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Reverse transcription and integration are the defining features of the Retroviridae; the
common name “retrovirus” derives from the fact that these viruses use a virally encoded
enzyme, reverse transcriptase (RT), to convert their RNA genomes into DNA. Reverse tran-
scription is an essential step in retroviral replication. This article presents an overview of
reverse transcription, briefly describes the structure and function of RT, provides an introduc-
tion to someof the cellularandviral factors that can affect reverse transcription, anddiscusses
fidelity and recombination, two processes in which reverse transcription plays an important
role. In keeping with the theme of the collection, the emphasis is on HIV-1 and HIV-1 RT.

I
t has been 40 years since the discovery of
reverse transcriptase (RT) was announced by

Howard Temin andDavid Baltimore, who inde-

pendently showed that retroviral virions con-
tain an enzymatic activity that can copy RNA

into DNA (Baltimore 1970; Mizutani et al.

1970). These experiments provided the crucial
proof of Temin’s provirus hypothesis that retro-

viral infections persist because the RNAgenome

found in the virions is converted into DNA
(Temin 1964). The sequences of the genomes

of eukaryotes show how pervasive reverse tran-

scription is in nature; not only do these
genomes contain large numbers of endogenous

retroviruses, but also a variety of retroposons

and reverse-transcribed elements. The discov-
ery in the early 1980s, that AIDS is caused by

a human retrovirus, HIV-1, invigorated retrovi-

ral research and focused attention on the viral

enzymes, which have become the primary target
of anti-AIDS drugs. Not surprisingly, the focus

of RT research shifted from the RTs of the

murine leukemia viruses (MLV) and the avian
myeloblastosis virus to HIV-1 RT. The first

approved anti-HIV drug, AZT, targets RT, and

of the 26 drugs currently approved to treat
HIV-1 infections, 14 are RT inhibitors. In addi-

tion, RTs (primarily recombinant MLV RTs)

have become extremely valuable tools that are
widely used in research, in clinical/diagnostic
tests, and in biotechnology. We provide here a

relatively brief description of the process of
reverse transcription, the structure and bio-

chemical functions of RT, some information

about how other viral and cellular factors in-
fluence reverse transcription, and briefly con-

sider how the reverse transcription process

affects both the mutations that arise during
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the retroviral life cycle and recombination. The

focus will be HIV-1 and HIV-1 RT; however, in
some cases, wewill draw on insights and include

information obtained with other retroviruses

and other RTs. Although the issues of the inhi-
bition of HIV-1 RT by anti-RT drugs and the

mechanisms of drug resistance are of consid-

erable importance, these issues will not be
addressed in detail here; the reader is directed

to Arts and Hazuda (2011). Given that the liter-

ature on RT and reverse transcription is both
vast and complex, and the space allowed for this

article is limited, we have had tomake some dif-

ficult choices in what to present, and what to
omit, both in terms of the material and the

references. For the omissions, we apologize.

THE PROCESS OF REVERSE
TRANSCRIPTION

When a mature HIV-1 virion infects a suscepti-

ble target cell, interactions of the envelope gly-

coprotein with the coreceptors on the surface
of the cell brings about a fusion of the mem-

branes of the host cell and the virion (Wilen

et al. 2011). This fusion introduces the contents
of the virion into the cytoplasm of the cell, set-

ting the stage for reverse transcription. There are

complexities to the early events that accompany
reverse transcription in an infected cell, not all

of which are well understood, which will be

considered later in this article. We will begin
by discussing the mechanics of the conversion

of the single-stranded RNA genome found in

the virion into the linear double-stranded
DNA that is the substrate for the integration

process. The synthesis of this linear DNA is a

reasonably well-understood process; additional
details and references can be found in the books

Retroviruses (Telesnitsky and Goff 1997) and

Reverse Transcriptase (Skalka and Goff 1993).
In orthoretroviruses, including HIV-1, reverse

transcription takes place in newly infected cells.

There is some debate in the literature about
whether reverse transcription is initiated in pro-

ducer cells. Primer tagging experiments suggest

that most HIV-1 virions initiate reverse tran-
scription in newly infected cells (Whitcomb

et al. 1990); however, there are claims that a small

number of nucleotides may be incorporated

before the virions initiate infection of target cells
(Lori et al. 1992; Trono 1992; Zhu andCunning-

ham 1993; Huang et al. 1997). Either way, the

vast majority of the viral DNA is synthesized in
newly infected cells. This is a lifestyle choice;

spumaretroviruses and the more distantly re-

lated hepadna viruses carry out extensive reverse
transcription in producer cells (Summers and

Mason 1982; Yu et al. 1996, 1999). Although

there are viral and cellular factors that assist in
the process of reverse transcription (these will

be discussed later) the two enzymatic activities

that are necessary and sufficient to carry out
reverse transcription are present in RT. These

are a DNA polymerase that can copy either a

RNA or a DNA template, and an RNase H that
degrades RNA if, and only if, it is part of an

RNA–DNA duplex.

Like many other DNA polymerases, RT
needs both a primer and a template. Genomic

RNA is plus-stranded (the genome and themes-

sages are copied from the same DNA strand),
and the primer for the synthesis of the first

DNA strand (the minus strand) is a host tRNA

whose 30 end is base paired to a complementary
sequence near the 50 end of the viral RNA called

the primer binding site (pbs). Different retrovi-

ruses use different host tRNAs as primers.
HIV-1 uses Lys3. It would appear, based on in

vitro experiments, that the addition of the first

few nucleotides is slow and difficult. DNA syn-
thesis speeds up considerably once the first five

to six deoxyribonucleotides have been added to

the 30 end of the tRNA primer (Isel et al. 1996;
Lanchy et al. 1998). In HIV-1, the pbs is ap-

proximately 180 nucleotides from the 50 end

of genomic RNA. DNA synthesis creates an
RNA–DNA duplex, which is a substrate for

RNase H. There are perhaps 50 RTs in an

HIV-1 virion; it is unclear whether the same
RT that synthesizes the DNA plays a significant

role in degrading the RNA. This is not a require-

ment—retroviruses can replicate (at a consider-
ably reduced efficiency) with a mixture of RTs,

some of which have only polymerase activity

and some that have only RNase H activity (Tele-
snitsky and Goff 1993; Julias et al. 2001). More-

over, in in vitro assays, little or no RNase H
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cleavage is detected while RT is actively synthe-

sizing DNA; instead, cleavages occur at sites
where DNA synthesis pauses (Driscoll et al.

