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1. INTRODUCTION

Retroviruses have a rather long history' but their recognition as a major human
pathogen has been a slow development. Isolation of the first human retrovirus®
and the identification of an etiological role for retroviruses in human diseases®?®
have only been recent developments, but these signalled an unparalleled explosion
of research activities in the 1980’s that still continues into the new decade. The
one major event that opened up the field of retrovirology was the discovery of
reverse transcriptase (RT) as a key component of all retroviruses.”'® For the first
time it provided a mechanism for the synthesis of a DNA copy of the viral
genomic RNA. Integration of this DNA copy into cellular DNA is what establishes
a retroviral infection. Since there is no mechanism available for selective and indepen-
dent replication of this integrated DNA, called a provirus, or for its removal from cell
DNA, a retroviral infection is considered to be a permanent event and during cell
division the provirus is passed on to progeny as the chromosomal complement of
DNA.

The life cycle of a retrovirus can be divided into two parts: first, the events that
begin with the attachment of the virion on the cell surface and lead up to the
integration of the provirus, and second, the steps that begin with the transcription of
the provirus and end with the assembly and release of new mature virions from the
cell surface. RT present in the confines of the incoming viral core is the key component
that orchestrates the first part. While the molecular mechanisms that control the
expression of the integrated provirus make use of normal cellular elements, the final
phase of virus maturation does depend on viral gene products that are assembled at
the cell surface. In the following section we will discuss the biosynthesis of RT, its role
in virus replication and the molecular features contributing to some of its well
recognized biochemical characteristics.

2. SYNTHESIS OF REVERSE TRANSCRIPTASE

2.1. Expression of Viral Genes Encoding RT

Reverse transcriptase is encoded by an open reading frame, designated pol, located in
the center of the retroviral genome. The pol gene is preceded by the gag gene, which
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FIGURE | The genetic arrangement of gag and pol genes of various retroviruses. Class I: gag and pol/
genes in the same translational reading frame separated by a single termination codon. Class II: po/
overlapping gag in the — 1 reading frame. Class I11: gag and po/ separated by a third gene (pro) encoding
the viral protease. Representative members of each class are given in the text.

encodes viral structural proteins, and is followed by the env gene, which encodes the
viral surface glycoproteins. In addition to RT, the pol gene also encodes two other
enzymes required for replication, the viral endonucleasefintegrase (IN)"'""* and in
most cases the viral protease (PR).''® Both mammalian and avian retroviral genomes
encode these enzymes in the sequence PR-RT-IN,!'41%17-20

RT is expressed through the translation of a full length mRNA.?' It is never
synthesized as an individual protein, but is instead translated as part of a large
polyprotein precursor'*'>'%22-2 that contains the sequences of gag and pol gene
products. The precursor, called gag-pol, is cleaved post-translationally to generate
RT, along with the PR and IN enzymes.'®%

Despite the fact that gag and pol proteins are derived from a common pre-
cursor protein the retroviral genes are never arranged in the mRNA in a manner
that allows uninterrupted translation of the precursor mRNA. A number of
experiments have revealed that the expression of retroviral po/ genes in fact
depends upon several different mechanisms of translational suppression. Retro-
viruses can be divided into different classes based on which mechanism of suppression
is used (Figure 1). The murine and feline leukemia viruses represent Class I, in
which both the gag and pol genes are situated in the same translational reading
frame in the mRNA, but are separated by a single amber UAG termination codon.?>%
As a result, translation most frequently stops at this codon to produce the gag
precursor polypeptide. Between 2% and 5% of the time, however, a translational
read through event occurs and the gag-pol precursor is synthesized.”>*® With the
murine leukemia viruses, a glutamine residue is inserted at the position of the amber
codon®™? and thus becomes the fifth residue in the amino acid sequence of the
protease.?
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This type of translational suppression has also been demonstrated with various
model constructs in vitro.®®> These studies have revealed that suppression does not
require any other frans-acting viral proteins, but seems instead to involve the recog-
nition of intrinsic cis-acting components within the 300 nucleotides of viral mRNA
adjacent to the codon.” Similar sequences derived from Moloney murine leukemia
virus (Mo-MLYV) effectively modulate suppression of UAA and UGA stop codons.”
Therefore suppression is not dependent upon specific cellular suppressor tRNAs.
Portions of the relevant downstream sequences are capable of forming stem-loop
structures;” it is uncertain if such secondary structures influence suppression.

The avian retroviruses and the human immunodeficiency virus type t (HIV-1)
represent Class II retroviruses, in which the 5 end of the pol gene reading frame
overlaps the 3’ end of the gag gene in the -1 direction.’®*! In this arrangement,
translation of gag gene sequences typically stop at a termination codon within the
overlap region. Infrequently (between 5% and 10% of the time) the ribosome
approaches the termination codon, slips back in the -1 direction [to a leucine codon
in Rous sarcoma virus (RSV) and HIV-1***], and continues translation in the po/
gene frame. As with the Class I mechanism of suppression, the process does not
appear to require other viral proteins. Frame shift sites appear to be defined by
specific heptanucleotide consensus sequences™ and a specific secondary structure in
the downstream RNA. This structure may be similar to the RNA pseudoknot shown
to be necessary for frame shifting in the coronavirus system.*> Alternatively, down
stream stem-loop structures, which are theoretically possible, may influence the
efficiency of frame shifting.>**® Such structures, however, do not seem to be required
by HIV-1.7

The human T-lymphotropic viruses (HTLV-I and -II), bovine leukemia virus
(BLV) and mouse mammary tumor virus (MMTYV) represent Class III retroviruses,
in which the protease is encoded by a separate gene that is positioned out of frame
with respect to both gag and pol.***** The expression of the pol gene therefore
requires a -1 translational frame shift to move from the gag reading frame into the
reading frame encoding the protease, and a second -1 frame shift to move from that
reading frame into the pol frame. Although the frequency of each of the frame shifting
events is as high as 25%,%* the fact that two such events must occur in succession
in order to express the gag-pro-pol protein results in a ratio of pol to gag proteins in
Class 11 retroviruses that is lower than that observed for other retroviruses. While the
translational control mechanisms of Mo-MLV and HIV-1 yield gag to gag-pol ratios
of 20: 1% and 8:1,” respectively, the gag to gag-pro-pol ratio in MMT V-infected
cells is 30: 1, and is as high as 100:1 in the HTLV-II system.* These ratios may
reflect what is necessary for maximal virion production.® It is possible that, due to
spacial constraints within the viral core, a specific ratio of gag to pol proteins must
be maintained during virus assembly. Thus the different suppression efficiencies
observed among retroviruses may reflect differences in core structures. It is therefore
possible that if compounds capable of interfering with suppression events could be
developed, they may prove to be promising anti-retroviral agents. Such agents should
be highly virus-specific since there are no known cellular genes that require termi-
nation suppression.

2.2 Processing of gag-pol Polyproteins

After translation gag-pol polyproteins are transported to the cell surface where, at
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some point during virion assembly, they are proteolytically processed into the mature
viral proteins.'*?* Such cleavages are probably catalyzed entirely by the viral pro-
tease.'®!'”-'*?" There is considerable evidence that processing occurs during and/or
after budding of the virus.'"'*# This implies that the protease is capable of excising
itself from the polyprotein precursor by an as yet undetermined autocatalytic mechan-
ism. Mutant virions lacking protease function are capable of assembly and release,
but contain uncleaved gag and gag-pol polyproteins.'”** The processing of poly-
protein precursors is therefore not an obligatory step in the production of viral
particles.

