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Abstract

Integrase (IN) is the retroviral enzyme that is responsible
.for integrating the viral DNA into the hosts genome. 1IN
processes the viral DNA by cleaving two nucleotides from the
3' ends, then cleaving the host DNA and joining the viral
and host DNA. IN from Moloney murine leukaemia virus
(MoMLV) was expressed in E. coli using two different
expression systems and characterized in several in vitro
assays.

The first expression system produced IN in insoluble
inclusion bodies. Denaturation and refolding trials were
carried out; soluble IN was produced by solubilization in 6
M guanidine and dialysis against decreasing concentrations
of urea. To aid in the identification of IN during these
trials, two synthetic peptides were synthesized and used to
produce immune sera.

The second expression system, as a fusion with maltose
binding protein (MBP), produced soluble fusion protein, but
IN precipitated out of solution when cleaved from MBP. The
hypothesis was put forward that the improper foliding of IN
is due to high proline content.

IN was tested in a variety of in vitro assays,
including a novel, continuous, direct kinetic assay. In
each case, IN was found to be inactive. In was also tested
for zinc affinity and found to bind zinc. Sensitivity to
oxidation and competition studies suggested that zinc is
binding to a zinc finger motif at the N-terminus of the

protein.
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Abbreviations

AIDS Acquired Immune Deficiency Syndrome

ALV Avian Leukosis Virus

AMV Avian Myeloblastosis Virus

BCIP 5-bromo-4-chloro-3-indolyl phosphate

BLV Bovine Leukaemia Virus

CA Capsid protein

CDM Counterion Distribution Monitoring

DEPC Diethyl pyrocarbonate

DMF Dimethyl formamide

DTPA diethylenetriaminepentaacetic acid

DTT Dithiothreitol

EDTA Diaminoethanetetra-acetic acid

EGTA Ethyleneglycobis(aminoethyl)-tetra-acetic acid
ELISA Enzyme Linked Immunosorbent Assay

HEPES 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
HIV Human Immunodeficiency Virus

HTLV Human T-cell Leukaemia Virus

IN Integrase

IPTG Isopropyl-B-D-thiogalactopyranoside

LTR Long Terminal Repeat

MA Matrix protein

MBP Maltose Binding Protein

MBP-IN Maltose Binding Protein-integrase fusion protein
MBS Maleimidobenzoic acid N-Hydrosysuccinimide ester
MLV Murine Leukaemia Virus

MoMLV Moloney Murine Leukaemia Virus

NBT Nitro Blue Tetrazolium

NC Nucleoprotein

PAGE Polyacrylamide Gel Electrophoresis

pbs primer binding site

PIPES Piperazine-1,4-bis(2-ethanesulfonic acid)

PNK Polynucleotide kinase

PP1 Peptidyl-prolyl-cis-trans-isomerase

RP-HPLC Reverse Phase-High Performance Liquid Chromatography

RSV Rous Sarcoma Virus



RT Reverse Transcriptase

SDS Sodium dodecyl (lauryl) sulfate

SIV Simian Immunodeficiency Virus

SPPS Solid Phase Peptide Synthesis

SU Receptor binding protein

B-ME B-mercaptoethanol

TCA Trichloroacetic acid

TEMED N,N,N',N'-tetramethyl-ethylenediamine
TFA Triflouroacetic acid

TM Transmembrane protein

Tris Tris(hydroxymethyl)aminomethane
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Chapter 1

1.0 Introduction

1.1 Retroviruses

The Retroviridae constitute a family of viruses with two
unique events in their replication cycle. The first is the
synthesis of a dsDNA copy of the ssRNA genome; the second is
the integration of that DNA into the host genome.
Retroviruses infect a wide variety of vertebrates.
Examples include the murine leukaemia viruses, avian
sarcoma/leukosis viruses, feline leukaemia viruses, human T-
cell lymphoma viruses and the human immunodeficiency viruses
types 1 and 2 (reviewed by Varmus and Brown, 1989; Coffin,

1990).

