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Abstract

Human immunodeficiency virus type-i (HIV-1) reverse
transcriptase (RT) is essential for the formation of the viral double-
stranded DNA genome from its RNA template. Blockage of this
catalytic function by reverse transcriptase inhibitors leads to
inhibition of viral replication. Although 3'-azido-3'-deoxythymidine
(AZT) is the most successful anti-viral drug to date. its prolonged use
results in the emergence of AZT-resistant viral isolates. Several
mutations are consistently found within the reverse transcriptase
gene of AZT-resistant viral isolates. Although it is generally accepted
that these mutations are responsible for the drug-resistance
phenotype, the exact mechanism by which this occurs is poorly
understood. For example, cloned viruses harboring these mutations
show resistance to AZT in tissue culture, yet recombinant HIV RTs
that contain these resistance-conferring “"mutations” do not show
increased inhibition constant (K;) values for AZT as compared to wild
type RTs.

By in vitro infection, polymerase chain reaction , and
reconstituted in vitro reverse transcription assays, we have
confirmed  previous  observations (Arts  1994c) that AZT
preferentially terminates HIV-1 nucleic acid elongation after the first
template switch. We have also shown that nucleoside analogues are
more  effective chain terminators in situations in which
deoxynucleotide triphosphate pools are limiting. Pre-treatment of

cells with AZT prior to infection had a stimulatory effect on



generation of viral DNA, but only in the case of AZT-resistant

variants and not wild-type strains of HIV-1.



Résumé

La transcriptase inverse (TT) du virus de I'immunodéficience humaine de type
1 (VIH-1) est essentielle 2 la formation du génome d’ADN viral double brin A partir
de sa matrice d’ARN. Le blocage de cette fonction, par des inhibiteurs de la TI,
mene a I’arrét de la réplication virale. Méme si le 3'-azido-3'-deoxythymidine (AZT)
est la drogue anti-virale 1a plus efficace jusqu'a maintenant, son usage prolongé
entraine 1'apparition de virus résistant & ’AZT. Plusieurs mutations sont
continuellement retrouvées dans le gene de la TI des différents virus résistants a
I'AZT. Méme s’il est généralement accepté que ces mutations sont responsables du
phénotype de résistance, le mécanisme précis par lequel cela se produit est peu
compris. Par exemple, des clones de virus ayant ces mutations sont résistants
I’AZT en culture de tissus. Cependant, les TI recombinées du VIH-1 contenant ces
mutations conférant la résistance ne présentent pas d’augmentation de la constante

d’inhibition (K)) de I’AZT comparées aux TI de type sauvage.

A T’aide d’infection in vitro, de réaction de polymérisation en chaine et de
réactions reconstituées de la TI in vitro, nous avons corroboré les observations
antérieures affirmant que ’AZT arréte préférentiellement 1'€longation de 1’acide
nucléique du VIH-1 aprds le premier changement de matrice (template switch). Nous
avons aussi démontré que les analogues nucléosidiques sont meilleurs pour arréter

1’élongation lorsque la concentration de déoxynucléotide triphosphate est limitée. Le
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pré-traitement des cellules avec 1I’AZT, avant I'infection, avait un effet stimulant sur
la production d’ADN viral, mais seulement pour les virus résistants a4 I’AZT et non

pour les souches sauvages du VIH-1.