Precursor processing is apparently not required for the acquisition of RT-associated
DNA polymerase activity. In studies on protease mutants of HIV-1*** and Mo-MLV"’
unprocessed precursor proteins display a level of polymerase activity between 10%
and 50% of that detected for the mature enzyme when measured using homopolymeric
template primers. Although it cannot be ruled out that deletion mutations in the
Mo-MLYV protease domain may aberrantly activate the RT domain in the precursor,
HIV mutants with single point mutations in the protease region also display substan-
tial polymerase activity.”* It therefore seems likely that wild type gag-pol precursors
possess some DNA polymerase activity. It is significant that the Mo-MLYV precursor
can synthesize (-) strand DNA" in detergent permeabilized virions. This indicates that
the precursor can not only bind its cognate tRNA correctly, but utilize it as a primer
for DNA synthesis. This presents the intriguing possibility that the initial steps in
replication may occur prior to the release of nascent virions.

Among various retroviruses RT is generated from the gag-pol precursor in a
number of different ways. The processing pathways for three retroviruses are shown
in Figure 2. The most simple processing occurs in the Mo-MLYV system, where the
precursor is fully cleaved to yield a monomeric 80 kD RT, IN and PR.'*1823.2447.51 A
noncovalent association between the Mo-MLV RT and IN may be maintained after
such processing."

In avian retroviral systems processing is more complex. In this case the pol encoded
portion of the precursor includes only RT and IN since PR is encoded by the gag
gene.*®*? The pol segment is fully cleaved from the precursor to form a single
polypeptide, designated B, which contains both RT and IN domains.®**" The g
proteins form homodimers in which one of the proteins is subsequently cleaved'** to
form the smaller o subunit (representing the N-terminal portion of ) and a 32kD
phosphorylated IN protein, pp32 (from the f C-terminal portion), which possesses a
specific endonuclease activity.” % The mature avian myeloblastosis virus (AMV) RT
is thus an aff heterodimer in which both proteins share common N-terminal sequences.
Only the aff heterodimer displays full DNA polymerase and RNase H activities.®'

The RT of the HIV-1 lentivirus is generated by yet another processing pathway.
Initially, a 66 kD protein (p66), representing the RT domain, is completely cleaved
from the IN and PR domains in the precursor.®”* Half of the p66 molecules sub-
sequently undergo additional processing, apparently mediated by the viral PR,**%
which generates a 51 kD protein (p51) from the N-terminal portion of p66. It is
uncertain whether processing involves p66 monomers or one of the proteins in a
preformed p66 homodimer. In either case, the mature form of the enzyme found in
virions is a heterodimer (p66/p51) in which both proteins share identical N-terminal
sequences.®* In this respect HIV-1 RT resembles the avian enzyme, although it
should be emphasized that the former does not contain the IN domain in either of its
subunits.
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FIGURE 2 A schematic representation of gag-pol polyproteolytic processing yielding mature RT.
Mo-MLYV represents the process in murine retroviruses; AMYV in avian retroviruses; HIV-1 in lentiviruses.
Thick vertical lines mark the boundaries of the gag and pol regions; thin vertical lines divide the PR, RT
and IN domains.

The p66 protein in itself displays high levels of both DNA pelymerase and RNase
H activities.®* ™ Mutagenesis studies on recombinant HIV-1 RT have demonstrated
that most of the RNase H domain® " and sequences important for polymerase
activity® 7*7 are located within the C-terminal fragment of p66. Thus p51 lacks
RNase H activity and possesses only low levels of polymerase activity.**"*7 Since
the cleavage of p66 inactivates the protein the purpose of such processing is not
readily apparent. The relevance of the C-terminal p66 fragment is also obscure, since
it does not exhibit RNase H activity in the absence of p51.7>"* The p66/p51 heterodimer
displays higher levels of enzymatic activity than p66, therefore processing may
optimize folding and/or stability of the active site. The processing of HIV-2 RT is
apparently very similar to that of HIV-1 RT. The purified enzyme is comprised of an
equimolar mixture of 68kD and 55kD proteins.”® An antibody directed against a
sequence predicted to be in the C terminus of the enzyme reacts with only the p68
component, thus the pS5 component is most likely a product of C-terminal cleavage
of p68. An immunoaffinity purification procedure using the antibody recovers both
proteins from virus extracts, indicating that the two components of HIV-2 RT are
tightly associated. Like HIV-1 RT, polymerase activity is principally associated with
the p68 component. It is notable that RTs from other lentiviruses, among them the
equine infection anemia virus (ETAV),” and feline immunodeficiency virus (FIV)™
also appear to undergo similar processing and heterodimer formation.
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3. REPLICATION

Early in the life cycle of retroviruses, the viral RNA is reverse transcribed into a
double-stranded DNA through an RNA - DNA hybrid intermediate. Over the past
decade this process has been studied in great detail in vitro using virions that have been
permeabilized by treatment with detergent under specialized conditions.”*® From
these studies it is clear that the known enzymatic functions of RT, RNA-directed
DNA polymerase, DNA-directed DNA polymerase, and ribonuclease H (RNase H),
are in themselves sufficient to catalyze every reaction in the reverse transcription
process. Most of the characteristics of these reactions have been studied in the murine
and avian systems, and there is no compelling reason to believe that any other
retrovirus replicates in a significantly different manner (Figure 3).

The retroviral virion contains a linked dimer of two 35S (+) strand viral RNA
molecules and about 70 RT molecules.’” ™ The RNA is blocked and methylated at the
5’ terminus® and polyadenylated at the 3’ terminus.® Attached to each RNA, near the
5’ terminus, is a tRNA molecule that serves as the initiator for synthesis of the (—)
strand DNA®"® (Figure 3, Step A). The tRNA primer is bound, via a 16-18 nucleo-
tide sequence in the 3" acceptor stem, to a complementary sequence in the viral RNA
called the primer binding site (pbs).”"**'® Depending on the retrovirus, only one
species of tRNA is used as a primer. Thus RSV employs a tRNA" 2% HIV-1 a
tRNA™% and Mo-MLV a tRNAP© %%

The earliest product of reverse transcription is a discrete DNA species that is
complementary to the virat RNA and is covalently attached to the tRNA3-#'
(represented by the thick line in Figure 3, Step B). This molecule, called ( —) strong-
stop DNA, is a product of the elongation of the tRNA primer up to the 5’ end of the
genome.” "% Strong-stop DNA is a prominent species in the in vitro reaction, and
therefore represents a point at which there is a pause in DNA synthesis by RT. Once
the strong-stop DNA is made, it must switch templates and “jump” to a new position
at the 3" end of the genome in order for synthesis to continue. "' Template switching
is facilitated by a homologous repeat sequence (R), present in both ends of the
genome. %' The process also requires an RNase H-catalyzed degradation of the §’
RNA template (represented by the dotted line in Figure 3, Step C) in order to expose
the strong-stop DNA sequence complementary to R.!® %110 The R sequence in the
3" end of the RNA then directs appropriate base pairing with the jumping DNA
(Figure 3, Step D). The removal of the 5’ template appears to be critical to this
process; Mo-MLV RT mutants that lack RNase H function cannot synthesize full-
length proviral DNA.'"