2001; Purohit et al. 2007). Whatever the exact

mechanism, RNase H degradation removes the
50 end of the viral RNA, exposing the newly syn-

thesized minus-strand DNA (see Fig. 1).

The ends of the viral RNA are direct repeats,
called R. These repeats act as a bridge that allows

the newly synthesized minus-strand DNA to be

transferred to the 30 end of the viral RNA. Retro-
viruses package two copies of the viral RNA

genome; the first (or minus-strand) transfer

can involve the R sequence at the 30 ends of
either of the two RNAs (Panganiban and Fiore

1988; Hu and Temin 1990b; van Wamel and

Berkhout 1998; Yu et al. 1998). After this trans-
fer, minus-strand synthesis can continue along

the length of the genome. As DNA synthesis

proceeds, so does RNase H degradation. How-
ever, there is a purine-rich sequence in the

RNA genome, called the polypurine tract, or

ppt, that is resistant to RNase H cleavage and
serves as the primer for the initiation of the

R U5 pbs gag pol env ppt U3 R

R U5

R U5

pbs gag pol env ppt U3 R

pbs gag pol env ppt U3 R

pbs gag pol env ppt U3

R U5pbs gag pol env ppt U3

R U5

r A

r A

pbs gag pol env ppt U3R U5U3

R U5pbs gag pol env ppt

LTRLTR

U3R U5U3

A

B

C

D

E

F

G

Figure 1. Conversion of the single-stranded RNA genome of a retrovirus into double-stranded DNA. (A)
TheRNAgenome of a retrovirus (light blue) with a tRNAprimer base paired near the 50 end. (B) RT has initiated
reverse transcription, generating minus-strand DNA (dark blue), and the RNase H activity of RT has degraded
the RNA template (dashed line). (C) Minus-strand transfer has occurred between the R sequences at both
ends of the genome (see text), allowing minus-strand DNA synthesis to continue (D), accompanied by
RNA degradation. A purine-rich sequence (ppt), adjacent to U3, is resistant to RNase H cleavage and
serves as the primer for the synthesis of plus-strand DNA (E). Plus-strand synthesis continues until the
first 18 nucleotides of the tRNA are copied, allowing RNase H cleavage to remove the tRNA primer. Most
retroviruses remove the entire tRNA; the RNase H of HIV-1 RT leaves the rA from the 30 end of the tRNA
attached tominus-strand DNA. Removal of the tRNAprimer sets the stage for the second (plus-strand) transfer
(F); extension of the plus and minus strands leads to the synthesis of the complete double-stranded linear viral
DNA (G).
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second (or plus) strand DNA. All retroviruses

have at least one ppt. HIV-1 has two, one near
the 30 end of the RNA, the other (the central

ppt) near the middle of the genome. The 30

ppt is essential for viral replication, the central
ppt probably increases the ability of the virus

to complete plus-strand DNA synthesis, but is

not essential (Charneau et al. 1992; Hungnes
et al. 1992). When RT generates the plus-stand

DNA that is initiated from the 30 ppt, it not

only copies the minus-strand DNA, but also
the first 18 nucleotides of the Lys3 tRNAprimer.

Experiments performed with avian sarcoma-

leukosis virus (ASLV) suggest that the ppt-
primed plus-strand DNA synthesis stops when

it encounters a modified A that RT cannot

copy (Swanstrom et al. 1981). It is reasonable
to expect that the same mechanism defines the

portion of the HIV tRNA primer that is copied.

Once the tRNA has been copied into DNA, it
becomes a substrate for RNase H. Most retrovi-

ruses remove the entire tRNA; however, HIV-1

RT is the exception. It cleaves the tRNA one
nucleotide from the 30 end, leaving a single A

ribonucleotide at the 50 end of the minus strand

(the specificity of RNase H cleavage is discussed
at the end of this section) (Whitcomb et al.

1990; Pullen et al. 1992; Smith and Roth 1992).

In theory, minus-strand DNA synthesis can
proceed along the entire length of the RNA

genome; however, the genomic RNAs found

in virions are often nicked. The fact that there
is a second copy of the RNA genome allows

minus-strand DNA synthesis to transfer to the

second RNA template, thus bypassing the nick
in the original template. This template switch-

ing ability contributes to efficient recombina-

tion, a topic that is considered later in this
article. When minus-strand DNA synthe-

sis nears the 50 end of the genomic RNA, the

pbs is copied, setting the stage for the second,
or plus-strand transfer. The 30 end of the plus-

strand DNA contains 18 nucleotides copied

from the tRNA primer, which are complemen-
tary to 18 nucleotides at the 30 end of theminus-

strand DNA that were copied from the pbs.

These two complementary sequences anneal,
and DNA synthesis extends both the minus

and plus strands to the ends of both templates.

The synthesis of plus-strandDNAdoes not have

to be continuous; it is clear that, in ASLV, the
plus strand is made in segments (Kung et al.

1981; Hsu and Taylor 1982). It has been

reported that HIV-1 plus-strand DNA is also
synthesized from multiple initiation sites

(Miller et al. 1995; Klarmann et al. 1997; Tho-

mas et al. 2007); however, that raises a question
about the role played by the second ppt: If plus-

strand DNA is made in segments, what advant-

age does the second ppt give HIV-1?
The reverse transcription process creates a

DNA product that is longer than the RNA

genome from which it is derived: both ends of
the DNA contain sequences from each end

of the RNA (U3 from the 30 end and U5 from

the 50 end). Thus, each end of the viral DNA
has the same sequence, U3-R-U5; these are the

long terminal repeats (LTRs) that will, after inte-

gration, be the ends of the provirus. It is impor-
tant to remember that the sequences at the ends

of the full-length linear viral DNA are defined,

on the U5 end, by the RNase H cleavage that
removes the tRNA primer, and on the U3 end,

by the cleavages that generate and remove the

ppt primer. Despite the fact that RNase H
does not have any specific sequence recognition

motifs, it cleaves these substrates with single

nucleotide specificity, a specificity that appears
to be based on the structures of the nucleic

acid substrates when they are in a complex

with RT (Pullen et al. 1993; Julias et al. 2002;
Rausch et al. 2002; Dash et al. 2004; Yi-Brunozzi

and Le Grice 2005). The specificity of RNase H

cleavage is important because the ends of the
linear viral DNA are the substrates for integra-

tion. Although DNA substrates whose ends dif-

fer modestly from the consensus sequence can
be used for retroviral DNA integration, the con-

sensus sequence is the preferred substrate

(Colicelli and Goff 1985, 1988; Esposito and
Craigie 1998; Oh et al. 2008).

