84.5
38.0
29.6
18.2
nm
7.0

100.0
82.9
63.7
nm
15.8
nm
0.0

%

DMF
100.0
82.9
63.7
nm
15.8
nm
0.0
nm
nm

Effect of low salt on hvCS activity in AAA/OOO media

DMSO
0
5
10
15
20
25
30
35
40

hvCS activity %
lOOmM KCI 2MNaCl
100.0
100.0
97.5
96.0
77.3
87.8
nm
74.5
44.0
55.6
nm
31.2
17.4
nm
nm
10.7
4.5
0.0

DMF
0
5
10
15
20
25
30
35
40

3Q3

hvCS activity %
lOOmMKC 2MNaCl
100.0
100.0
94.5
82.9
32.2
63.7
4.4
nm
nm
15.8
nm
nm
0.0
nm
nm
nm
nm
nm

Table A9.8: Halophilic citrate synthase stability in AAA/OOO media

Time (mins.)
0
3
4.5
5
5.5
7
10
15
20
21
30
32
41
42
50
50.5
60
62
70
72
80
90
120
125
152
180
260

hvCS activity %
0% DMSO 10vol%DMSO 20vol% DMSO 30vol% DMSO
93.8
87.3
100.0
89.3
89.7
98.5
nm
82.2
93.4
nm
nm
nm
84.3
nm
nm
86.3
nm
91.4
nm
nm
nm
89.8
nm
nm
93.4
83.1
91.4
81.7
89.3
88.7
78.6
71.9
87.7
nm
92.4
77.1
78.1
nm
nm
nm
91.4
87.3
78.6
nm
75.0
nm
nm
nm
85.3
66.9
nm
nm
88.3
nm
nm
nm
85.8
75.1
70.0
nm
87.4
nm
nm
nm
88.3
62.9
86.2
nm
71.0
nm
nm
nm
nm
68.4
82.7
nm
99.5
nm
nm
60.7
100.5
70.0
62.5
82.7
90.9
84.3
68.4
55.4
nm
69.5
nm
nm
nm
81.8
nm
nm
nm
nm
57.2
nm
nm
82.2
nm
nm
nm
81.2
nm
nm
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Table A9.8 continued
hvC S a ctiv ity %

Time (mins.)
0
3
5
5.5
6
7
10
15
15.5
17
20
22
30
40
42
50
50.5
51
60
63
70
72
74
80
90
94
260

0 % DMF
100.0
98.5
nm
91.4
nm
nm
91.4
89.3
nm
nm
92.4
nm
91.4
nm
88.3
nm
87.4
nm
88.3
nm
nm
99.5
100.5
90.9
nm
nm

10vol% DMF
86.3
85.8
nm
nm
85.3
nm
83.7
82.2
nm
nm
82.7
nm
79.6
79.1
nm
nm
nm
77.6
nm
78.1
nm
nm
78.1
nm
nm
76.6
81.2
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20vol% DMF
93.9
94.4
nm
nm
nm
89.2
87.2
nm
nm
76.6
nm
77.5
75.6
73.6
nm
70.5
nm
nm
65.9
nm
66.5
nm
nm
nm
62.4
nm
nm

25vol% DMF
82.7
nm
27.3
nm
nm
nm
nm
nm
3.1
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm

30vol% DMF
68.0
19.8
0.0
nm
nm
nm
nm
0.0
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm
nm

Table A9.9: Comparison of thermophilic citrate synthase activity data
with Khan et al. f200Ch in AAA/OOO media

DMSO cone
enzyme activity %
voI%
aminopeptidase TpCS
ssCS
0
5
10
20
30
40
50
60
70

100.0
nm
76.2
50.0
30.0
16.6
7.6
4.9
1.0

100.0
nm
66.6
41.3
21.9
12.9
4.9
0.0
nm

DMF conc.
enzyme activity %
voI%
aminopeptidase TpCS
ssCS

PfCS

0
5
10
20
30
40
50
60
70

100.0
72.0
55.0
34.0
20.0
16.0
nm
nm
nm

100.0
77.0
62.0
35.0
24.0
15.0
nm
nm
nm

100.0
nm
68.7
40.8
20.9
9.1
5.6
1.8
nm

PfCS

100.0
nm
91.0
68.3
36.9
12.0
7.5
5.2
2.9

m

100.0
nm
80.1
56.9
31.6
3.4
nm
nm
nm

100.0
nm
103.6
92.5
39.9
15.9
18.1
14.3
3.8

Table A9.10: Water activity model reconstructed from Bell et al. ("1997s)