Introduction
A, HIV-1 Life Cycle

The human immunodeficiency virus type-1 (HIV-1) infects and
destroys CD4+ cells of the immune system (Maddon 1986, McDougal
1986, Hwang 1991) inducing a slow degenerative disease known as
acquired immunodeficiency syndrome (AIDS). The virus has two
functionally active single stranded (ss) (+) RNA genomes that code for
O viral genes (gag, pol, env, vpr, vpu, vif, nef, rev, and tat). Upon
binding to the surface of an infected cell, the viral core is
endocytosed into the cytoplasm following a direct pH-independent
fusion with the plasma membrane that involves interaction between
the cell surface CD4 and viral gpl120/41 envelope glycoproteins
(Stein 1987). Cellular deoxynucleotide-5'-triphosphates  (dNTPs)
enter the viral core upon its partial dissolution and the ss (+) RNA
genome is converfed into double stranded (ds) proviral DNA by the
HIV-1 protein reverse transcriptase (RT) (Gilboa 1979, Weiss 1985).
This ds proviral DNA is actively transported to the nucleus within an
integration complex that consists of the HIV-1 proteins integrase
(IN), nucleocapsid (NC), and matrix (MA) (Bukrinsky 1993 and 1992).
HIV-1 IN then non-specifically orchestrates integration of the
proviral DNA into chromosomal DNA. Once integrated, the viral long
terminal repeat (LTR) binds host cellular transcription factors and
regulates the transcription of HIV-1 genes (Cobrinik 1988,
Engelmann 1991, Murphy 1989). The first genes expressed are the

11



doubly spliced regulatory genes that encode the tat, nef, and rev
proteins.

HIV-1 tat is a transcriptional transactivator that increases
expression of HIV-1 genes (Arya 1985, Lespia 1989, Shapr 1989,
Sodroski 1985). Nef down-regulates the cell surface expression of
CD4 and plays a possible role in the pathogenesis of HIV-1 infection
(Aiken 1995 and 1994, Kestler 1991). Rev regulates expression of
viral proteins by allowing singly spliced (env, vif, vpr, vpu) and
unspliced (gag, gag/pol) proteins to be expressed in the cytoplasm
(Hadzopolou-Cladares 1989, Malim 1989, Sodroski 1985).

The envelope protein is expressed as a gpl60 glycoprotein
precursor that is cleaved by the cellular protease, furin, into gpl120
and gp41 which associate non-covalently at the cell surface and
await the rest of the viral particle prior to virus budding and
maturation (Earl 1991, Hallenberger 1992). Vif is a non-structural
cytoplasmic protein that is thought to be an infectivity factor and haé
been shown to be absolutely required for infection of peripheral
blood mononuclear cells (PBMC) (Gabudza 1992, Sakai 1993,
VonSchwelder 1993). Vpr is a nuclear protein that is incorporated
into the budding virus and is thought to play a role in viral
production. It may also be involved in the aciive transport of the
preintegration complex to the nucleus of an infected cell (Cohen
1990, Heinzinger 1994, Levy 1993, Paxton 1993). Vpu is thought to
play a role in CD4 degradation, virus particle release, and in the
regulation of virally induced cytopathic effect (CPE) (Gottlinger
1993).

12



Gag encodes for the pS5S5gag polyprotein precursor that is
cleaved upon viral budding by the viral protease into plS (NC), p17
(MA), and p24 (CA) structural proteins. NC (pl5) is a basic
polyprotein that non-specifically binds nucleic acid and is associated
with genomic RNA in the virion. It is essential for production of
infectious virus and is further cleaved by the viral protease into
NCp7, NCpl, NCp2, and NCp6 proteins. NCp7 coats the viral RNA,
protecst it from nucleases, and promotes reverse transcription
(DeRocquigny 1992, Henderson 1992). MA (p17) is a myristylated
protein that exists in close association with the viral membrane or
envelope. It has a nuclear localization signal (NLS) and plays a role
(along with vpr) in the active transport of the HIV-1 preintegration
complex into the nucleus (Bukrinsky 1993, Bukrinsky 1992,
VonSchwedler 1994). CA (p24) is a hydrophobic structural protein
that constitutes the major internal structural feature of the virion
core/shell. It forms a bullet-shaped core that surrounds the mature
virion (Haseltine 1991),