THE GENESIS, STRUCTURE, AND
ENZYMATIC FUNCTIONS OF HIV-1 RT

HIV-1 RT is produced from a Gag-Pol polypro-
tein by cleavage with the viral protease (PR).

HIV-1 Gag-Pol is produced by a frameshift
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readthrough event in the p6 coding region that

occurs about 5% of the time Gag is translated
from an unspliced full-length viral RNA tran-

script. The Gag portion of Gag-Pol allows it to

associate with Gag during virion assembly,
ensuring that the Pol portion of Gag-Pol, which

includes PR, RT, and integrase, is inside the

assembled virion.
The mature form of HIV-1 RT is a hetero-

dimer that is composed of two related sub-

units: the larger, p66, is 560 amino acids long;
the smaller, p51, contains the first 440 amino

acids of p66 (Lightfoote et al. 1986). The p66

subunit consists of two domains: polymerase
and RNase H; in the mature HIV-1 RT hetero-

dimer, p66 contains the active sites for the two

enzymatic activities of RT (see online Movie 1
at www.perspectivesinmedicine.org). The poly-

merase domain has been compared to a human

right hand and is composed of the fingers,
palm, thumb, and connection subdomains

(see Fig. 2) (Kohlstaedt et al. 1992). The p51

subunit corresponds closely, but not exactly, to
the polymerase domain of p66, and contains

the same four subdomains. However, the rela-

tive arrangement of the subdomains differs in
the two subunits. The p66 domain plays the cat-

alytic role, whereas the p51 subunit plays a

structural role (Movie 1) (Kohlstaedt et al.
1992; Jacobo-Molina et al. 1993).

We are fortunate to have crystal structures

that correspond to HIV-1 RT in multiple states
that are important intermediates in the reverse

transcription process (see Fig. 3 and online

Movie 2 at www.perspectivesinmedicine.org).
Some of the structures also tell us a great deal

about how anti-RT drugs work, and how resist-

ance mutations allow RT to evade the currently
approved drugs (Arts and Hazuda 2011). Con-

sidering the structures in away that corresponds

to steps in reverse transcription, unliganded RT
has the thumb subdomain of the p66 subunit

folded over into the nucleic acid binding cleft,

in a position such that the tip of thumb nearly
touches the fingers (Esnouf et al. 1995; Rodgers

et al. 1995; Hsiou et al. 1996). Because the

thumb is in the closed configuration in unli-
ganded RT, the thumb must move away from

Figure 2. Structure of a ternary complex of HIV-1 RT, double-strandedDNA, and an incoming dNTP. HIV-1 RT
is composed of two subunits, p51 and p66. P51 is shown in gray. The RNase H domain of p66 is gold, and the
four subdomains of the polymerase domain of p66 are color-coded: fingers, blue; palm, red; thumb, green; and
connection, yellow. The template strand of the DNA is brown, and the primer strand is purple. The incoming
dNTP is light blue. (Figure courtesy of K. Das and E. Arnold.)
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the fingers to create the nucleic acid binding

cleft for the template primer. The nucleic acid
binding cleft has a structure that allows it to

bind a double-stranded nucleic acid (Jacobo-

Molina et al. 1993). There are modest inter-
actions of the single-stranded 50 extension of

the template with RT; this helps to position

the end of the primer at the polymerase ac-
tive site, which is composed of three aspartatic

acid residues (D110, D185, and D186), that

help position the two divalent metal ions
(Mg2þ during viral replication) required for

polymerization (Movie 2).

We do not have any structures of RTwith an
RNA–RNA duplex (which would correspond

to minus-strand initiation); however, there is

one structure with an RNA–DNA duplex
and several that contain DNA–DNA duplexes

(Jacobo-Molina et al. 1993; Huang et al. 1998;

Sarafianos et al. 2001, 2002; Tuske et al. 2004;
Das et al. 2009; Lansdon et al. 2010; Tu et al.

2010). The sequence of the RNA in the RNA–

DNA duplex structure was based on the ppt,
which was chosen for this structural analysis

because it is poorly cleaved by RNase H. The

RNA–DNA duplex is bent approximately 408
near where it passes under the thumb. A similar

bend is seen in the DNA–DNA structures (dis-

cussed below). However, the surprising thing
about the RNA–DNA duplex is that it contains

two unpaired and twomispaired bases that take

the duplexout of, then back into, proper register
(Sarafianos et al. 2001). We only have one

RNA–DNA structure, so it is possible that this

misalignment could be specific to the ppt,
and, if it is, the misalignment could play a role

Fingers
Fingers

Thumb Thumb

Palm

A

RT

Thumb

down

Thumb

up

Fingers

open

Fingers

closed

Catalysis,

translocation

RT ′/DNAn RT ′/DNAn/dNTP RT*/DNAn/dNTP

A. RT B. RT ′/DNAn C. RT*/DNAn/dNTP

RT ′/DNAn+1 RT + DNA

DNAn

B

Palm

DNA

dNTP

B C

dNTP –PPi

Figure 3. Structural changes in RT that occur during polymerization. In unliganded RT (A), the thumb is in
the closed configuration. Binding a double-stranded nucleic acid substrate (B) is accompanied by movement
of the thumb (upper left, A,B) that creates the nucleic acid binding site. Binding of the incoming dNTP
(C) is accompanied by a movement of the fingers that closes the b3-b4 loop down onto the incoming dNTP
(lower left, B,C). These movements correspond to steps in DNA synthesis (bottom). (Figure courtesy of K. Kirby
and S. Sarafianos.)
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in the resistance of the ppt to RNase H cleavage.