1.2 Classification and Pathology

Retroviruses are divided into three genera: oncovirinae,
lentivirinae and spumavirinae. Retroviruses can be described
by virion structure and assembly. Type A particles are
found only intracellularly, and are double shelled. Type B
are larger than Type A and doughnut shaped with surface
spikes. Type C are associated with budding at the cell's
plasma membrane. Type D are assembled intracellularly and
delivered to the plasma membrane (Rhee and Hunter, 1990)

having shorter spikes than Type B. Another method of



description is by overall genome organization and species of
origin giving seven major groups: avian leukosis-sarcoma,
mammalian type-C, type-B, type-D, HTLV-BLV, lentiviruses and
"foamy" viruses.

Retroviruses display a variety of pathological effects:
nonpathogenic, weakly oncogenic, highly oncogenic or
cytopathic (reviewed by Temin, 1988). The cytopathological
effects of proviral insertion depend upon the integration
site. The provirus can physically interrupt and inactivate
cellular genes, or the regulatory features of viral DNA may
alter the expression of neighbouring genes, or the provirus
~can recombine wifh a cellular gene that is implicated in
viral oncogenesis. Insertion of a provirus near cellular
oncogenes has been demonstrated by avian, murine and feline
retroviruses. Most retroviruses do not kill infected cells,

rather a growth advantage is conferred upon the cell.

1.3 Murine Leukaemia Viruses (MLV) and Moloney Murine

Leukaemia Virus (MoMLV)

The murine leukaemia viruses are divided into subgroups by
their host range determinants. Ecotropic viruses infect
only murine cells and include Moloney murine leukaemia virus
and Friend murine leukaemia virus. Amphotropic viruses also
infect murine cells but their range is extended and they can
infect cells from other species. Xenotropic viruses are
found in the germline of inbred mice but do not infect mouse

cells from these strains. A fourth class is the 10A1 virus,



which is a variant amphotropic virus with enhanced
Teukemogenicity and expanded host range from its amphotropic
parent.

The pathogenicity of MLVs are varied. AKV is non-
leukemogenic, SL3-3, MoMLV and MCF's cause T-cell lymphomas,
while Friend MLV is erythroleukemogenic.

MoMLV was first described by Moloney (1960) after
recovery of the virus from a sarcoma. Since then, the
genome of MOMLV has been cloned and sequenced (Shinnick,
1981). MoMLV belongs to the Oncovirinae subfamily and is an
exogenous Mammalian Type-C virus.

Pathogenesis by MoMLV is a two step process with a
latency of several months. The first stage is a mild
splenomegaly and general haemetopoeitic hyperplasia. The
second stage is a secondary infection of hyperplastic
lymphoid stem cells followed by migration to the thymus. It
is the second event that results in site specific insertion
and activation of a cellular proto-oncogene (Cuypers et al.,
1984; Davis et al., 1987; Storch et al., 1985).
Leukemogenesis is associated with proviral amplification and
se1ection for cells containing multiple copies of the
proviral DNA (Tsichlis, 1987). The chromosomal integration
sites have been mapped by several groups with common sites
occurring. Tsichlis (1987) demonstrated 4 sites, MiIvi 1, 2
and 3 (Murine leukaemia integration) as well as c-Myc
(confirmed by Steffan, 1984). Integration at Pim-1
(Proviral integration site MLV), found by Cuypers et al.

(1984) is accompanied by transcriptional activation of



neighboring host sequences. Recent evidence by Makris et
al. (1993) indicates that MoMLV may pick up a cellular

oncogene, recombine, and then integrate.

1.4 The Virus Particle

1.4.1 The Genome

The genome of MoMLV consists of an 8.3 kb plus-stranded RNA
with the usual retroviral sequence of coding regions: gag,
pol, and env (figure 1.1b). Some eukaryotic features are
present: the 5' end is capped, there is a poly-(A) tail at
the 3' end and some A residues are methylated. The genome
is diploid in that there are two copies, usually identical,
associated by hydrogen bonding in a parallel arrangement.
The reason for duplication is unknown, but it may allow for
recombination and repair (Coffin, 1990).

During reverse transcription the long terminal repeats
(LTRs) are created. The LTRs have a great effect on the
pathogenicity of the virus [reviewed by Fan (1990) and
Majors (1990)] as well as having all the control sequences
for the initiation of transcription and polyadenylation.