. p160gag/pol fusion protein results from an infrequent (-)]
ribosomal frameshift that occurs about 10% of the time during
translation of the p55gag polyprotein and results in a readthrough of
a stop codon in the p55gag protein (Jacks 1988, Parkin 1992). The
pl60gag/pol polyprotein precursor encodes NC, MA, and CA proteins
as well as the viral genes protease (PR or pl11) , integrase (IN or p32),
and reverse transcriptase (RT or p66/51). PR (pl11) is a homodimeric
protein that 1is responsible for the cleavage and subsequent
maturation of viral proteins. IN (p32) is responsible for integrating

the ds proviral DNA non-specifically into the host chromosome. RT
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(p66/p51) is a heterodimeric protein that is responsible for the
conversion of viral ss (+) genomic RNA into ds proviral DNA. Once ali
of these viral proteins are expressed (RT, PR, IN, NCpl5, vpr, ds (+)
RNA), they, along with certain other cellular components such as
tRNALYs.3 and cellular cyclophilins, assemble beneath the plasma
membrane and immature viral particles bud from the cell surface
(Barat 1993, Berkowitz 1993, Gottlinger 1989, Lavallee 1994, Mak
1994, Murphy 1989, Sakaguchi 1993). HIV-1 (a type-D retrovirus)
buds from the infected cell membrane non-cytopathically as an
immature form. At some uncertain point during this assembly and
budding process, the viral protease cleaves itself) and then goes on to
cleave all of the other viral proteins generating a mature viral
particle that can infect new cells. Dimeric RNA undergoes maturation
after the virus has been released from the cell and then condenses to
a more compact conformation (DiMarzo-Veronese 1986, Fitzgerald
1992, Henderson 1992, Kohl 1988, LeGrice 1988, Zybarth 1994).

B. HIV-1 Pathogenesis

The first cases of AIDS were reported in 1981 (Gottlieb 1981).
HIV-1 was first isolated and characterized in 1983 (Barre-Sinoussi
1983, Popovic 1984). HIV-1 has since been shown to be the cause of
AIDS. |

HIV-1 uses its gpl120 surface glycoprotein to infect cells that
express the cell surface marker CD4. Although the CDd4+ T-helper cell
is probably the prime target of HIV-1 infection, HIV-1 tropism is not

as restricted as was once thought to be the case. HIV-1 is also
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capable of infecting B cells, thymocytes, neurons, colorectal cells,
monocyte/macrophages, brain monocyte/macrophages, dendritic
cells, eosinophils, hepatocytes, capillary endothelial cells, glial cells,
and CD34+ bone marrow derived precursor cells (Gelezuinas 1993,
Mercure 1994).

HIV-1 infected cells display functional defects. Progression of
HIV-1 disease is marked by a gradual and significant decrease in
numbers of CD4+ T helper lymphocytes. Initially, it was thought th_at
only very low numbers (0,1 to l%.) of peripheral blood CD4+ T
lymphocytes were productively infected during early and
intermediate stages of HIV-1 infection, (Harper 1986, Schnittman
1989). However, discrepancy existed between the proposed low
numbers of infected CD4+ T cells and the much larger numbers of
CD4+ T cells that were being destroyed (Brinchmann 1991). It was
thought that decreases in CD4+ numbers might result from indirect
mechanisms of depletion such as apoptosis, antibody-dependent
cellular cytotoxicity (ADCC), syncytium induction (SI), or cell
mediated immunity (CMI) (Ameisen 1992, Choi 1991, Clerici 1993,
Smith 1993a). Recent evidence, however, suggests that the infection
level of CD4+ T cells is much greater than previously believed (Ho
1995, Wei 1995). The percentage of infected CD4+ lymphocytes found
in lymphoid tissues, e.g. lymph nodes, is far higher then the 0,1-1%
levels reported for PBMCs (Embretson 1993, Pantaleo 1993).
Furthermore, a quantitative-competitive PCR technique has now
shown that high levels of HIV RNA are present in peripheral blood of
infected individuals (Piatak 1993).
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HIV-1 infection provokes an immune response that is thought
to be generated in lymph nodes in which HIV-1 is initially contained
by follicular dendritic cells, which themselves, may not be
susceptible to HIV-1 infection (Fox 1991, Pantaleo 1993,). Initially,
an effective immune response is generated by the host in response to
infection by HIV-1. This response includes both a neutralizing
antibody and specific cytotoxic T cell response (Clerici 1993,
Wainberg 1993). The virus, however, continues to replicate. It is
thought that for a significant portion of the period of HIV-1 infection,
the number of virus particles destroyed by the immune system each
day may be equivalent to the number of new virions produced (Ho
1995, Wei 1995).