It is not known if RT directly promotes template switching via properties other
than RNase H. Such an active role for HIV-1 RT is implied, however, by the fact that
the enzyme can remain bound to DNA during switching between synthetic RNA
templates.'” RT may therefore help guide the strong-stop DNA from one template
position to another. Nevertheless, template switching in vivo probably involves other
viral proteins beside RT. This is indicated by the fact that the synthesis of full length
(—) DNA in the in vitro endogenous reaction is highly sensitive to disruption of the
virion core. Further, the formation of hairpin loops, mediated by an inverted repeat
in the 5" RNA terminus, interferes with template switching in reconstructed reactions
containing RT in the absence of core proteins.'™ Hairpin structures do not form in
reactions carried out with partially disrupted virions.

Since the viral genome contains two (+) RNAs, a persistent question has been
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whether template switching is an intrastrand (involving one RNA strand) or inter-
strand (involving both RNAs) event. This matter has been investigated recently using
spleen necrosis virus particles containing two RNA species differing in restriction sites
at their termini. These studies have revealed that the (—) strong-stop DNA template
switch is an interstrand event.'” How or why such an event is favored remains
obscure. It may serve to promote genomic diversity, since the result is a “pseudo-
diploid” provirus that contains genetic elements from both RNA strands.

After template switching has occurred, reverse transcriptase rapidly elongates the
(—) strand DNA (Figure 3, Step E). The synthesis proceeds to the 5" end of the
template, which is now the pbs” because the rest of the genome was removed by
RNase H prior to template switching. Under optimum conditions, RT can generate
this full length DNA in 30 to 120 minutes.'"*!"* It is likely that (—) strand synthesis
is interrupted as reverse transcriptase encounters breaks in the RNA genome. The
propensity of RT to remain bound to DNA may allow the enzyme to switch from the
broken strand and continue synthesis on the other RNA template. Such template
switching during a single round of replication would represent what has been termed
a copy choice recombination event.'!¢!

Synthesis of the (—) strand DNA generates an RNA - DNA hybrid intermediate
which becomes a substrate for RNase H."%!" Soon after the initiation of this
synthesis RNase H removes the intact poly(A) tail by what is probably an endo-
nucleolytic cleavage.'” There is considerable evidence indicating that after this initial
cut, RNase H continues to act on the nascent hybrid as an exonuclease (3’-5") during
subsequent (—) DNA synthesis (see Section 4).

Degradation of the hybridized RNA in essence creates both a free template and a
primer for (+) strand DNA synthesis.”'* The primer is generated by selective
cleavage of the RNA within a purine-rich sequence adjacent to the U3 region called
the polypurine tract (ppt)”™'?""'* (indicated by the vertical arrows in Figure 3, Step E).
The generation of the primer by RNase H can be readily duplicated in vitro using
purified RT and model substrates.'”'* The process appears to involve specific,
sequence directed cleavages (see Section 4 for details).!*>'®

Elongation of the (+) strand DNA from the primer is carried out by the DNA-
directed DNA polymerase activity of RT. This synthesis in fact begins even before the
(—) strand DNA reaches full length.'"* This indicates that RNase H can generate the
primer as soon as the relevant RNA - DNA hybrid is formed (such a process is
depicted in Figure 3, Step E). Primer removal and primer extension take place in a
single reaction as the (+) DNA is synthesized.'” The primer is cleaved at a specific
site by RNase H and is efficiently removed as a single fragment'**'? (indicated by the
upper arrow in Figure 3, Step F). The latter process generates the 5" end of the (+)
DNA U3 sequence. In some cases it is possible to detect initiation of (+) DNA
strands at other points along the genome, both in vivo and in vitro.'**'¥13? Such
initiations are in fact found at upstream sequences homologous to the polypurine
tract."” The use of these incorrect initiation sites results in the generation of proviral
DNA with a single stranded gap and abnormal termini.”*? Such molecules do not
become integrated into the host cell DNA and therefore represent dead-end repli-
cation. Nevertheless, analyses of these molecules have further demonstrated that
polypurine tract sequences are essential for the generation of (+) strand DNA
primers by RNase H (see Section 4).

The (+) strand DNA is elongated toward the 5’ end of the (—) DNA strand, which
is still attached to the tRNA. Synthesis terminates abruptly after the first 18 bases of

RIGHTS

i,



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by HINARI on 12/15/11
For personal use only.

REVERSE TRANSCRIPTASE — DISCUSSION 17

the tRNA primer are copied.”"'** The stop probably corresponds to the point where
RT reaches a modified tRNA base (an m'A)."* Transcription of the 18 tRNA bases
yields a direct copy of the pbs which complements the sequence at the 3’ end of the
(—) strand.” The species of (+) DNA generated by this synthesis is a prominent
product in both in vitro and in vivo reactions,'™'* and is called (+) strong-stop DNA
{shown as the short thick hne in Figure 3, Step F). In order for this molecule to be
fully elongated, it must switch templates and jump to the 3’ end of the (—) strand.
This occurs after the tRNA has been removed by RNase H at the RNA-DNA
junction by what is probably an endonucleolytic cleavage'*® (indicated by the lower
arrow in Figure 3, Step F).

After the tRNA has been removed (Figure 3, Step G), the exposed 3 sequence in
the (+) strong-stop DNA is free to switch templates and re-anneal to the complemen-
tary pbs in the 3" end of the (—) strand. Unlike the first template switch, however, this
transfer is an intrastrand event.''* This pairing is thought to lead to the formation of
a circular molecule™'* (Figure 3, Step H). Completion of the full length double-
stranded DNA is accomplished by DNA-directed synthesis of each strand to the end
of its template."**'¥" This requires another aspect of RT polymerase activity referred
to as strand displacement synthesis (Figure 3, Step I). The final product of reverse
transcription is a linear, double-stranded DNA (Figure 3, Step J) which, due to the
two template switching events, is longer than the genomic DNA. This molecule is sub-
sequently transported to the nucleus, where the IN protein mediates its integration.

4. RIBONUCLEASE H

4.1 General Characteristics of Ribonuclease H Activity

All known RT enzymes are associated with a ribonuclease H activity that, by defi-
nition, degrades only the RNA in RNA * DNA hybrid molecules.”** This function
is critical to several steps in the reverse transcription of the retroviral genome'* ' (see
Section 3 for details).