The LTR consists of three regions; U3, R, and U5. U3
(unique 3') contains the promoter for RNA polymerase II with
TATA and CAT boxes as well as a 75 bp enhancer. The enhancer
is implicated in determining viral pathogenicity, disease

specificity and latency period (Chatis, 1983; Golemis,



Figure 1.1a The Retrovirus Particle. A highly schematic
diagram of a typical retrovirus particle. The viral
proteins are described in detail in sections 1.4.2 and

1.4.3.

Figure 1.1b The MoMLV Genome. Schematic representation of
the organization of the viral genes. The genome is

described in detail in section 1.4.1.



J



1990). Six distinct nuclear factors have been identified
which bind to the enhancer (Speck and Baltimore, 1987). The
R (repeat) region is involved in mediating minus-strand
strong-stop DNA transfer during reverse transcription and
has been implicated in controlling LTR-driven expression.
The US (unique 5') region is essential for initiation of
reverse transcription and forming the att site which is
important in integration. Located 3' to the LTR are the
primer binding site (pbs) for the initiation of reverse
transcription, the donor splice site for the formation of
env mRNA, and the psi domain, a dimerization and packaging
signal that forms.a highly structured arrangement of stem
loops.

The gag, pol and env reading frames code for all the
viral proteins. The placement of the protease reading frame
is variable in retroviruses, found in gag in the avian type-

C viruses and in pol in MoMLV (Yoshinaka et al., 1985).

1.4.2 Capsid

The major capsid proteins are encoded by the gag region.

The gag reading frame is transiated as a po1yprotein
precursor, Pr65, and is cleaved by the viral protease during
~assembly to form the mature proteins: MA (p15), p12, CA
(p30), and NC (p10). NC is a basic phosphorylated protein
found in association with the genomic RNA. NC has well-
conserved Cys-His boxes resembling classical zinc fingers

(discussed in greater detail in Chapter 7) and may be



involved in specific recognition of RNA by positioning the
tRNA on the pbs (Prats et al., 1988; Housset et al., 1990)
and the non-specific function of coating the genomic RNA.
CA is hydrophobic and is the major structural and antigenic
cdmponent. CA has a putative nuclear targeting signal
(Nash, 1993) and functions in virion assembly. pi2's
function is not yet determined. MA is in close association
with the envelope, is myristylated at the N-terminus and
functions to stabilize the gag polyproteins during assembly
(Rhee and Hunter, 1990). The myristate is required for
membrane association of. Pr659a2a9 during assembly (Rein et
al., 1986).

The viral enzymes are also located within the capsid:
the protease (reviewed by Skalka, 1989) functioning in
cleavage of the polyprotein precursors, reverse
transcriptase, an RNA-dependent DNA polymerase that also
exhibits RNase H activity, and integrase, mediating the
insertion of the viral DNA into the host DNA. The viral
particle also contains host derived elements from random
packaging. Among these is the tRNApre that primes reverse

transcription.

1.4.3 Envelope

The envelope itself is derived from the host plasma membrane
during budding but is modified by viral envelope proteins.
SU, the receptor binding protein, is hydrophilic and

glycosylated and found on the surface of the particle. SU



is linked by disulphide bonds to TM, the transmembrane
protein. TM mediates fusion of the viral and host membranes
during entry into the cell [env proteins are reviewed by

Hunter and Swanstrom (1990) and by Daar and Ho (1990)].

1.5 Life Cycle

1.5.1 Early Events

-

Early events are defined as those reactions that occur up to
and including integration. These events depend upon

virally-encoded proteins (figure 1.2).

1.5.1.1 Receptor Binding and Entry

The first event in viral infection is binding of SU to a
specific host receptor. In the case of ecotropic MLVs, the
host receptor has been cloned (Albritton, 1989) and
identified as a cationic amino acid transporter (Kim et al.,
1991; Wang et al., 1991). Once bound to the receptor, the
viral envelope and cell membrane fuse and the virion core is

released into the cytoplasm.