The immune system is incapable of clearing HIV-1 because of
the rapid rate of viral replication and the high mutation rate of HIV-
1 (Hahn 1986, Preston 1988, Roberts 1988). Infected persons
harbour a wide array of quasi-species of HIV-1 simultaneously. This
concept is central to HIV-1 pathogenesis and the mechanisms
whereby HIV-1 evades immune attack. As HIV-1 infection
progresses, CD4 counts diminish, lymph nodes degenerate (follicular
dendritic cells are no longer able to contain the virus), and the body
becomes less able to mount effective immune responsiveness
leading to opportunistic infection (OI). The latter include neurological
disorders (myelopathy, peripheral nerve disease, meningitis,
encephalopathy, AIDS dementia), wasting, and infections due to

bacterial, fungal, parasitic and other viral (EBV, CMV, HSV) causes.

C. HIV-1 Reverse Transcriptase

16



Reverse transcriptase (RT) was discovered independently by
Howard Temin (RSV RT) and David Baltimore in 1970 (MuMLV RT).
To date, reverse transcriptase activity has been documented in
telomeric DNA of nearly all eucaryotic cells, in retrotransposons, in
bacteria such as Myxococcus xanthus and Eschericia coli, in
hepadnaviruses, in cauliflower mosaic virus, and, in all retroviruses,
including HIV-1 (Dhundale 1987, Guilley 1983, Inouye 1989, Pfeiffer
1983).

HIV-1 RT is the viral enzyme (polymerase) responsible for the
conversion of ss (+) RNA viral genome into ds proviral DNA. The
enzyme can exist in many different forms; a pl60gag-pol precursor,
a p66 RT monomer or homodimer (association constant (K,) of 2,3 x
105 M-) , a p5S1 RT monomer or homodimer (K, of 1,3 x 103 M-), and
a p66/pS1 RT heterodimer (K, of 109 M-) (Restle 1990). All of these
forms are capable of polymerase activity (Hansen 1988, Starnes
1989), but only the heterodimer (and to lesser extent, the p66
homodimer) are highly efficient (Davies 1991, Hostomosky 199]).

The heterodimer has been crystallized. It is the only form that
is actually found in virions. It is very stable (half-life (tj/2) at 0'C of
greater that 1000 hours), and suffices for complete proviral DNA
synthesis (DiMarzo-Veronese 1986, Jacob-Molina 1991, Larder
1987b, Lowe 1988, Restle 1990).

HIV-1 RT is synthesized as a p66 homodimer that undergoes
cleavage to become a p51/p66 heterodimer. The p66 subunit is
roughly 560 amino acids long. It is well conserved in evolution

closely resembling murine Moloncy leukemia virus (MuMLV) RT,
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avian leukemia virus (ALV) RT, and equine infectious anemia virus
(EIAV) RT (Borroto-Esoda 1991, LeGrice 1991, Ruprecht 1986). It is
folded in a precise 2' and 3' structure that is required for proper
enzymatic function. The p51 subunit is the viral protease cleavage
product of the p66 subunit. Because essential catalytic residues are
buried within the p51 suobunit, it has only little catalytic activity
(DiMarzo-Veronese 1986, LeGrice 1989, Mizrahi 1989). It is thought
that the p51 subunit probably contributes to the process of
polymerization by maintaining or establishing the active
conformation of the p66 subunit in the heterodimer. The portion of
HIV-1 RT that is cleaved from the p66 subunit to form p51 subunit is
a pl5 subunit, that contains the enzyme's RNaseH domain. However,
pl5 is incapable of RNaseH activity and its function in isolated form
is unknown (Beccera 1990, Schatz 1989, Tisdale 1988).