Although the RNA strand is the template strand
in this structure, the RNase H active site amino

acids D443, E478, D498, and D549, which help

position the two divalent metal ions (again,
Mg2þ in vivo) do not make close contact with

the RNA strand in the structure, which helps

account for the inability of RNase H to cleave
the ppt. The polymerase and RNase H active

sites are 17 to 18 base pairs apart along the

nucleic acid, depending on the nucleic acid sub-
strate (Jacobo-Molina et al. 1993; Sarafianos

et al. 2001). Despite the fact that the RNA

template does not make close contact with the
RNase H active site in the one structure we

have of RT bound to an RNA–DNA duplex,

the two active sites are positioned so that they
should be able to simultaneously engage a

nucleic acid substrate. There are several motifs

that play important roles in holding and
properly positioning the nucleic acid relative

to the two active sites. The RNase H primer

grip, which is near the RNase H active site, plays
a role in positioning an RNA–DNA duplex

for proper (specific) cleavage (Julias et al.

2002; Rausch et al. 2002). The primer grip
and template grip, which are nearer the poly-

merase active site, help position nucleic acid

duplexes at both the polymerase and RNase H
active sites (Ghosh et al. 1996, 1997; Powell

et al. 1997, 1999; Gao et al. 1998).

The complexes of RT bound to a DNA–
DNA duplex are globally quite similar to the

complex with the RNA–DNA duplex but with

some interesting differences. None of the
DNA–DNA duplexes contain unpaired bases,

possibly because none of the sequences of the

DNA–DNA duplexes in the RT structures have
the sequence of the ppt. The DNA–DNA

duplex follows a similar bent trajectory as the

RNA–DNA duplex (Jacobo-Molina et al.
1993; Sarafianos et al. 2001). In the DNA–

DNA duplex, the portion of the double-

stranded DNA near the polymerase active site
is A form. Where the DNA bends, near the

thumbof p66, there is a transition, which occurs

over a stretch of four base pairs, from an A-form
to a B-form duplex, and the DNA beyond the

thumb is B form. In contrast, the RNA–DNA

duplex is neither entirely A form nor B form,

being somewhat intermediate between the two
(this is common for RNA–DNAduplexes; these

structures have been called H form), although

the region near the polymerase active site is
more similar to A form and the region beyond

the thumb more similar to B form.

There are also structures of HIV-1 RTwith
both a bound DNA–DNA duplex and an

incoming dNTP or the triphosphate of a

nucleoside analog (Huang et al. 1998; Tuske
et al. 2004; Das et al. 2009; Lansdon et al.

2010). Overall, the structures of these ternary

complexes are similar to the corresponding
structures of HIV-1 RT bound to a DNA–

DNA duplex, with one important difference:

When there is a bound dNTP, a portion of the
p66 fingers (the b3-b4 loop) closes down on

the incoming triphosphate, forming part of

the dNTP-binding pocket. A similar movement
of the fingers has been seenwith other polymer-

ases (bacterial DNA polymerases, T7 RNA

polymerase, and some viral RNA-dependent
RNA polymerases) when an incoming nucleo-

side triphosphate is bound. In the structures

of HIV-1 RT in a complex with a DNA–DNA
duplex and an incoming dNTP, the last nucleo-

tide at the 30 end of the primer strand is a

dideoxy; this prevents incorporation of the
incoming dNTP. The dNTP is bound at the

active site, which is also called the N, or

nucleoside-binding site. The end of the primer
is at the P, or priming site. During normal poly-

merization, the incorporation of the incoming

dNTP links the a-phosphate of the dNTP
to the 30OHof the deoxyribose of the nucleotide

at the 30 end of the primer, releasing pyrophos-

phate. At this point, the end of the primer is
still in the N site, and there are structures that

correspond to this state. For polymerization to

continue, the nucleic acid substrate must
move (translocate) relative to RT, moving the

end of the primer to the P site, so that the

next incoming dNTP can bind. Release of
the pyrophosphate appears to be accompanied

by an opening of the fingers and it has been sug-

gested that a movement of the conserved
YMDD loop that contains two of the active

site aspartates (D185 and D186) acts as a
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springboard, affecting translocation. In this

model, the binding of the incoming dNTP
causes a downward movement that loads the

springboard; thus the incorporation of the

nucleotide and the release of the pyrophosphate
are the ultimate source of the energy that drives

translocation (Sarafianos et al. 2002). Once the

end of the primer is in the P site, another
incoming dNTP can bind, and polymerization

can continue.

The availability of the various different RT
structures has guided and informed the anal-

ysis of the biochemical properties of RT. This

combination of biochemical analysis and struc-
tural insights have made it possible to gain a

good understanding of the roles played by

structural elements like the primer grip, the
template grip, the RNase H primer grip, and,

in some cases, of the roles played by individual

amino acids. In many cases, ideas that origi-
nated by looking at one or more of the RTstruc-

tures was tested by reverse genetics: Mutations

were made in specific amino acids to determine
their effects on the in vitro properties of

recombinant HIV-1 RT, on the replication of

an HIV-1-based vector, or both. This literature
is too large and complex to review here; how-

ever, a few simple ideas are worth presenting.

For the most part, mutations in the structures
that appear to be important in binding the sub-

strates have phenotypes that match what the

structure shows. This brings up an important
point: Any mutation that causes a change in

the polymerase domain of HIV-1 RT makes

two changes in the mature HIV-1 RT hetero-
dimer, one in p51 and one in p66. It is possible

to express forms of recombinant RT that have

changes in only one subunit. Despite the fact
that both the polymerase and the RNase H

active sites are in p66, in some cases the change

in p51, which interacts extensively with p66 and
helps form the nucleic acid binding cleft, can

contribute to the behavior of the recombinant

enzyme. Despite this complexity, individual
mutations (e.g., active sitemutations) can selec-

tively affect one of the two activities of RT, poly-

merase or RNase H. However, there are a
number of mutations, such as mutations that

change the binding of the nucleic acid substrate,

that affect both polymerase and RNase H. For

example, there are mutations in the polymerase
domain that affect not only polymerase activity

and the fidelity of DNA synthesis, but also

RNase H cleavage (Palaniappan et al. 1997;
Gao et al. 1998; Powell et al. 1999; Sevilya

et al. 2001, 2003). Mutations in the RNase H

primer grip can affect the specificity of RNase
H cleavage, but can also have some effect on

the initiation of viral DNA synthesis (Julias

et al. 2002; Rausch et al. 2002). Mutations
in and around the polymerase active site can

profoundly affect dNTP selection and polymer-

ization. Not surprisingly, some, but not all,
of themutations that cause resistance to nucleo-

side analogs are near the polymerase active site

(Tantillo et al. 1994; Sarafianos et al. 2009).
Mutations that do not directly impact the

enzymatic activities of RT can still have impor-

tant effects on reverse transcription and the viral
life cycle. For example, there are mutations in