1.5.1.2 Reverse Transcription

Reverse transcription [reviewed by Goff (1990) and Whitcomb
and Hughes (1992)] occurs in the cytoplasm and in

association with the nucleocapsid proteins. Transcription
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is primed by the host derived tRNAPre binding to the pbs and
proceeds in a 5' to 3' direction copying the 5' end of the
genomic RNA. When the growing chain reaches the end of the
template, the RNase H removes the hybridized RNA and the
DNA-primer complex jumps to the 3' end of the genome,
specifically to the R region. (The initial reverse
transcript is called strong-stop DNA.) Strong-stop DNA
transfer may either be inter or intra-strand (Hu and Temin,
1990). The DNA transcript then extends the full length of
the genome while most of the RNA is removed by the RNase H.
The first strand is now complete and is still attached to
the tRNA. Second strand synthesis is primed by a polypurine
tract, a fragment of the viral RNA. Synthesis continues
through U3, R, and U5 and eventually encounters the tRNA
which cannot be used as a template. The second jump then
occurs, this time to DNA. This reaction is only
intramolecular and obeys different rules from the first jump
(Hu and Temin, 1990). Completion of the second strand and
removal of the RNA primers complete the process.

Baltimore (1970) and Temin and Mizutani (1970)
independently were the first to demonstrate an RNA-dependent
DNA-polymerase activity associated with retrovirus
particles. There is recent evidence to suggest that reverse
transcription can occur in virions (Trono, 1992; Lori et
al., 1992) and that the reverse transcriptase may be active
in its polyprotein precursor form (Hizi and Hughes, 1988;

Peng et al., 1991).
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1.5.2 Late Events

Late events are defined as those occurring from
transcription to budding and maturation. These events

involve cellular enzymes (figure 1.3).

1.5.2.1 Transcription/Translation

The provirus is transcribed by cellular factors, producing a
full-length RNA species that is capped and polyadenylated.
How the level of mRNA expression is regulated is essentially
unknown, but it seems to occur in similar proportion across
the retroviruses. Some of the full-length mRNA is destined
to be packaged in new virus particles although a proportion
is spliced to form the env RNA.

Translation yields three polyprotein precursors:
Pr6beag, Pr2009ag-pol  and Pr80enrv. Gag and gag-pol are
translated from genomic-length RNA. Gag-pol expression is
appoximately 5-10% of gag and in the case of MoMLV is read
via an amber suppressor mutation and the insertion of a
glutamine (Yoshinaka et al., 1985). 1In other retroviruses
there is a -1 frameshift that breserves the reading frame.

A complex RNA pseudoknot structure mediates the read-through
(Feng et al., 1990; Wills et al., 1991; Felsenstein and
Goff, 1992). An 8 nucleotide purine-rich sequence 3' to the

pseudoknot is also important (Feng et al., 1992).
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1.5.2.2 Assembly, Budding, Maturation

Viral proteins and RNA assemble at the plasma membrane,
brought together by hydrophobic groups at the N-terminus of
the gag polyprotein. Once budding begins a crescent-shaped
core is visible on electron micrographs and this closes into
a circle once budding is complete. The virus is now in an
immature, uninfective stage. Maturation is caused by the
cleavage of the polyprotein precursors by the viral protease
which itself is autocatalytically cleaved from gag-pol,
accompanied by condensation of the core as seen on electron
micrographs (Yoshinaka and Luftig, 1978). Condensation is
associated with the disappearance of precursors and the
appearance of env proteins on the surface (Yoshinaka and
Luftig, 1977, 1978). Proteolytic cleavage is necessary to
form the infective virus (Katoh et al., 1985) (packaging is

reviewed by Linial and Miller, 1990).

1.6 Integration

Integration is an essential step in the life cycle of most
retroviruses (reviewed by Brown, 1990; Panganiban, 1990;
Ku]kosky'and Skalka, 1990; Goff, 1992; Whitcomb and Hughes,
1992). SIV does not require integration for infectivity
(Prakash et al., 1992), while the integration requirement
for HIV is less certain. Stevenson et al. (1990) report HIV
antigen production continues in the absence of integration

and that unintegrated viral DNA is transcriptionally active;
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however Adachi et al. (1991) and Sakai et al. (1993) report
the virus is uninfectious in the absence of integration.
Although integration into the host genome occurs in other
viruses (papova, adeno, hepadna and possibly herpes), it is
by illegitimate recombination, not the specific,
reproducible and precise mechanism by which retroviruses
integrate. Once integrated, the provirus is maintained in
dividing cells and is transmitted as an element of the host
genome. A working model of the integration reaction has
been developed from the results of in vitro assays. A
summary and 1illustration of the integration reaction is

presented in figure 1.4.