The RNase H activities of numerous retroviruses have been extensively charac-
terized using a variety of synthetic substrates.’"'**"*’ In every case the degradation of
RNA does not depend on concurrent DNA synthesis since preformed hybrids serve
as satisfactory substrates.”"'*'"'** The products of the reaction using [*H]poly(A)
poly(dT) as substrate are a series of oligonucleotides ranging from 1 to 20 resi-
dues ¥ 12 197198 Cleavages occur at the 3” end of the 3'-5” phosphodiester bond to
yield 5 phosphate and 3" hydroxyl ends capable of serving as primer sites for DNA
Synthesis.ﬁl.MlMl1464147

Whether RNase H exhibits an endonucleolytic or exonucleolytic mode of action
has been the object of some controversy. Early studies indicated that RNase H
could not digest hybrid RNA blocked at both ends within closed circular mol-
ecules,”'*14+1% byt could hydrolyze RNA under conditions where at least one end
remained free. From these results it was concluded that retroviral RNase H acts as
a processive exonuclease capable of attacking RNA from either the 3" or &
end.138.|44.146

Such a conclusion was at odds, however, with the complexity of RNase H sub-
strates (and products) observed in virus-infected cells and in endogenous reactions
carried out in vitro. Such studies clearly show that large segments of the viral RNA,
such as the poly(A) tail, are released intact. It is particularly difficult to explain how
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an exo-ribonuclease activity could remove intact the tRNA primer after (—) DNA
synthesis. In this context the tRNA molecule assumes a complicated structure that is
covalently linked to DNA at its 3’ end and is further hybridized to DNA. An
endonucleolytic mode of cleavage clearly provides a more satisfactory explanation for
several replication processes.

The issue has recently been resolved by a number of studies investigating the RNase
H mediated cleavage of a variety of carefully designed synthetic substrates.'™"**! It
has now been demonstrated that the RNase H activity associated with both HIV-1
and AMYV RTs cleaves globin mRNA when the 5" end is capped and the 3" end is
blocked by covalent modification.””® Moreover, these enzymes can also cleave the
RNA in relaxed, covalently closed RNA + DNA hybrid plasmids. Such results pro-
vide direct evidence that retroviral RNase H can mediate endonucleolytic cleavage of
RNA lacking free ends and is therefore not strictly an exonuclease. The failure of early
studies to demonstrate such a mode of action is likely a function of the supercoiled
Col E1 hybrid plasmids and small ligated circles that were used as substrates.’" 4% 14¢
In retrospect, these would seem to be particularly poor substrates for RNase H, since
they contain only very short regions of hybridization (see below).

AMY RNase H has been investigated in considerable detail using a defined system
in which a DNA primer is annealed to the internal portion of an end-labeled RNA
template.'*® Cleavage of the hybridized RNA in the absence of DNA synthesis
generates a 3’ fragment which remains invariant in size as the reaction proceeds, and
a 5’ fragment which becomes progressively shorter. Nearly identical results have been
obtained with HIV-1 and Mo-MLV RNase H when tested in similar systems.'**''
Further analyses of the RNA species generated by these enzymes have demonstrated
that the initial cleavage of internally hybridized RNA is achieved by an endonucleo-
lytic RNase H activity (Figure 4, A). The RNase H cleavage sites do not display a
random distribution but instead reflect a certain sequence selectivity."*'*? The pattern
of selectivity varies among RTs such that each enzyme generates a characteristic
population of fragments from any given RNA template. Why some cleavage sites are
preferred is not yet clear. The characterization of such sites may prove useful in the
development of RNase H inhibitors.

After the initial endonucleolytic cleavage the mode of RNase H action changes, and
the RNA is further hydrolyzed by 3'—5’ exonuclease activity.'”' Hydrolysis of the
RNA is incomplete, however, and comes to a stop at a defined number of base pairs
from the end of the hybrid (Figure 4, B). This length varies among RTs; with HIV-1
RT cleavage proceeds up to the last 7 base pairs,"”’' and with AMV RT the last 11.'%

AMYV RNase H activity has also been studied under conditions of active DNA
synthesis. During primer extension DNA polymerase and RNase H activities act
simultaneously such that DNA elongation and RNA hydrolysis occur at the same
rate. As a result only a short hybrid of relatively fixed length (7-14 base pairs with
AMYV RT) is maintained between the 3’ end of the nascent DNA chain and the 3" end
of the remaining template (Figure 4, C). Based on these results it has been suggested
that a single RT molecule can carry out both RNase H and DNA polymerase
activities, and that the length of the hybrid observed during DNA synthesis represents
the distance between the active centers. However, the relationship between the RNase
H and polymerase activities of AMV, HIV-1, and Mo-MLV RTs has recently been
analyzed in greater detail using a challenged template assay that allows the measure-
ment of synthesis and cleavage during a single RT-template primer interaction.'*
These experiments have demonstrated that once an RT molecule begins synthesizing
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FIGURE 4 Cleavage of RNA - DNA hybrid molecules by RT-associated ribonuclease H. In the absence
of DNA synthesis ribonuclease H first makes an endonucleolytic cleavage in the RNA strand of the hybrid
(marked by the vertical arrow in A). Following the initial cleavage, the RNA is digested by a 3' - 5
exonuclease activity that stops at a fixed distance from the end of the hybrid (B). When deoxyribonucleo-
tides are added to the system RNA digestion resumes as the DNA is elongated. Both processes occur
simultaneously and are carried out by at least two RT molecules (C). Upon completion of DNA synthesis
RT dissociates leaving a short fragment of RNA hybridized to the nascent DNA (D). Details of these
processes are given in the text.

DNA, it is capable of making only random, infrequent RNA cleavages. Although the
frequency of cleavage varies among RTs, in every case much of the potential substrate
for RNase H is left undegraded. The polymerase and RNase H activities of RT are
therefore not functionally coupled in a strict sense. Removal of the bulk of the hybrid
RNA during DNA synthesis probably results from the RNase H activity of several
enzyme molecules acting on the same template molecule simultaneously. The length
of the hybrid observed during DNA synthesis may therefore represent the distance
between the active centers in separate but coordinated RT molecules. (Such a situ-
ation is shown schematically in Figure 4, C).

After completion of DNA synthesis and dissociation of RT, a short undegraded
fragment of RNA remains hybridized to the 3’ end of the nascent DNA (Figure 4, D).
With AMV RT the length of this hybrid (7-14 base pairs) is the same length as the
hybrid left after RNase H action in the absence of DNA synthesis. Since in either case
the RNA is not digested, this length probably defines the minimum number of base
pairs of an RNA - DNA hybrid required for RNase H activity. AMV RNase H
activity is in fact not detected with 3 base pair hybrids until DNA synthesis extends
the length of the hybrid to between 3 and 16 base pairs.'”

In reconstructed reactions using Mo-MLV RT simultaneous DNA synthesis and
RNA template removal have been demonstrated to promote template switching to an
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FIGURE 5 Generation of the (+) DNA primer by RNase H mediated cleavage. The polypurine tract
sequences in HIV-1 and RSV viral RNAs are shown. Bold vertical arrows mark major RNase H cleavage
sites; thin arrows mark minor cleavage sites made by HIV-1 RNase H. The primer sequence is marked with
a dashed line. Horizontal arrow indicates direction of (+) DNA synthesis.

appropriate acceptor template.'® It is therefore possible that a similar process pro-
motes template switching after the (—) strong-stop DNA synthesis. Such a mechan-
ism, however, predicts that a short fragment of viral RNA would remain bound to
the 3’ end of the strong-stop DNA. How this would be removed is uncertain.
Nevertheless, a capped, 12-15 base polynucleotide corresponding to the 5" end of the
viral RNA is a prevalent product of RNase H during (—) strong-stop DNA synthesis
in the in vitro endogenous reaction.'®

4.2. Generation of the (+) DNA Primer

It has been well established that during replication RNase H generates the RNA
primer for (4+) DNA synthesis. The primer is derived from a polypurine tract (ppt)
in the viral RNA that is adjacent to the U3 region (see Section 3). The generation of
the polypurine primer is notable because it involves considerable specificity of cleav-
age by RNase H. The process has been duplicated ir vitro using a number of model
substrates derived from relevant retroviral sequences.'”’"'* Such systems have been
extensively used to analyze the cleavage, extension and removal of the RNA primer.
With purified HIV-1 RT all of these processes can take place in a single reaction, but
are not strictly coupled, and can be carried out in individual reactions without loss of
specificity.'”