HIV-1 RT that affect the stability of the hetero-

dimer. There are also mutations that permit
the degradation of RT in virions by the viral

PR. Some of these mutants have been shown

to have a temperature-sensitive phenotype.
It would appear that the mutations allow RT

to partially unfold, making it susceptible to

cleavage by PR. In some cases, the mutant
virions contain no detectable RT. As expected,

virions in which RT is extensively degraded

have little or no infectivity (Huang et al. 2003;
Takehisa et al. 2007; Dunn et al. 2009; Wang

et al. 2010).

REVERSE TRANSCRIPTION IN
INFECTED CELLS

Although only purified RT is required to carry

out DNA synthesis from an RNA template

in vitro, reverse transcription in target cells is
a complex process that is intimately inter-

connected with other early events in the viral

life cycle. The reverse transcription complex
(RTC), in which DNA synthesis occurs in

infected cells, contains multiple proteins. At

some point, late in the reverse transcription
process, the RTC transitions into a preintegra-

tion complex (PIC), and the PIC is transported

W.-S. Hu and S.H. Hughes
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into the nucleus. Although the ends of the

DNA are completed in the cytoplasm, the
plus-strand DNA of HIV-1 comprises at least

two segments before integration. Viral DNA

synthesis is a highly regulated event. Mutations
in other viral genes, such as CA, can have a pro-

found effect on reverse transcription in vivo

(Forshey et al. 2002).
Multiple viral proteins, including MA, CA,

NC, IN, and Vpr, have been reported to be

present in the RTC (Fassati and Goff 2001; Ner-
mut and Fassati 2003; Iordanskiy et al. 2006).

The role of mature MA protein in the RTC/
PIC is unclear. There were claims that MA
directs the nuclear import of PICs and allows

HIV-1 to infect nondividing cells; however,

more recent data suggest that this hypothesis
is incorrect (Gallay et al. 1995a,b; Freed et al.

1997). The mature CA protein most likely pro-

vides the overall structure of the RTC. CA may
play a role in the transport of the RTC and the

nuclear import of the RTC/PIC, allowing

HIV-1 to infect nondividing cells (Yamashita
and Emerman 2004; Dismuke and Aiken 2006;

Qi et al. 2008; Lee et al. 2010). NC has nucleic

acid chaperone activity; it affects the reverse
transcription process, both in terms of helping

RT through regions of secondary structure

and facilitating strand transfer (Feng et al.
1996; Zhang et al. 2002; Buckman et al. 2003;

Golinelli and Hughes 2003; Houzet et al. 2008;

Thomas and Gorelick 2008; Thomas et al.
2008). Vpr is present in the RTC and it has

been suggested that Vpr interacts with the

host enzyme uracil DNA glycosylase/uracil N-
glycosylase (UNG2), a factor that could modify

newly synthesized viral DNA (Selig et al. 1997;

Mansky et al. 2000; Chen et al. 2004; Schrofelba-
uer et al. 2005). The precise role and effects of

Vpr/UNG2 is not yet clear. Some lentiviruses

encode a deoxyuridine triphosphatase; how-
ever, this accessory gene is not found in HIV-1

(Elder et al. 1992; Wagaman et al. 1993; Lerner

et al. 1995). Other HIV-1 gene products such
as Vif and Tat have been shown to affect DNA

synthesis in vitro; however, their roles in in

vivo DNA synthesis, if any, are unclear (Harrich
et al. 1997; Kameoka et al. 2002; Liang and

Wainberg 2002; Apolloni et al. 2007; Henriet

et al. 2007; Carr et al. 2008). Conversely, some,

but not all, IN mutations have a profound
negative effect on reverse transcription in an

infected cell; however, these same IN mutations

do not affect the activity of RT in viral lysates,
and IN has not been shown to enhance the

activity of purified RT in vitro, which suggest

that IN might have an indirect role in the
structure of the RTC in vivo (Engelman et al.

1995; Masuda et al. 1995; Leavitt et al. 1996;

Wu et al. 1999). Certain host restriction factors,
such as APOBEC3G and APOBEC3F, can be

incorporated into virions and become part of

the RTCs where they can cause mutations dur-
ing DNA synthesis (Bishop et al. 2004b; Zheng

et al. 2004); these factors are discussed briefly

later in this article, and in more detail by Malim
and Bieniasz (2011).

The structure of the RTC is not known. It is

clear that there are changes in the structure of
the core found in a mature virion (collectively

called “uncoating”), which convert the core

into a complex that can efficiently carry out
reverse transcription. One hypothesis is that as

uncoating is a continuous process, the structure

of RTC changes as DNA synthesis proceeds,
eventually transforming the RTC into a PIC

(Forshey et al. 2002; Dismuke and Aiken

2006), which can be isolated from the cyto-
plasm and is capable of integrating viral DNA

into a DNA target in vitro (Craigie and Bush-

man 2011). An alternative hypothesis is that
the RTCs have a structure similar to that of

the virus core, within which DNA synthesis

occurs. In this proposal, the “core-like” struc-
tures are transported to the nuclear pore and

converted into PICs before they enter the

nucleus (Arhel et al. 2007). The RTC is a target
for host restriction factors such as TRIM5a,

TRIMCyp, and Fv-1; these host restriction fac-

tors interact with hexameric CA protein in the
RTC, interfering with uncoating in a way that

blocks reverse transcription or some later step

that is essential for nuclear import and integra-
tion (Frankel et al. 1989; Best et al. 1996; Nisole

et al. 2004; Sayah et al. 2004; Stremlau et al.