1.6.1 Structure of the Nucleoprotein Complex (NC)

The nucleoprotein complex consists of the viral DNA,
integrase and possibly, in the case of MoMLV, CA protein
(Bowerman et al., 1989) and RT linked by disulphide and non-
covalent interactions (Hu et al., 1986). HIV-1 may differ
in that only viral DNA and IN are detected with no evidence
for gag gene products or RT (Farnet and Haseltine, 1991a).
The structure of the unintegrated DNA is that expected from
the process of reverse transcription; however, two
nucleotides have been cleaved from the 3' ends (Fujiwara and
Mizuuchi, 1988; Brown et al., 1989). The nucleoprotein
complex is capable of integration in the absence of cellular

components and is necessary for integration as naked viral
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DNA transfects poorly (Brown et al., 1987; Bowerman et al.,

1989).

1.6.2 LTR Cleavage (3' Processing)

The viral LTR ends (att sites) are required in cis for
integration. The att site is processed by the removal of
two nucleotides from the 3' ends of the viral DNA (Dhar et
al., 1980; Brown et al., 1989; Roth et al., 1989; Ishimoto
et al., 1991). 1Initial reports suggested that only 1 bp was
lost from the ends of HIV-1 DNA (Varmus and Brown, 1989),
but subsequent sfudies established the loss of 2 bp (Pullen
and Champoux, 1990; Pauza, 1990; Kulkosky et al., 1990; Hong
et al., 1991). The endonuclease reaction is a site specific
hydrolysis by nucleophilic attack of a phosphodiester bond.
Alcohols can serve as the nucleophile for HIV (Engelman et
al.,1991; Vink et al., 1991a). There is no evidence for a
covalent linkage for HIV but AMV and RSV do form a covalent
linkage to the 5' ends of the DNA through serine or
threonine residues (Katzman et al., 1991). 'The two terminal
3' residues are removed as a dinucleotide (Fitzgerald et
al., 1991).

The viral ends form inverted repeats, which are a
perfect palindrome in the case of MoMLV and imperfect in the
case of HIV and avian viruses. Although the sequence of the
inverted repeats varies widely across the retroviruses, each
being virus specific, one feature is conserved: the sequence

of the provirus is almost always 5'TG...CA3' (Varmus, 1982).
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Many studies have defined the LTR sequence specificity and
length of sequence required for correct integration
(reviewed by Craigie, 1992). Colicelli and Goff (1985) and
Basu and Varmus (1990) established the conserved CA sequence
was more important than the identity of the terminal
nucleotides. 3' processing for MoMLV is determined by the
position of the CA, not by the distance from the LTR edge
(Colicelli and Goff, 1988). HIV-1 IN will cleave up to 5 bp
in mutant LTRs with additional nucleotides at the LTR ends
(Vink et al., 1991b). Cleavage appears to be directed by
sequences internal to the LTR end. For MoMLV 7 bp are
sufficient for cleavage (Murphy et al., 1993) and the
identity of bases 6 and 7 are most important for recognition
(Bushman and Craigie, 1990). Avian viruses, with imperfect
repeats at the LTR ends, have different requirements for
each end. U5 requires a longer recognition sequence than U3
(Cobrinik et al., 1987) with bases 3 and 4 most important
for recognition in both (Katzman et al., 1989; Cobrinik et
al., 1991). HIV, also with imperfect repeats, requires at
least 9 bp (Bushman and Craigie, 1991; LaFemina et al.,
1991; Sherman et al., 1992) with bases 3 and 6 important for
recognition (Bushman and Craigie, 1992). The efficiency of
3' processing differs for the avian viruses with U3 greater
than U5 for AMV (Vora et al., 1990; Fitzgerald et al., 1991)

and U5 greater than U3 for HIV (Bushman and Craigie, 1991).
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1.6.3 Entry into Nucleus