The polypurine primer is generated by specific cleavages within the 3" and 5’ ends
of the ppt (Figure 5). In the HIV-1 system'® minor primer species of slightly different
lengths are detected. These are generated by infrequent cleavages at secondary sites
located within a few bases of the preferred site. The contribution of RNA sequence
to the specificity of cleavage seems to be primarily at the level of sequence compo-
sition. A comparison of polypurine tracts from a diverse set of retroviruses reveals the
conservation of a G at position -4 and a purine at position -1 relative to the (+) DNA
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initiation site.""' Specificity of cleavage also depends on the enzyme itself. The correct
primer is not generated from the RSV ppt if Mo-MLV RT is used in the reaction.'”

The generation of the polypurine primer by HIV-1 RT seems to involve endo-
nucleolytic cleavage within the ppt."* It is possible that these cleavages occur in a
coordinate fashion during ( —) DNA synthesis but this has not yet been conclusively
demonstrated. It is however clear that for some as yet unknown reason both the endo-
and exonucleolytic functions of RNase H avoid, or are prevented from, cleaving
within the polypurine primer sequence.

In the absence of DNA syntheses RNase H activity acts on RNA - DNA hybrids
to generate a number of RNA fragments that may serve as potential primers. As a
result the polypurine primer represents only a small fraction of the total.'”®'* Never-
theless, out of the population of RNA fragments extension of only the correct primer
occurs. Surprisingly, this selectivity is independent of the polymerase used; correct
(+) strand initiation can occur if Klenow polymerase is substituted for RSV RT.!>*!*
The selection of the correct primer is therefore not a function of RT, and is probably
due to a particularly stable interaction between the DNA and the RNase H generated
polypurine primer.'**'*

The removal of the primer from (+) DNA by AMYV RT has been demonstrated to
require that the RNA be hybridized to DNA."** Therefore the primer is released via
an RNase H-mediated cleavage. This cleavage is almost certainly endonucleolytic,
since HIV-1'"® and AMV'* RTs release the primers intact. With HIV-1 RT the
cleavage is very precise and occurs at a single site.'” Due to the imprecision during
primer formation, this cleavage is not necessarily at the RNA-DNA junction. As a
result several ribonucleotides can be left on the 5" end of the (+) DNA. In contrast,
with AMV RT cleavage seems to occur precisely at the RNA-DNA junction.'®
Release of the primer by RT apparently involves specific sequence recognition.
Mo-MLV RT inefficiently removes RNA primers from (+) DNA if synthesis is
aberrantly initiated at upstream polypurine sites in the endogenous reactions.'"!

Even after generating the (+) DNA primer, RNase H activity probably remains
essential to the completion of (4 ) DNA strand synthesis. The results of reconstituted
reactions have demonstrated that HIV-1 RT cannot synthesize DNA directed by a
DNA template in an RNA - DNA hybrid until the RNA has been removed. In this
case synthesis and degradation do not appear to occur simultaneously,''> RNA is first
removed before synthesis proceeds.

The domain for RNase H appears to be located in the C terminal portion of most,
if not all, RTs. Several lines of evidence support this conclusion. First, the C termini
of numerous RTs share appreciable amino acid sequence homology with bacterial
RNase H.”' Second, deletion, linker insertion, and point mutations within the C
termini of various recombinant RTs severely affect RNase H function.”'*153.1%¢
Finally, the expressed C-terminal fragment of Mo-MLV RT in itself displays appreci-
able RNase H activity.'"

The C-terminal portion of half of the HIV-1 RT p66 population is naturally cleaved
from the protein during post-translational processing. At least one study reported
that this fragment possessed a weak nonprocessive nuclease activity.* In contrast, a
nearly identical polypeptide expressed in bacteria is only active when reconstituted
with an N-terminal peptide of p66.” Nevertheless, the crystal structure of the C-terminal
fragment shares a number of structural similarities with bacterial RNase H.”* HIV-1
RT may represent a class of RTs, apart from Mo-MLV RT, in which certain
N-terminal sequences are required in order to complete and/or stabilize the RNase H
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domain. Similarly, sequences in the HIV-1 RNase H domain may play a reciprocal
role in polymerase activity. An antibody raised against a sequence spanning amino
acid residues 536-549 in the HIV-1 RT C terminus directly inhibits the template
primer binding function of the enzyme.” The sequence is highly conserved among the
RTs of lentiviruses, and thus the antibody is capable of directly inhibiting the
polymerase activities of a number of these enzymes. The sequence recognized by the
antibody is disordered in the crystal structure of the HIV-1 RNase H fragment,
indicating that its correct positioning may be mediated by an interaction with one or
both of the polymerase domains of the p66/p51 heterodimer.” The RNase H and
polymerase domains of HIV-1 RT (and other lentiviral RTs) may therefore form a
continuous groove in which RNA * DNA hybrid molecules are bound.

5. IMMUNOGENICITY OF REVERSE TRANSCRIPTASE

The reverse transcriptase enzymes of primate lentiviruses elicit a broad spectrum
humoral immune response under conditions of natural infection. At least 80% of
individuals infected with HIV-1 develop circulating antibodies that recognize both the
p66 and p51 components of HIV-1 RT in immunoblot assays.®*'*” The RT proteins
of the simian immunodeficiency virus (SIV) and HIV-2 display a similar level of
immunogenicity.”'*® A portion of the natural antibodies that bind these enzymes are
capable of mediating direct inhibition of polymerase activity."”*'®" Such antibodies
have been detected in 67% of randomly selected HIV-1-positive individuals.'* %

The significance of RT-inhibiting antibodies is obscure. The presence of these
antibodies has been demonstrated to correlate with the inability to isolate HIV-1 from
some individuals'® and RT-inhibiting antibodies are reported to be most prevalent in
individuals who are infected with HIV-1 but remain asymptomatic.'*® Such findings
are notable since the overall level of antibody reactivity against RT does not vary
significantly with clinical status.'”’ The correlation between the presence of RT-
inhibiting antibodies and the inability to isolate virus is intriguing, and suggests that
the antibodies are capable of interfering with retroviral replication. How this might
be achieved is obscure, however, since under natural conditions the RT is expected to
be sequestered within the core of the virion and is therefore unavailable for binding.
It is perhaps more likely that these antibodies are surrogate markers for other
antibodies with reactivity against epitopes on the viral surface.'”