The p66 subunit has been likened structurally to a human right
hand with five subdomains (palm, thumb, fingers, connection, and
RNaseH) that are involved in grasping a primer and a template (P/T)
complex (see Figure 1). The palm region (amino acids 85-119, and
151-244) contains the catalytic site for polymerization. The fingers
region (amino acids 1-62, 63-84, 120-150) is attached to the palm
and faces the primer template binding pocket and is thought to
contain the dNTP binding site. The thumb region (amino acids 245-
322) is thought to recognize and bind the primer. It has been shown
to be necessary for primer binding and is situated perpendicular to
the connection subdomain. The connection regioﬁ (amino acids 323-
437) links the polymerase and RNaseH domains. The RNaseH region
(amino acids 438-560) trails the polymerase region by 18-22
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nucleotides along the nascent nucleic acid and is responsible for
digestion of the genomic RNA template as proviral DNA is
synthesized (Davies 1991).

The fingers, palm, and thumb subdomains together constitute
the polymerase region. Amino acids 183-186 (YMDD), found within
the palm subdomain, constitute the actual proposed pol active site of
HIV-1 RT (Larder 1987a). This motif is semi-conserved in nearly all
cellular and viral RNA-dependent RNA polymerization (RDDP) and
DNA-dependent polymerization (DDDP) (Argos 1988, Donahue 1988,
Inouye 1989). The YMDD in HIV-1 is absolutely essential for RT
function and cannot, with one important exception, be mutated
(Boyer 1992a, Larder 1989a and 1987a, Prasad 1989). Mutations of
M184 to either V or A, however, generate a virus that has wild type
reverse transcriptase activity, is completely replication competent
and is resistant to the nucleoside analogues ddl, ddC, and 3TC (Gao,Q.
1993a and 1993b, Gu 1992, Schinazi 1993).

The HIV-1 RT polymerase active site forms a binding pocket
for divalent cations that is analogous to the pol I active site of E. coli
(Polesky 1992 and 1990). The YMDD residues Di85 and D186 are
found in a short loop in close proximity to the D110. Together, these
D residues interact with Mg2+ or Mn2+ and are essential for
nucleophilic attack by the primer's free 3'-OH on the a-phosphate of
the incoming deoxynucleotide triphosphate (dANTP) (Kohlstaedt 1992).
Other residues in the HIV-1 RT that are important for the pol active
site include D113, A114, Y115, Q155, K154, Y181, Y183, and M184,

These residues are not directly involved in Mg?+ binding, but may be
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important for the structural integrity of the active site (Boyer 1992a
and 1992b, Kohlstaedt 1992, Larder 1987a and 1989a).

The HIV-1 RT dNTP binding site has been roughly mapped to
amino acids 65 to 73 (Royer 1992b, Cheng 1993, Wu 1993). These
amino acids are found either flanking or actually in the fingers
subdomain of RT opposite the primer/template binding site on the
thumb subdomain and in a position to drop a bound dNTP into the
polymerization active site in the palm (Jacob-Molina 1993, Kohlstaeglt
1992). Amino acid 73 is thought to be the binding site for dTTP
(Cheng 1993). Only the p66 subunit in the HIV-1 p66/p51
heterodimer binds dNTPs (Cheng 1993).

D. HIV-1 Reverse Transcription

Retroviral replication involves the conversion of ss (+) RNA
viral genome to a ds proviral DNA copy (see Figure 2). This process
involves: two priming events involving a host tRNA species and an
RNaseH-resistant region of viral genomic RNA known as the poly
purine tract (PPT); two template switches whiﬁh involve the
transposition or jumping of DNA from one template to another; RNA-
dependent RNA polymerization (RDDP); DNA-dependent DNA
polymerization (DDDP); and RNaseH and RNaseD removal of vifa.l RNA
and tRNA primers. In vivo, HIV-1 reverse transcription occurs within
a transcription complex that consists of a host tRNALYS.3 primer, HIV-
I RT, HIV-1 NC protein, genomic RNA, and possibly other viral and
cellular factors (Barat 1989, Leis 1993).
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Within the transcription complex, host tRNALYs.3 binds to the
primer binding site, i.e. an 18 nucleotide region of the HIV-1 DNA
that is situated between the 5 LTR and the gag gene and is perfectly
complementary to the 3' end of host tRNALYs3, This event primes
RDDP which is the first step of the reverse transcription process. It is
unclear whether this event occurs in the immature virus during
assembly, in the virion after budding and/or in the host cell upon
core entry, since short, early DNA products of reverse transcription
have been documented within virions (Arts 1994a, Biswal 1971,
Levinson 1970, Lori 1992, Zhang 1993),