2004, 2006; Wu et al. 2006; Brennan et al.
2008; Newman et al. 2008; Virgen et al. 2008;

Wilson et al. 2008).
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Reverse transcription is initiated shortly

after virus entry; viral DNA can be detected
within hours of infection (Butler et al. 2001;

Julias et al. 2001; Thomas et al. 2006; Mbisa

et al. 2007). The rate of HIV-1 DNA synthesis
had been measured in 293 T cells and activated

primary human CD4þ T cells: minus-strand

DNA is synthesized at a rate of ≏70 nucleotides
per minute (Thomas et al. 2007). Plus-strand

DNA synthesis is rapid, which agrees with the

proposals that multiple initiation sites are
used (Miller et al. 1995; Klarmann et al. 1997;

Thomas et al. 2007). The minus-strand and

plus-strand transfer reactions were first studied
in vitro, in experiments performed with MLV

and ASLV. The in vitro strand transfer reactions

are slow, and the transfer intermediates, minus-
and plus-strand strong-stop DNA, are easy to

detect. These transfers occur more rapidly in

an infected cell, where it has been estimated for
HIV-1 that the transfers take ≏4 and ≏9 mins,

respectively (Thomas et al. 2007). The rate of

DNA synthesis, however, can vary depending
on the nature of the target cell. For example,

the rate of synthesis is expected to be slow in qui-

escent cells where the dNTP levels are low; it has
been shown that DNA synthesis can stall in rest-

ing T cells (Zack et al. 1992). Additionally, the

rate of DNA synthesis can be affected by muta-
tions in viral genes, including RT.

DNA synthesis is often used to monitor

the early stages of virus infection. The progres-
sion of reverse transcription can be determined

using real-time polymerase chain reaction

(PCR) and primer sets that anneal to various
regions of the viral genomes (Butler et al.

2001; Julias et al. 2001; Mbisa et al. 2009). Gen-

erally, primer sets that anneal to R-U5 are used
to measure the initiation of DNA synthesis,

U3-R for minus-strand DNA transfer, Gag for

the extension of the minus-strand DNA, and
U5-50UTR for plus-strand DNA transfer. Addi-

tionally, primers that anneal to U5-U3 can be

used to measure 2-LTR circles, which are often
used as a surrogate for nuclear import; lastly,

primers that anneal to the LTR and human

repetitive element Alu have been used to detect
viral DNAs integrated in the human genome

(proviruses).

GENETIC CONSEQUENCES OF REVERSE
TRANSCRIPTION: MUTATION AND
RECOMBINATION

Mutations and Fidelity

HIV-1 sequences vary considerably, not only

between individuals, but alsowithin an infected
patient. The large variation seen in individual

patients is somewhat surprising given that

most patients are infected with a single virus
(Keele et al. 2008); this means that the diversity

of viral sequences seen in most patients arises

after the patients are infected. Although it is
the large numbers of infected cells and the rapid

turnover of these infected cells that are the

major reasons why the virus diverges so rapidly,
it is the mutations that arise during the viral life

cycle that are the ultimate source of viral diver-

sity (Coffin 1995). The ability of the virus to
diverge rapidly plays an important role in its

ability to stay ahead of the immune system in

an infected individual, and plays a key role in
the ability of the virus to become resistant to

all the known anti-AIDs drugs. The diversity

of known viral strains also makes the daunting
task of developing an effective vaccine even

more difficult. As will be discussed in the next

section, the fact that the virus can, and does,
recombine efficiently complicates attempts to

deal with these problems.

What is the cause of the mutations? A casual
reading of the HIV-1 literature would suggest

that mutations are caused by errors made by

RT, which has no proofreading function. How-
ever, the data that speak directly to this ques-

tion are quite limited. In theory, there are

three ways in which mutations could arise dur-
ing the HIV-1 replication cycle. Reverse tran-

scription is one possibility. However, the RNA

genome is synthesized by the host DNA-
dependent RNA polymerase II (RNA pol II),

another enzyme that lacks a proofreading func-

tion, and the contribution of RNA pol II to the
mutation rate has not been determined. In

addition, if a cell that harbors a provirus repli-

cates, it is possible that the hostDNA replication
machinery could generate a mutation in the

provirus. However, for exogenous retroviruses
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like HIV-1, in which there is a rapid turnover of

infected cells, the contribution of the host DNA
polymerases (which have elaborate proofread-

ing functions) to themutation rate is negligible.

That leaves RTand RNA pol II. Unfortunately it
has not been possible to separate their contribu-

tions to the overall viral mutation rate (Kim

et al. 1996; O’Neil et al. 2002). It is possible to
run RT fidelity assays in vitro, using purified

RT, but, as will be discussed in more detail later,

the in vitro data obtained with purified RT do
not match the fidelity data obtained when an

HIV-1 vector is used to infect cultured cells. If

we could identify the errors made by RNA pol
II, the errors made by RT could be identified

by subtraction, but as yet there is no good way

to determine which errors are made by pol II.
It has been suggested that the fidelity of

HIV-1 RT is particularly low, and this accounts

for the observed sequence variation. This is
incorrect. The mutation rate for HIV-1 replica-

tion, which represents the combined error rate

for RT and RNA pol II, is approximately 2 �

1025 per nucleotide per replication cycle, a

rate that is similar of other retroviruses (Pathak

and Temin 1990a,b; Mansky and Temin 1994,
1995; Kim et al. 1996; Julias and Pathak 1998;

Halvas et al. 2000; Abram et al. 2010). As has

already been mentioned, the rapid variation in
HIV-1 in patients is primarily because of the

rapid turnover of a relatively large population

of infected cells. Other retroviruses, which
have a mutation rate similar to that of HIV-1,

have a lower variation because the viruses repli-

cate less rapidly in their infected hosts. In some
cases (e.g., the ASLVand MLV viruses) the nat-

ural host (in this example, chickens and mice)

carries closely related endogenous viruses
whose proteins are expressed early enough in

development to be recognized as self. This

means that the exogenous viruses are sheltered,
to some degree, from the host’s immune system.

Because the degree of protection afforded by the

proteins of endogenous viruses depends on the
similarity of the proteins encoded by the exoge-

nous viruses, the immune selection tends to

restrict the overall variation of these exogenous
viruses. Given that the overall mutation rate for

HIV-1 and other retroviruses is similar, we can

infer that the error rates of their RTs are similar.