Despite the fact that the HIV-1 and HIV-2 RTs are both highly immunogenic and
share nearly 60% amino acid sequence homology, natural antibodies to these enzymes
show little cross-reactivity.”®'*® Moreover, the majority of anti-HIV-2-positive sera
have been found to be incapable of inhibiting HIV-1 RT."*® Similarly, RT-inhibiting
IgG purtfied from HIV-1-positive sera does not affect the activity of HIV-2 RT
(Veronese and DeVico, unpublished observations). These results indicate that inhibiting
antibodies are not directed against active site sequences, which are typically con-
served. In support of this view, kinetic analyses have revealed that the mechanism of
HIV-1 RT inhibition mediated by at least some of these antibodies is noncompetitive
with respect to both substrate and template primer (Veronese and DeVico, unpub-
lished observations). Therefore inhibitory antibodies interact with RT at sites other
than those involved in substrate and template primer binding.

Monoclonal antibodies have been raised against HIV-1 RT that are capable of
mediating direct inhibition of polymerase activity.'"' Such antibodies are similar to
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their natural counterparts in that they do not cross-react with HIV-2 RT. Two of such
monoclonals have been demonstrated to show a conformational requirement for their
epitopes. It should now be possible to determine if natural RT-inhibiting antibodies
compete with these monoclonals for binding with the same conformational epitope.

The high level of antibody response to RT observed in natural primate lentivirus
infections is uncommon among other retroviruses. The only other known cases have
been in AKR mice infected with Gross-MLV,'® cows naturally infected with BLV,'*?
and cats with feline leukemia virus.'*

The mechanism through which anti-RT antibodies are elicited remains to be
determined. There has been no compelling evidence for the presence of HIV-1 or
HIV-2 RT on the surface of either virions or infected cells. Nevertheless, it is obvious
that the immune system of some infected hosts are challenged by RT. The response
is not necessarily limited to humoral immunity; a cytotoxic T-lymphocyte response
against RT is elicited in some HIV-1-infected individuals.'® Since the primate lenti-
viruses primarily infect lymphocytes, fragments of RT may be presented to the
immune system in the appropriate context on the surfaces of these cells. An alternate
explanation takes into account the fact that these viruses are highly cytopathic.
Continuous lysis of infected cells might constantly challenge the immune system with
either released RT or its gag-pol precursor.'” Such a mechanism might further explain
why the HIV-1 PR and IN, both po/ gene products, are also highly immunogenic in
infected individuals.'®-'*

6. DNA POLYMERASE

6.1. General Characteristics of DNA Polymerase Activity

The reverse transcriptase enzyme is capable of utilizing both RNA and DNA as a
template to direct DNA synthesis.”"'®"'” This versatility sets RT apart from most
other DNA polymerases and has made the enzyme the subject of intensive study.
DNA synthesis by RT proceeds in the 5° to 3’ direction,'® requires a preformed
template primer,'™ and is most efficient at physiologic salt, temperature and
pH.M-1 A particularly distinguishing feature of RT is its ability to synthesize
DNA on poly (2’-O-methylcytidylate) template.””'” It should be stated at the outset
that RT is not unique in its ability to catalyze RNA-directed DNA synthesis. One of
the eukaryotic cellular enzymes, DNA polymerase y, is also capable of utilizing RNA
templates.'”® DNA polymerase y, however, differs from RT in several respects, and
cannot use poly (2’-O-methylcytidylate) as a template.'™ '™

In reconstructed reactions RT is able to efficiently transcribe both homopolymeric
and heteropolymeric templates.” Synthesis is processive on RNA templates''>'”* and
is initiated most efficiently when DNA oligomers are used as primers.'” In addition
to common properties, various RTs display certain distinguishing features depending
on the template primer and divalent cation used. For example, the Mo-MLYV RT is
most active using (d7)_ s - (4), template primers and Mn** as divalent cation.”"* In
contrast, HTLV-I and HIV-1 RTs are most active on the (dG)_,s - (C), template
primer using Mg2+.171A174_175

The mechanism of DNA synthesis carried out by HIV-1 RT has been examined in
detail through kinetic and processivity analyses.!'>''#2 Several characteristics of the
reaction are notable. The reaction is ordered, with free enzyme binding template
primer first and deoxyribonucleoside triphosphates second.'® " Such an ordered
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mechanism is not unusual, being followed by several other DNA polymerases. The
K., value for the binding of enzyme to (d7T)_ 5+ (A)go (~10°M 'S ") has been
determined to be similar to the theoretical diffusion-controlled rate for molecules of
such size."™'*? Binding of template primer appears to occur initially through the
primer moiety since it has been demonstrated that (d7°),s, as well as certain modified
polydeoxyribonucleotides, act as competitive inhibitors."*'¥! Once formed, the RT-
template primer complex displays a half-life of 100-200 seconds, and a dissociation
constant of 2-3 uM.""? Chain elongation during DNA synthesis proceeds at a rate of
about 4-10 nucleotides per second.''>"*' Synthesis on RNA templates is processive,
the longest primer extensions are typically greater than 300 nucleotides with an
average processivity of about 100 nucleotides."'%!¥" When (dT),, - (A4 )y is used as
template primer, termination after incorporation of the first dTMP residue is
observed to occur greater than 20 times more frequently than after subsequent
additions.'®" This observation is consistent with a reaction mechanism in which the
initiation of synthesis is kinetically distinct from subsequent elongation steps.

The K, value for enzyme-template primer dissociation during the initial reaction
step has been calculated to be 1000-fold greater than the K ; value during processive
synthesis.'®? The mechanism for the K, ; decrease as synthesis proceeds is not clear, but
may involve additional and/or different interactions than are involved in initial
template primer binding. Recent evidence indicates that the increase in processivity
observed after the (dT),, primer is elongated by one residue may in fact be due to a
change in the rate constant for the formation of the enzyme-template primer com-
plex." The estimated K values for (dT'), * (4,0 have been reported to be 20-30 nM
when n = 10-14 and 0.11-0.14nM when n = 16-20. Thus an abrupt change in K,
as well as in the pattern of primer extension, is observed between primer lengths of
14 and 16 nucleotides. It is interesting that such a change is observed with the p66/p51
heterodimer and the p66 homodimer forms of the enzyme, but not with p51 homo-
dimers. This indicates that the RNase H domain in the C-terminal portion of p66 may
contribute to the binding of template primers in which the primer is greater than 14
nucleotides in length.

DNA synthesis by HIV-1 RT on (dT ), * (d4 )s5 template primer is nearly distribu-
tive. Most primers are extended by only 1-20 nucleotides before termination occurs.'"”
Processivity on DNA templates of random sequence is considerably greater, on
average about 50 nucleotides. The strong stops on such templates do not occur at
random but are located within 1 or 2 bases after at least three A4 or T residues. This
correlates with the distributive nature of the RT on the polydeoxyadenylate template.
Such results suggest that the mechanism for promoting increased processivity on
RNA templates cannot operate efficiently on some DNA templates.

According to the favored model for retroviral replication (Figure 3), synthesis of
the (4+) DNA strand must proceed through a region of double stranded DNA. Since
RT has no DNA exonuclease activity, synthesis requires the displacement of the
non-template strand downstream from the polymerization site. Such a process, called
strand displacement synthesis, has been directly demonstrated with HIV-1 RT in
reactions containing double stranded DNA templates of random sequence.''> A 4
base gap in one of the strands is sufficient to initiate elongation of the DNA strand
upstream from the gap. The observed extensions are due to processive strand displace-
ment synthesis, which proceeds for about 50 base pairs. Since no panhandle structures
are detected among the DNA products, strand switching apparently does not occur
during displacement synthesis. The displacement of RNA from DNA templates
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during DNA synthesis has not been demonstrated for RT. Synthesis instead appears
to rely entirely upon the removal of the RNA by RNase H activity (see Section 4).