The first species of HIV-1 DNA that is reverse transcribed is
called (-) strong-stop DNA. It is covalently linked to tRNALYS3 and
represents the complement of U5 and R. It is released as a single
strand of DNA as the RNA template is exo- and endo-nucleolytically
digested by the RNaseH activity of the HIV-1 RT (DeStephano 1991a
and 1991b, Schatz 1990).

Once the R region of (-) strong-stop DNA has been freed of its
RNA template by RNaseH, a process known as the first template
switch ensues, whereby (-) strong-stop DNA is translocated from the
5' end of (+) viral RNA to the 3' end of the same or a second viral
RNA molecule because of complementarity between the 5' and the 3'
R regions (Luo 1990, Oyama 1989, Panganiban 1988, Peliska 1992),
The first template switch may occur either intra- or inter-
molecularly (i.e., between the same or different RNA molecules,
(Panganiban 1988). This (-) strong stop DNA now annealed to the 3' R
then serves as a primer to continue (-) strand DNA synthesis and

RNaseH digestion of the template (Hu 1990). RNaseH digests the



entire RNA template except for a region known as the polypurine
tract (PPT) which consists of at least 9 purine (Adenine and Guaﬁine)
residues located immediately preceding the U3. Its resistance to
RNase digestion is thought to be due either to its secondary structure
or its specific sequence (Champoux 1984, Omer 1984, Resnick 1984,
Smith 1984a and 1984b). This PPT serves as the primer for synthesis
of (+) strand viral DNA (Omer 1984). (-) HIV-1 DNA serves as the
template in the DDDP synthesis of (+) strand HIV-1 DNA. The
tRNALYs.3 primer remains annealed to the PBS and requires RNaseD
cleavage to get rid of the HIV genomic RNA (BenArtzi 1992, Roth
1989). Liberated tRNALys3 then serves as a template for the
synthesis of new (+) strand DNA.

(+) strand DNA synthesis continues from the PPT primer and
appears to terminate after copying a region of the tRNALYs:3, For
tRNALys.3 to act as a template in (+) strand DNA synthesis, RT must
first switch from RNaseH to RNaseD activity to digest the PBS RNA in
the PBS/tRNALys,3 RNA:RNA duplex , then switch from DDDP to RDDP
(Roth 1989, BenArtzi 1992, Omer 1984). The first modified base on
the tRNALys.3 is thought to serve as a precise stop position for HIV-1
RT DDDP (Roth 1989). The tRNALys:3 primer template is then
removed by RNaseH digestion which is initiated between terminal
adenosine and cytidine bases of tRNALys:3 (Smith 1992, Whitcomb
1990). This is essential for further extension of (+) DNA after the
second template switch.

The latter results in the transfer of a short (+) DNA from the 5'
end of the (-) DNA to the 3' end of the same or another (-) strand

(Panganiban 1988). There is controversy surrounding this but it has
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been postulated that only 1 (-) DNA is used as a template for the
generation of (+) DNA, ie., the second template switch is an
intrastrand switch (Panganiban 1988). Regardless whether the
second template switch is inter- or intra-strand, the binding of (+)
strong stop DNA to the PBS of the (-) DNA can prime DDDP for the
completion of (+) DNA synthesis and the generation of double
stranded proviral DNA.