In order to gain access to the target DNA, the nucleoprotein
complex must enter the nucleus. The process by which this
occurs is poorly understood. Evidence from MoMLV suggests
that mitosis, with the breakdown of the nuclear membrane, is
required for integration (Roe et al., 1993). This study
established that integration does not occur when cells are
arrested at Gi1, S, and G2, integration occurred only after
metaphase. Li (1993) presents evidence that for HIV-1
integration only occurs during cell division. Evidence also
suggests that the nuc]eoprotein complex may be actively
transported to the nucleus independently of cell division
via a nuclear localization signal in the MA protein
(Bukrinsky et al 1993). However, there is no evidence that
MA is part of the nucleoprotein complex (Farnet and
Haseltine, 1991a). The possibility exists that the smalier
complex of HIV-1 may be small enough to be transported
through nuclear pores. One other observation, that of a
nuclear localization signal identified in ALV IN, provides a
third way of explaining entry (Lin and Grandgenett, 1991).
RSV IN expressed in mammalian cells localizes to the nucleus
(Mumm et al., 1992). Clearly, further study is needed to
resolve the question of how the nucleoprotein complex enters

the nucleus; it may prove to be virus specific.
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1.6.4 Integration Substrate

Once inside the nucleus the viral DNA takes one of three
forms: 1linear, 2-LTR circles, and 1-LTR circles. The
substrate for integration was originally thought to be the
2-LTR circle formed by the blunt-ended ligation of the ends
of viral DNA, i.e. with the 3' termini intact (Panganiban
and Temin, 1984; Grandgenett and Vora, 1985; Grandgenett et
al., 1986). The circle junction was subsequently shown not
to be an efficient substrate for cleavage (Fujiwara and
Mizuuchi, 1988; Brown et al., 1989; Ellis and Bernstein,
1989; Lobel et al., 1989) Thus it appears that the linear
DNA is the immediate precursor to integration. In studies
of HIV, 2 LTR circles were shown to result from blunt-ended
ligation or auto-integration events with cellular factors
required; 1 LTR circ1es'resu1t from recombination events
(Farnet and Haseltine, 1991b). As yet, the role of the

circular viral DNA is unknown.

1.6.5 Integration Site

There is little evidence to suggest sequence preferences at
the site of proviral integration, despite the observation
that many retroviruses preferentially integrate into
specific chromosomal locations (reviewed by Craigie, 1992).
Many studies have investigated the integration‘site
specificity in both in vitro and in vivo syétems. Pryciak

and co-workers (1992a, 1992b) compared integration sites of
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MOMLV in cell-free and in vivo assays, demonstrating viral
DNA could integrate into either naked DNA or nucleosomal DNA
but with a preference for nuclieosomal DNA. The sequence
preference was for AT rich regions, and a 10 bp periodic
spacing suggested integration into the exposed face of the
nucleosomal DNA helix. HIV and avian viruses also prefer

AT rich regions (Hong, 1993; Fitzgerald et al., 1992).

There is also considerable evidence that MoMLV
preferentially integrates into actively transcribing regions
(Vijaya et al., 1986; Rohdewohld et al., 1987; Mooslehner et

al., 1990; Scherdin et al., 1990)

1.6.6 Target Cleavage/Joining

The target DNA is cleaved in a 4 bp staggered cut for MoMLV
(Shoemaker et al., 1980; van Beveran, 1982), HIV has a 5 bp
cut (Ellison et al 1990; Vincent et al 1990) while the avian
retroviruses exhibit a 6 bp cleavage (Hughes et a’l., 1981);
cleavage was demonstrated to be IN specific not related to
nucleotide sequence (Vink et al., 1990). Following cleavage
of the target DNA the viral 3' ends are joined to the 5
target ends. This reaction is by a single nucleophilic
attack with transfer by a one-step transesterification
(Engelman et al., 1991) with no exogenous source of energy
required (Brown et al., 1990). Although AMV IN
preferentially binds to AT rich regions, GC rich regions are

prefered for the joining reaction (Grandgenett et al.,
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1993). Also for AMV 1IN, the U3 strand transfer efficiency

is greater than U5 (Fitzgerald et al., 1992).

1.6.7 Resolution/Repair

Resolution of the integration intermediate is probably
accomplished by cellular enzymes; there is no evidence to
suggest that IN mediates resolution. Repair of the gap is
accompanied by the loss of 2 nucleotides from the 5' viral
DNA, followed by filling in of the missing nucleotides and
leaving a characteristic direct repeat. The number of bases
in the direct repeat is virus specific and is associated
with the staggered cleavage; MOMLV leaves a 4 bp direct

repeat, HIV 5 bp, and ALV/AMV 6 bp.