6.2. Fidelity of DNA Synthesis by RT

It has long been established that RT enzymes are significantly more error-prone than
many other DNA polymerases when copying both RNA and DNA templates.'#"7
These enzymes have further been demonstrated to lack a 3’ to 5" exonuclease (proof-
reading) function, and therefore cannot excise and correct misincorporated nucleo-
tides."™'*” The fidelity of synthesis varies among RTs, with HIV-1 RT demonstrating
the lowest level of accuracy to date."®*""!

The error specificities of several RTs have recently been determined at a large
number of sites within M13_ .2 DNA templates.””>'”* The dominant errors are single
base substitutions and single base frameshifts, and are clustered around specific
mutational hot spots. The distribution pattern of such hot spots varies among the RTs
examined."”>'"* HIV-1 RT introduces both + 1 and — 1 frameshifts within runs of a
common base. These probably arise due to a mechanism of strand slippage between
template and primer.'”> AMV RT introduces only — | frameshifts which sometimes
occur at nonrun sequences. [n this case the misinserted base is thought to shift along
the template and form a base pair at some other proximal site."*'** Once base pairing
occurs, the error is introduced by extension of the DNA. Single base substitutions by
HIV-1 RT have been demonstrated to arise due to the propensity of the enzyme to
elongate mispaired nucleotides located at the 3’ termini of nascent DNA strands.'”
With HIV-1 RT most substitution errors are located at the boundaries of single base
runs, therefore mispaired termini probably originate by a transient slippage mechan-
ism similar to the one that produces single base frameshifts.

One point should be made concerning M13,,,2 DNA templates and error-prone
replication. As mentioned earlier, DNA template-directed DNA synthesis is highly
distributive and results in frequent termination during chain elongation. This fact
appears to influence the error-rate, since one base frameshifts are found to occur more
often at M13,,,2 template runs with the highest probability of termination."” DNA
synthesis directed by RNA templates is more processive and may therefore display a
somewhat different pattern and specificity of errors. It is possible that the specificity
of errors introduced during retroviral replication may depend upon which DNA
strand is being transcribed.

The reduced fidelity of DNA synthesis by RT, coupled with its inability to correct
errors, is almost certainly relevant to the fact that retroviruses display a high rate of
genomic mutation'*'* and are among the fastest mutating viruses. The error rate of
AMYV RT measured in forward mutation assays is in fact sufficient to account for the
AMYV mutation rate observed during a single round of replication.'”*'”” In other viral
systems the mutation rate has been correlated with the genomic variability observed
in nature."”® Therefore the unusually high level of variability observed among natural
isolates of HIV-1**%' can probably be explained in part by the fact that HIV-1 RT
is 2 to 10 times less accurate than any other RT examined.'**'®' Such a mechanism for
generating diversity may also function in other retroviral systems. Isolates of EIAV
also display a high level of genomic heterogeneity similar to that observed with
HIV-1. A preliminary analysis of the fidelity of DNA synthesis by ETAV RT indicates
that it is as error prone as HIV-1 RT.”
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7. INTERACTIONS WITH tRNA PRIMERS

7.1. Specificity of tRNA Binding

The virions of various retroviruses contain several unique species of cellular tRNA.
A portion of these molecules become annealed to the viral RNA and serve as primers
for viral DNA synthesis. The interactions between such tRNA primers and the RT
molecule have been studied in considerable detail. Such studies have been greatly
facilitated by the fact that stable RT-tRNA complexes can be readily generated
in vitro using only purified enzyme and the appropriate tRNA.

Various RTs display a specific binding affinity for only the species of tRNA that
serves as primer. AMV RT can form a selective and stable interaction with the avian
tRNA'"P primer species even in the presence of competing cellular tRNAs, 2%
Similarly, HIV-1 RT can selectively bind its tRNA"Y* primer species from a mixture
containing a 100-fold excess of tRNA'" and tRNAP®** Such selective binding,
however, may not be a universal property of all RTs. Mo-MLV RT does not
demonstrate a specific interaction with its primer tRNAP™ under in vitro conditions,
and instead binds a variety of tRNA species non-selectively.?-2%

The binding of tRNA is highly dependent on the conformation of the molecule. The
necessary conformation is apparently not altered by aminoacylation; AMV RT is
capable of binding both charged and uncharged tRNA'? 2427 Nearly the entire native
conformation seems to be required for binding, since AMV RT fails to interact with
even large 3’ or 5" fragments of the tRNA"P molecule.”?* Only the eight 3 terminal
residues in the acceptor stem have been demonstrated to be dispensable for binding.?
In contrast, the structural requirements for tRNA binding are less stringent once the
molecule is base-paired with the RNA template. DNA synthesis by AMV RT can be
initiated by a small, but specific, portion of tRNA"? corresponding to the 3’ acceptor
stem and Ty C loop.™ The relaxation of structural requirements for the binding of
annealed tRNA probably explains why AMYV RT can efficiently transcribe 70s RNA
from non-avian retroviruses.” The recognition of annealed tRNA does require at
least some structural features, however, since very short fragments of tRNA'? fail to
serve asosprimers even though they are base paired to the template and provide a free
3’ end.?

The tRNA domain(s) recognized by RT has been partially mapped by photo-
chemically cross-linking the molecules, subjecting the tRNA to limited nuclease
digestion, and sequencing the RNA fragments that remain bound to RT. HIV-1 RT
has been shown to cross-link with oligonucleotide fragments of tRNAY*? derived
from the 3’ portion of the anticodon stem and the anticodon loop.** Similarly, AMV
RT components cross-link with fragments derived from the tRNA"P anticodon stem
and loop and the 3’ end of the acceptor stem”"® (Figure 6, A). In the presence of
enzyme, however, the anticodon loop remains sensitive to pancreatic ribonuclease A
and nicking of the loop by S1 nuclease does not prevent interaction with RT.?!! Thus
the enzyme does not appear to interact with the entire anticodon stem and loop
structure. Direct interactions may occur at the anticodon stem, since AMV RT
protects this portion of the tRNA from digestion by cobra venom nuclease and
Neurospora crassa endonuclease. Other putative contact sites on tRNA'" have been
mapped using various chemicals and nucleases. AMV RT protects the 3’ side of the
DHU stem and the 5" side of the 7y C stem from alkylation of ethylnitrosourea.?’> The
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FIGURE 6 Reverse transcriptase binding domains within the tRNA primer molecule. A. tRNA depicted
in the cloverleaf arrangements. The dashed line marks the portion of the molecule that anneals to the viral
RNA primer binding site. The thin line corresponds to the minimal portion of tRNA required to mmitiate
DNA synthesis. The thick line corresponds to the portions of tRNA that photochemically cross-link to RT.
B. L-shaped structure of tRNA. Interactions with RT protects the anticodon stem from nuclease digestion
(dark shading) and the DHU stem and Ty C stem from alkylation (light shading).