Concomitant with this process of nucleic acid anabolism, HIV-1
RT carmries out both endonucleclytic and 3' -> 5' exonucleolytic RNase
H activity (Tan 1991) which removes genomic RNA after it has
served as a template for the synthesis of proviral DNA (Leis 1973).
HIV-1 RT RNaseH and polymerase activities are tightly coupled
processes spatially but are functionally independent. The pol active
site is separated from the RNaseH domain by at least 50 Angstrom,
which corresponds to about 15-16 bases of dsDNA (Arnold 1992,
Jacob-Molina 1993, Lederer 1992). Different RTs (avian, murine)
have different spatial separations between their polymerase and
RNaseH domains (Oyama 1989). The model proposed is that a
relatively small amount of DNA is synthesized followed by cleavage
of the RNA template by RNaseH. Cycles of synthesis and cleavage
ensue until completion of the DNA strand (Oyama 1989).

It is not entirely certain when reverse transcription is actually
initiated since it has been documented that incomplete viral DNA is
carried into a newly infected cell by an invading virion. The existence
of this virion-associated DNA species is not required for infection
(Arts 1994a), but reverse transcripticn is initiated in virions prior to

host cell entry (Gao,W-Y 1993a, Lori 1992, Zhang 1993).
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The process of reverse transcription can be reconstituted in
vitro with primer and template (P/T), dNTPs, recombinant or
purified RT in either the presence or absence of NC protein.
Recombinant HIV-1 RT can be expressed using several different
systems: bacterial, insect, and plasmid expression vectors (Farmerie
1987, Larder 1987b, Hansen 1988, LeGrice 1988). The mode of
purification of HIV-1 RT can be carried out by several means: HPLC
size exclusion chromatography; immunoaffinity chromatography; and
by metal chelate affinity chromatography, known as the histidine tag
method (LeGrice 1990, Restle 1990). It must be noted that different
methods of HIV-1 RT expression and purification result in significant
differences in enzymatic activity (Martin and LeGrice personal
communications). Purified and recombinant RT can be used in
hetero- or homo-polymeric, natural or synthetic, DNA or RNA P/T
combinations  (poly(rA):oligo(dT)12.18, activated calf thymus DNA,
poly(rI):oligo (dC)jy2.18, poly(rC):oligo(dG)12-18, poly(rCm):oligo(dG)12.
18.) The template that works best is poly(rA): oligo(dT)jz.1s (Hoffman
1985, Rey 1987, St.Clair 1987).

E. Nucleoside Analogues as Treatment for HIV-1 Infection

Reverse transcriptase inhibitors known as 2',3%
dideoxynucleoside analogues (ddNTPs) are the most utilized and
researched of all anti-HIV-1 therapeutic agents. Zidovudine, or AZT,
is the prototype of these RT inhibitors. 3TC, ddI, and ddC are three
other ddNTPs currently used to treat HIV-1 infection.
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The use of AZT has been shown to increase survival in patients
with advanced HIV disease and to delay progression in patients with
mild/symptomatic disease. However, AZT therapy has not been
demonstrated to have beneficial effects on disease progression or
survival in patients with asymptomatic infection (Basham 1990,
Hirsch 1990, Wilde 1993). Use of AZT has been shown to improve
neurological and immunological function, to increase the number of
circulating CD4+ cells; to decrease viral load, and to lead to weight
gain, less fatigue, and a general sense of wellness (Richmann 1987a,
VanLeeuwen 1992, Wilde 1993, Yarchoan 1989 and 1986).

The use of nucleoside analogues, however, is sometimes
associated with severe toxicity, and beneficial effects may be short-
lived, probably due to resistance that develops to these compounds.
AZT has been shown to cause bone marrow suppression, nausea,
myalgia, insomnia, headaches, transient agitation, vomiting,
macrocytosis, anemia, elevated platelet numbers, leukopenia and
neutropenia. ddC and ddl are both associated with peripheral
neuropathy and ddl is further associated with pancreatitis. Patients
who are in more advanced stages of disease are more likely to suffer
haematologic side effects (Richmann 1987a, Yarchoan 1989). These
side effects are usuvally dose-dependent and disappear or resolve
spontaneously when drug doses are decreased or drug s
discontinued (Wilde 1993). 3TC is the least toxic of the nucleoside
analogues studied, followed by ddI, AZT, and ddC (Coates 1992, Hart
1992, Pauwels 1992).