It is likely that RTmakes a significant contribu-
tion to the overall error rate because, in a system

in which the genetic information copied by RT

is supplied by RNA pol II, there can be no selec-
tion for an RT that has a fidelity higher than the

enzyme that provides the template RNA copies.

This idea is supported by the analysis of muta-
tions in the LTR that must be owing to the activ-

ity of RT (Kim et al. 1996; O’Neil et al. 2002).

These data leave open the possibility that RT
may have a lower fidelity than RNApol II. How-

ever, even if we assume that RTmakes themajor-

ity of the errors, its fidelity could be no lower
than the error rate for the viral replication cycle

(2 � 1025). Thus, the fidelity of RT in an

infected cell is at least 10 times higher than
most groups have reported based on assays

that involve using the purified enzyme in vitro.

Although it is convenient to calculate a spe-
cific number for the overall mutation rate, pro-

viding a single number is somewhatmisleading.

Errors do not arise uniformly throughout the
sequence. Errors arise more frequently at some

positions than at others; sites where errors occur

frequently are called “hotspots.” In theory, it
should be possible to use the in vitro assays to

understand why RT preferentially makes mis-

takes at certain sites. Some of the in vitro fidelity
assays have been performed with a substrate

(the a-complementing fragment of Lac Z) sim-

ilar to the one used in the single-cycle cell cul-
ture assays. Unfortunately, none of the in vitro

assays produced a pattern of hotspots that was

similar to what has been seen with a viral vector
in cultured cells (Mansky and Temin 1995;

Abram et al. 2010). To make matters worse,

the pattern of hotspots reported from the vari-
ous labs that did the in vitro experiments are all

different. There are several possible explana-

tions: (1) As has already been discussed, there
are a number of ancillary viral and host proteins

that contribute to the efficiency of the reverse

transcription process; it is possible that some
of these factors also contribute to fidelity. (2)

The various groups used different assay condi-

tions, and the purified RTs used in the assays
are not identical. (3) Although it is likely that

RT makes a real contribution to hotspots seen

HIV-1 Reverse Transcription
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in the viral vector system, some of the hotspots

could be caused by RNA pol II.
One of the important underlying issues is

the emergence of mutations that allow HIV-1

to evade anti-AIDS drugs and mutations that
cause immune escape. It is clear that the virus

almost always finds a way to evade the host’s

immune system and, unless the therapy com-
pletely blocks viral replication, the virus also

finds ways to evade all the known anti-HIV

drugs. However, the virus can use different
mutations for immune escape and drug resist-

ance. There are several possible explanations.

One interesting possibility is that differences in
the sequences of the various RTs could change

their ability tomake specific errors (mutations).

As a result, these RTs (e.g., a drug-resistant RT)
might, when carrying out viral DNA synthesis,

generate a different spectrum of errors (muta-

tions), thereby altering the spectrum of variants
that eventually emerge in response to immuno-

logical (or drug) selection.

In addition to the errors made by RT and
RNA pol II, the reverse transcription process

can be affected by cellular factors, in particular,

the APOBEC proteins. The APOBECs are cov-
ered in greater detail by Malim and Bieniasz

(2011); however, it is important to remember

that they affect the fidelity and efficiency
of reverse transcription. Broadly speaking, the

APOBECs are cytidine deaminases; those

that affect retroviruses use a single-stranded
DNA substrate (Harris et al. 2003; Mangeat

et al. 2003; Bishop et al. 2004b). Although

APOBEC3G is the best studied of the human
APOBEC proteins, there are several human

APOBECs that can affect HIVreplication in cul-

tured cells; these could have effects on HIV-1
replication in patients (Bishop et al. 2004a; Yu

et al. 2004; Holmes et al. 2007). The APOBECs

that affect HIV replication are packaged into
virions and modify minus-strand DNA after

the RNA has been degraded, but before the

plus strand has been synthesized. At this stage
the APOBECs can convert some of the Cs in

the minus strand to Us. When the virus repli-

cates, the C-to-U mutations in minus-strand
DNA lead to the conversion of Gs in the RNA

genome to As. The APOBECs are part of the

host’s innate defense against retroviruses, and,

as might have been expected, HIV-1 has a coun-
ter, the Vif protein, which interacts with host

machinery to cause the degradation of APO-

BEC (Mariani et al. 2003; Yu et al. 2003; Liu
et al. 2004; Sawyer et al. 2004; Schrofelbauer

et al. 2004; Luo et al. 2005; Fang and Landau

2007; Russell and Pathak 2007). The impact of
APOBEC on HIV replication is much greater

if the virus lacks a functional Vif. Moreover,

the ability of the APOBECs to block HIV-1 rep-
lication does not appear to be entirely attribut-

able to their cytidine deaminase activity; it

appears that the APOBECs can have other neg-
ative effects on reverse transcription and inte-

gration, although the exact nature of these

effects is not yet clear (Bishop et al. 2006;
Holmes et al. 2007; Mbisa et al. 2007, 2010).

There are also hints that enzymes that act as

RNA adenine deaminases (ADARs) can cause
mutations in HIV-1, at least in cultured cells

(Abram et al. 2010) and mutations that appear

to have been caused by ADARs have been
reported when HIV replication is challenged

with antisense RNAs (Lu et al. 2004; Mukherjee

et al. 2011). However, despite the fact that
viruses isolated from patients almost always

have an intact Vif-coding region, it is easy to

find, among theHIV-1 sequences frompatients,
G-to-A hypermutations that appear to be the

result of APOBEC activity. A search of the

same sequence databases showed no obvious
indication of ADAR-induced hypermutations

(Abram et al. 2010).