1.6.8 Disintegration

Disintegration is the reverse reaction of strand transfer.
Given the integration intermediate as a substrate, IN
catalyzes a cleavage of the LTR-host junction producing 3'
recessed ends and ligates the target DNA. Both HIV-1 and
MoMLV IN catalyze disintegratidn in vitro (Chow et al.,
1992; Jonsson et al., 1993). The role of disintegration in

vivo has yet to be determined.
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1.7 Integrase

The retroviral integrase proteins share similar features,
some of which are also shared by the retrotransposon
integrases: the integrase coding region is located at the
3' portion of pol, all share a requirement for a divalent
cation, and the mechanism of integration is similar. A
comparison of 80 retroviral/retrotransposon IN sequences
reveals a conserved N-terminal zinc finger motif and a
central D,D(35)E region (Khan et al., 1991).
Characterization of the roles of these conserved domains has
been primarily with HIV-1, HIV-2 and avian INs and can be
generalized as follows: the zinc finger motif is involved
in binding to the LTR, 3' processing, and strand transfer
(Engelman and Craigie, 1992; van Gent et al., 1992; Leavitt
et al., 1993; Vincent et al., 1993) and the D,D(35)E region
is involved in 3' processing, strand transfer,
disintegration and functions as the catalytic centre (Khan
et al., 1991; Drelich et al., 1992; Engelman and Craigie,
1992; Kulkosky et al., 1992; LaFemina et al., 1992; van Gent
et al., 1992;_Bushman et al., 1993; Leavitt et al., 1993;
van Gent et al., 1993a, 1993b; Vink et al., 1993). DNA
binding is localized to the C-terminus of HIV-1 (Woerner and
Marcus-Sekura, 1993) and avian IN (Mumm and Grandgenett,
1991). A leucine zipper motif has also been identified for
RSV, HIV-1, and HIV-2 IN which may function as a
dimerization signal (Lin and Grandgenett, 1991). A

dimerization signal agrees with evidence that IN functions
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as a mulitimer; avian IN as a dimer or tetramer (Grandgenett
et al., 1978; Katz et al., 1992; Jones et al., 1992) and
HIV-1 as a dimer (Engelman et al., 1993; Vincent et al.,
1993). Integrase can cross-react with the DNA of another
virus, for instance HIV-1 and HIV-2 are interchangable (van
Gent et al., 1991) and MoMLV IN can act on HIV-1 DNA (Vink

et al., 1990).

1.7.1 MoMLV 1IN

MoMLV IN is a 46 kDa protein that is not phosphorylated
(Tanese et al., 1986). The divalent cation requirement is
for Mn2+ (Craigie et al., 1990). Whether or not Mg2* can
substitute has not been concliusively established. Craigie
and co-workers (1990) report that Mg2+ can substitute in
vitro in 3' processing but the reaction is less specific,
cleaving 2 or 3 nucleotides from the 3' end. Jonsson et al.
(1993) report no 3' processing or strand transfer with Mg2*
in vitro, while Ishimoto et al. (1991) report 3' processing
in the presence of Mg2* in vitro when the source of IN is
from disrupted virions. Reaction conditions have been
studied by Jonsson and co-workers (1993). The optimum Mn2+
concentration is 5 - 10 mM for 3' processing and strand
transfer. KC1 stimulates strand transfer, but NaCl inhibits
the reaction. DTT is required for strand transfer, B-ME
cannot substitute. For disintegration, the optimum Mn2+

concentration is 25 mM and B-ME can substitute for DTT.
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1.7.2 HIV IN

HIV IN is a 32 kDa protein, is not phosphorylated and shares
a 20% amino acid identity with MoMLV IN. Mn2* is required
for activity, but Ca2*+ and Mg2* can substitute (Billich et
al., 1992; Drelich et al., 1992). Reaction conditions are
different from those for MoMLV. KC1 inhibits 3' processing
and strand transfer and NaCl stimulates them (Craigie et
al., 1991; Engelman et al., 1991; Vink et al., 1991). DTT
is required for strand transfer, but B-ME can substitute

(Sherman and Fyfe, 1990).