Constants

Intermediate Wilson coefficients for solvent:

Vw

18.07

R

8.314

T

328

RT

2726.992

Solvent

Molar

Wilson

Intermediate

Volume

Coefficients

Wilson Coefficients

Vs

lws-lss

Isw-Iww

Lws

Lsw

DMF

77.43

-3042

4286

0.890

0.712

DMSO

71.3

1.78E+11

-1175

6.071

0.000

W ater

Water

Ideal
y=x lirn

The table below is the water activity model using the constants and the Intermediate Wilson Coefficients given above.
At

a solvent concentration in vol% can be input for conversion into water activity. A t" *** ”, the data for the

relationship between water mole fraction and water activity for DMF is shown
Solvent
W ater

Cone.
Y O l%

vf

mf

Solvent

Activity

mf
-In/

Lws/

Lsw/

Coefficient

mf

Activity

Cv

Qw

Xw

Xs

(Xw+LwsXs)

(Xw+LwsXs)

(LswXw+Xs)

8w

x.

*w

90

0.1

0.32

0.68

0.077

0.962

0.785

1.218

0.32

0.3928

0.32

#N/A

#N/A

0.00

1.00

0.117

1.000

0.712

1.499

0.00

0.000

0.00

0.05

0.95

0.110

0.994

0.722

1.445

1.00

0.072

0.05

0.10

0.90

0.104

0.988

0.733

1.396

2.00

0.140

0.10

0.15

0.85

0.098

0.982

0.744

1.350

3.00

0.203

0.15

0.20

0.80

0.092

0.976

0.756

1.308

4.00

0.262

0.20

0.25

0.75

0.086

0.970

0.767

1.269

5.00

0.317

0.25

0.30

0.70

0.080

0.964

0.779

1.233

6.00

0.370

0.30

0.35

0.65

0.074

0.959

0.792

1.200

7.00

0.420

0.35

0.40

0.60

0.068

0.953

0.805

1.170

8.00

0.468

0.40

0.45

0.55

0.062

0.947

0.818

1.143

9.00

0.514

0.45

0.50

0.50

0.057

0.942

0.832

1.118

10.00

0.559

0.50

0.55

0.45

0.051

0.936

0.846

1.096

11.00

0.603

0.55

0.60

0.40

0.045

0.931

0.861

1.076

12.00

0.645

0.60

0.65

0.35

0.039

0.926

0.876

1.058

13.00

0.688

0.65

0.70

0.30

0.034

0.920

0.892

1.043

14.00

0.730

0.70

0.75

0.25

0.028

0.915

0.908

1.030

15.00

0.773

0.75

0.80

0.20

0.022

0.910

0.925

1.019

16.00

0.816

0.80

0.85

0.15

0.017

0.905

0.943

1.011

17.00

0.859

0.85

0.90

0.10

0.011

0.900

0.961

1.005

18.00

0.904

0.90

0.95

0.05

0.006

0.895

0.980

1.001

19.00

0.951

0.95

1.00

0.00

0.000

0.890

1.000

1.000

20.00

1.000

1.00
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Table A 9 .ll: Sample purification table for recombinant
psvchrophilic and thermoophilic citrate synthase

Enzyme

rDsCS

rTpCS

rPfCS

Purification

CS
activity
U/ml

Total
protein
mg/ml

Specific
Activity
U/mg

Cell free extract
Dyematrex Gel Red A

0.867
0.355

7.750
0.045

Cell free extract
Heat treatment
Dyematrex Gel Red A

1.176
1.051
0.831

Cell free extract
Heat treatment
Dyematrex Gel Red A

9.592
9.004
0.116
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CS yield Purification factor
%

-fold

0.112
7.889

100
41

_

71

16.000
3.300
0.021

0.070
0.320
39.010

100
89
71

4
531

15.500
4.950
0.013

0.620
1.820
9.280

100
94
1

3
15

_
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