Ty C loop may also represent a contact site since cyanoethylation of the pseudo-
uridine residues within the loop destroys the ability of tRNA' to bind to the RT.”"
It is notable that all of these putative contact sites are located on the outer portion
of the normal L-shaped structure of tRNA** (Figure 6, B). It has been proposed that
much of this structure is likely to be maintained by tRNA after it has annealed to viral
RNA "

Since the tRNA binding exhibited by several RTs is selective for the priming
species, interaction with the molecule probably depends upon primary sequence as
well as structure. One or both of these characteristics can be shared by multiple tRNA
species, which probably explains why AMV RT also binds yeast,”” murine,”"' and
bovine™ tRNA'™, and an avian tRNA™ species,””>** with appreciable affinity. In
contrast, the Mo-MLV enzyme seems to have lost the ability to recognize any specific
tRNA sequences, and may instead recognize structural features conserved among all
tRNAs. In any case, a more complete understanding of the tRNA sites recognized by
RT could potentially be exploited for the development of replication inhibitors.

It is significant that RT enzymes bind the 3" acceptor stem of tRNA, since this
portion of the molecule anneals to the viral RNA template.”>** A portion of the Ty C
loop, which also appears to interact with RT, may also base pair with the template'”
(Figure 6, A). There is evidence that AMV RT melts, or unwinds, the tRNA structure
in order to facilitate this base pairing at biologically relevant temperatures. In the
presence of enzyme the 3 acceptor stem becomes susceptible to RNAse T, cleavage
and the residue at position 10 displays enhanced reactivity with ethylnitrosurea. This
indicates the occurrence of a fundamental event in which the RNA duplex of the
acceptor stem has become unwound.”'*?" Binding to RT also causes position 27 in
the anticodon stem to become accessible to cleavage by cobra venom nuclease and
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position 36 in the anticodon loop to undergo spontaneous degradation.”'? These are
probably distal effects, since these portions of the molecule do not appear to be in
direct contact with RT.*?'? The enzyme therefore seems to destabilize regions of
tRNA where most tertiary interactions maintaining structure are located.”'> Presum-
ably because AMV RT can facilitate tRNA melting and annealing to the template,
DNA synthesis can be demonstrated in vifro using only enzyme, tRNA'" and purified
358 RNA.2IS.ZI6

Other RT enzymes appear to contrast with AMV RT in that they are apparently
uninvolved in the process of base pairing tRNA primers to the viral RNA template.
Although HIV-1 RT separately binds both viral RNA and tRNA, it cannot synthesize
viral DNA in the absence of the nucleocapsid protein (p15).® Further, certain
Mo-MLV mutant virions lacking functional RT nevertheless contain primer tRNA®®
that is properly base-paired with the viral RNA.?'" By analogy to HIV-1, the
Mo-MLYV nucleocapsid protein may promote the annealing process instead of RT.

7.2. RT Structure and tRNA Binding

Both the a and § subunits of AMYV RT become cross-linked to tRNA"? after photo-
chemical treatment.?® This would indicate that both subunits of the enzyme interact
with, or are proximal to, portions of the tRNA. When AMV RT is reacted with
periodate-treated tRNA'P, a Schiff’s base forms between a lysine in the « subunit and
the derivitized 3’-terminal ribose of the tRNA. After longer reaction times the 8
subunit also becomes linked to the tRNA.** The extent of primer linkage is not
reduced by nonprimer tRNAs and therefore reflects the specificity of AMV RT for
tRNA."® The a subunit, however, does not in itself bind tRNA'"® with any discernible
affinity.*®”-2'® This correlates with an inability of the « subunit to efficiently transcribe
70S viral RNA.2*2821% I contrast, both the af and f# subunit forms of the enzyme
are capable of establishing a strong interaction with tRNA'P.?'® Taken together these
results may be interpreted to indicate that the § subunit is responsible for the initial
binding of tRNA, and that the o subunit later establishes secondary interactions. The
f subunit may also act to stabilize such secondary interactions. Both subunits prob-
ably cooperate in binding a single tRNA molecule, since complexes contain a 1:1
molar ratio of tRNA to enzyme.?’

In the case of HIV-1 RT, both the p66 and p51 subunits of the enzyme become
cross-linked to the tRNA"* anticodon stem and loop.””> However, neither subunit in
purified form can form the specific complex with tRNAY**, Both proteins probably
act coordinately to form a single tRNA binding site since complexes contain a 1: 1
molar ratio of tRNA"** to RT heterodimer.

7.3. Selective Encapsidation of Primer tRNA

Retroviral virions are typically enriched in their primer tRNAs even though such
molecules make up only a small fraction of total cellular tRNA.?*?? Since the
number of RT and tRNA molecules in the virion are about equal,”?**? it is probable
that this selective encapsidation is a reflection of RT binding the primer tRNA in the
infected cell and transporting the molecule into the virion. ASV mutants which lack
functional RT are in fact non-selective in the incorporation of tRNA'? into virions.***
In contrast, mutants containing normal RT but lacking a packaged viral genome
selectively incorporate normal amounts of the primer tRNA. Mo-MLV mutants
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lacking RT also exhibit a decrease in the level of viron-associated tRNAP™?'7 Such
results strongly indicate that Mo-MLV RT may in fact display some specificity for
tRNAP™ binding in vivo. Mo-MLV virions are enriched in tRNAP® only 3-fold relative
to the proportion in cellular RNA, while in avian virions the primer tRNA'P is
enriched more than 30-fold.” It is possible that the Mo-MLV RT-tRNAP™ inter-
action may be relatively weak, and therefore difficult to duplicate in vitro.

8. CONCLUSION

The RT enzyme is clearly essential for the completion of the retroviral life cycle. This
fact makes RT a primary target for compounds that could be used in treating diseases
of retroviral etiology such as AIDS. The nucleoside analogues 3’-azido-thymidine
(AZT) and dideoxyinosine (DDI), which inhibit the polymerase function of HIV-1
RT by causing chain termination, have already been used to successfully treat HIV-1
infection. Nucleoside analogues, however, also affect other DNA polymerases and are
therefore inherently toxic to the cell. Fortunately, the continued study of RT has
revealed a number of other features that could be targeted in order to control
retroviral infection. The biosynthesis of RT, for example, could be targeted at the level
of termination suppression (see Section 2.1) during translation of the viral mRNA.
Agents capable of interfering with this process are expected to be particularly specific
anti-retroviral compounds, since there are no known cellular processes that require
termination suppression. Alternatively, compounds might be developed that exploit
the fact that RT-associated RNase H activity preferentially acts at certain RNA
sequences. Analogues derived from such sequences may prove to be effective RNase
H inhibitors. The specificity of tRNA primer binding by RT provides yet another
feature that could be targeted by anti-retroviral compounds. It is easy to imagine how
agents that interfere with RT-tRNA primer interactions could effectively block
replication. Such agents may take the form of tRNA primer molecules in which the
3’ end is blocked, or perhaps be comprised of key portions of the tRNA molecule
whose competitive binding with RT could lead to a block in the selective enrichment
and encapsidation of the specific primer tRNA species during virus assembly (see
Section 7.3). In any case, the intense study of RT in recent years should now make
it possible to rapidly develop and test new drugs that either act as RT inhibitors or
block the biosynthesis and function of the RT molecule.
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