1.7.3 Avian IN

Avian IN is a 32 kDa protein that is phosphorylated on a
serine residue at the C-terminus (Horton et al., 1988) but
phosphorylation is not necessary for IN activity in vitro
(Horton et al., 1991). The processing of the pol proteins
of avian retroviruses differs from MoMLV as RT is a
heterodimer of a and B polypeptides. 1IN is derived from the
C-terminal region of the B polypeptide with the C-terminal 4
kDa removed by the viral protease. The divalent cation
requirement has not been determined with certainty. Mn2*+ is
required for 3' processing, strand transfer is reduced in
the presence of Mg2*+ (Katzman et al., 1989) the specificity
of 3' processing is different for Mn2+ or Mg2+*, with 2
nucleotides cleaved with Mg2* and 2 or 3 with Mn2*+ (Katz et

al., 1990). Fitzgerald et al. (1992) report that the cation
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preference is dependent on the in vitro assay used. RSV IN
is the only IN demonstrated to be capable of multiple

turnover (Jones et al., 1992).

1.7.4 Retrotransposons

Retroviral integrases appear to have an evolutionary
relationship to the retrotransposons (Doolittle et al.,
1989; retrotransposons reviewed by Boeke, 1988; Boeke and
Chapman, 1991). Similarities exist in genomic structure,
Qrganization and proteins, although in terms of the
retrotransposon 1ife cycle, lack an extracellular phase.
The integration proteins have varying levels of sequence
homology; conserved regions include the zinc finger motif
and D,D(35)E region. The.integration reaction is also
similar. The integrase family (lambda integrase, FLP, and
Cre) attach to broken DNA through a 3' phosphodiester
linkage to tyrosine, and generate staggered breaks with 5'
protruding ends of 6-8 bp. The resolvase and invertase
family attach to broken DNA through a 5' phosphodiester
Tinkage to a serine, generate staggered breaks with 3'
protruding end of 2 bp. The integration mechanism of phage
Mu most closely resembles the retroviral integration

reaction (Mizuuchi and Craigie, 1986).
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1.8 Aims of Work

With the world-wide pandemic of HIV infection, significant
efforts are being made to discover anti-retroviral
chemotherapeutics. Integrase is a unique target for
antiviral chemotherapy as no cellular analogues of IN are
known. A throrough understanding of the enzyme is needed in
order to design specific inhibitors. At the outset of this
project, MoMLV had been the subject of many more years of
investigation than HIV. As a result, the IN protein from
MoMLV was better characterized and understood than IN from
HIV. MoMLV IN w%11 serve as a model for the study of HIV IN
and will complement work in this laboratory on the
expression and characterization of HIV IN.

Therefore, the aims of this work are to develop an
expression system for MoMLV IN in E. coli and demonstrate
activity of the recombinant IN in in vitro assays. A
kinetic assay for IN will be developed and then, using site-
directed mutagenesis, the active and catalytic residues of
IN will be investigated. The role of the zinc finger motif

will also be investigated.
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Chapter 2

This chapter describes the materials and methods that are

common to Chapters 3-7.

2.1 Materials

2.1.1 Bacterial Strains, Plasmids and Culture Material

The following bacterial strains were used and their

genotypes listed.

TG1- supE hsdA5 thia( lac-proAB) F'[traD36 proAB* lacIda JacZ
M15].
TB1- araa(lac proAB) rsplL(¢80 TacZaMi15) hsdR.
JM105- supE endA sbcB15 hsdR4 vpslL thid(lac-proAB) F'[ traD36
proABt lacla IécZAM15].
BL21(DE3)- hsdS gal(hAclts857 indl Sam7 nin5 TacUV5-T7 genel)
CAG629 was used with permission from CelliTech. The strain
was made by Dr C. Cross (University of Wisconsin, USA). The
genotype is unpublished but the parent strains are described
in Baker et al. (1984).

Plasmids pTZ19R and pRITS were from Pharmacia. Plasmid
pIF was the gift of Paul Krogstad and James Champoux
(University of Washington-éeattle, USA). The construction

of pIF is described in Krogstad and Champoux (1990). pMAL-c
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