Nucleoside analogue toxicity may arise due to effects on host

cellular DNA polymerases (DNA polymerases «, B, ¥, and &) (Furman
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1986, Parker 1991). HIV-1 RT affinity for nucleoside analogues is
100 - 1000 times greater than that of cellular polymerases (Balzarini
1989, Parker 1991, St.Clair 1987, Yarchoan 1989). Nevertheless,
some cellular DNA polymerases are more susceptible to the effects of
nucleoside analogues then others. For example, mitochondrial DNA
polymerase vy is the most susceptible cellular polymerase to
physiologically relevant concentrations of AZT. Nucleoside analogue
toxicity may also arise from cell specific alterations induced in
cellular dNTP pools, which may effect the cell’s biochemistry (Cox
1992a). A further complication associated with the use of nucleoside
analogues in the treatment of AIDS is that in patients, drug pressure
can select for resistant variants, generated, in part, because of high
viral mutation rate (Wainberg 1993, Wood 1987).

Nucleoside analogues must be triphosphorylated to have
activity. They first permeate membranes by either facilitated (ddlI,
ddC) or non-facilitated (AZT) diffusion (Kong 1992). Once inside the
¢ ' they are phosphorylated by cellular kinases, nucleotidases and
othc  activating enzymes to their active triphosphates. These
enzymes are present naturally within cells and ﬁre divferentially
expressed dependent on host species, cell type, and stage in cell cycle
(Cox 1992a, Somadossi 1993, Yarchoan 1989). Expression of these
enzymes is generally not altered by HIV-1 infection (Cox.‘1992a,
Szebeni 1991). Each nucleoside analogue requires a different
phosphorylation pathway. Figure 3 depicts the phosphorylation
pathways for two different nucleoside analogues, AZT and ddl.

Phosphorylation of AZT occurs via the thymidine salvage

pathway (Cox 1992a, Furman 1986). AZT is phosphorylated to its
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monophosphate  derivative (AZT-MP) by the cellular enzyme
thymidine kinase (TK) (Furman 1986, Mitsuya 1987, Yarchoan 1989).
AZT-MP accumulates intraceilvlarly to high levels and has been
shown to be the rate limiting step in AZT triphosphorylation
(Balzarini 1989). AZT-MP is phosphorylated to a diphosphate (AZT-
DP) by the cellular enzyme thymidylate kinase (Mitsuya 1987,
Yarchoan 1989). AZT-DP is then phosphorylated to the triphosphate
(AZT-TP), again by thymidylate kinase (Mitsuya 1987, Yarchoan
1989). The phosphorylation of AZT-MP to AZT-DP and AZT-TP occurs
at a 200-600 fold lower level than that of AZT to AZT-MP. Hence,
AZT-DP and AZT-TP are present intracellularly at lower levels than
AZT-MP (Balzarini 1989). Intracellular concentrations of AZT-TP are
commonly between 1 and 7 uM, ie., between 25 and 160 times
higher than the inhibition constant (K;) for RT,i.e., 0,04 pM (Furman
1986).

The main mechanism whereby AZT and other nucleosides
inhibit HIV-1 replication 1is by causing chain termination. These
compounds lack a 3'-hydroxyl group, necessary for 5' to 3' DNA chain
elongation. Hence, these ddNTPs cause chain termination when they
are incorporated in place of the native substrate (Yarchoan 1989).

AZT and other nucleoside analogues also inhibit HIV-1
replication by competitive inhibition with native nucleoside
triphosphates. For example, AZT-TP competes well with dTTP for
binding to the active site of HIV-1 RT (Cheng 1987, Furman 1986,
St.Clair 1987).

Nucleoside analogues can perturb dNTP pools, leading to

cellular toxicity 