RECOMBINATION

The recombination rate for retroviruses is
higher than for most other viruses and the

recombination rate for HIV-1 is higher than

other retroviruses such as MLV and spleen
necrosis viruses (Hu and Temin 1990a; Ander-

son et al. 1998; Onafuwa et al. 2003; Rhodes

et al. 2003, 2005). Mapping of HIV-1 genomes
bydirect sequencing shows that there is frequent

recombination during DNA synthesis (Robert-

son et al. 1995; Jetzt et al. 2000; Zhuang et al.
2002; Dykes et al. 2004; Levy et al. 2004; Chin

et al. 2008; Galli et al. 2010). During minus-
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strand DNA synthesis, RT can switch between

the two copackaged RNAs, using portions of
each RNA as a template to generate a chimeric

DNA containing sequences from each of the

two genomic RNAs. Template switching can
occur between two copackaged RNAs with

identical sequences; however, only virions that

package two genetically different RNAs can gen-
erate a recombinant with a genotype distinct

from that of the parents (Hu and Temin

1990a). Multiple steps are required for the gen-
eration of a novel recombinant; first, the virus

producer cell needs to be infected by more

than one virus, the RNAs from the two provi-
ruses have to be copackaged into the same

virion, and template switching has to occur

during reverse transcription to generate a chi-
meric DNA copy, which needs to integrate

into the genome of the target cell. Lastly, this

recombinant provirus needs to be able to gener-
ate replication-competent virus for the impact

of the recombination event to be observed.

For these reasons, factors that affect any of these
steps can influence recombination. Currently,

little is known about how frequently target cells

in patients are infected by more than one HIV-1
(double infection). In culture, double infection

occursmore frequently than expected from ran-

dom events, in both T-cell lines and primary
CD4þ T cells (Dang et al. 2004). This result is

at least partly attributable to the fact that some

cells have more receptors/coreceptors, and are,
therefore, more susceptible to HIV-1 infection

(Chen et al. 2005). Double infection is increased

when HIV-1 is transmitted via cell-mediated
events because multiple viruses are passed

from the donor cell to the target cells (Dang

et al. 2004).
During HIV-1 assembly, Gag packages full-

length genomic RNA in a dimer form (for

details, see Sundquist and Kräusslich 2011).
Hence, RNA partner selection occurs before

the encapsidation of the RNA genomes; a major

determinant for RNA partner selection is the
dimerization initiation signal (DIS) located in

the loop of stem loop 1 in the 50 untranslated

region of HIV-1 RNA (Chin et al. 2005; Moore
et al. 2007; Chen et al. 2009). Most subtype B

and D variants have GCGCGC in their DIS,

whereas most subtype A, C, F, and G variants

have GTGCAC, although other sequences have
been found (St Louis et al. 1998; Hussein et al.

2010). It is thought that the palindromic nature

of the DIS promotes an intermolecular base
pairing of the two RNAs that initiates RNA

dimerization. Other sequences in the viral

genome can also affect the frequencies of RNA
heterodimerization, albeit with a milder effect

than the DIS (Chin et al. 2007).

HIV-1 recombination rates have beenmeas-
ured using marker genes; these results indicated

that recombination rates increase proportion-

ally with the distances that separate the two
alleles when the distance between the markers

is less than 0.6 kb; the maximum possible

recombination rate is reached when the two
alleles are separated by 1.3 kb (Rhodes et al.

2003, 2005). Although recombination has been

shown to occur throughout the HIV-1 genome,
RNA structure may affect the frequency of re-

combination of certain regions (Galetto et al.

2004). Sequence homology can affect both the
recombination rate and the distribution of the

crossover junctions (Baird et al. 2006); for ex-

ample, there is more frequent recombination
between two copackaged HIV-1 RNAs from

the same subtype than there is when the two

copackaged HIV-1 RNAs are from different
subtypes (Galli et al. 2010).

It has been proposed that RT switches to

the copackaged RNAcopy where there is a break
in the RNA template; this is known as the copy-

choice recombination model (Fig. 4A) (Coffin

1979). The original copy-choice model has
been revised and renamed the dynamic copy-

choice model (Hwang et al. 2001), which pro-

poses that a balance between polymerase activ-
ity and RNase H activity of RT determines the

stability of the association between the nascent

DNA and the RNA template, and that a pertur-
bation of this balance affects the recombination

rate (Fig. 4B). If the balance is shifted toward

greater RNaseH activity relative to the polymer-
ase activity, there is less extensive base-pairing

between nascent DNA and RNA template,

which promotes dissociation of the DNA–
RNA complex and template switching (Hwang

et al. 2001). Indeed, RT mutants that have

HIV-1 Reverse Transcription

Cite this article as Cold Spring Harb Perspect Med 2012;2:a006882 13

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


decreased RNase H activity relative to their pol-

ymerase activity show a reduction in template
switching (Nikolenko et al. 2005, 2007). It has

also been proposed that, for retroviruses in

which plus-strand DNA synthesis is initiated
at multiple sites, plus-strand DNA fragments

can be annealed to a second minus-strand

DNA synthesized using the copackaged RNA

as a template. After host DNA repair, a recombi-

nant can be generated (Junghans et al. 1982).
This model, which was originally proposed for

recombination in avian retroviruses, requires

that considerable portions of two minus-strand
DNAsbe synthesized.However, extensiveminus-

strand recombination will lead to the synthesis

of a single minus-strand DNA. Currently, there
is little data to suggest that plus-strand recombi-

nation occurs at a significant level duringHIV-1

replication.
Last, for viral recombinants to establish

themselves, they have to be able to replicate effi-

ciently. Most template switching events use the
complementarity between the nascent DNA

and the acceptor template, and the recombina-

tion junctions are generally precise (Zhuang
et al. 2002; Chin et al. 2008). However, because

the resulting recombinants contain portions of

the genomes of each parent, these sequences
may or may not work together efficiently (Baird

et al. 2006; Simon-Loriere et al. 2009; Galli et al.

2010). This issue is more pronounced when the
two parental viruses are separated by a greater

genetic distance (e.g., when the parental viruses

are from different subtypes). For this reason,
many newly generated intersubtype recombi-

nants are eliminated by purifying selection

during virus replication (Galli et al. 2010).
The generation of a successful intersubtype

recombinant faces multiple challenges: possible

decreased efficiencies of RNA copackaging, rel-
ative inefficient template switching, and the

impact of a decrease of replication fitness on

the resulting recombinants. However, a con-
servative estimate suggests that .20% of the

currently circulating HIV-1 variants are inter-

subtype recombinants (Hemelaar et al. 2006).
This shows that recombination is a major force

in the evolution of the HIV-1 population.

Frequent HIV-1 recombination reassorts
existing mutations and increases genetic diver-

sity in the viral population, thereby allowing

the emergence of the variants that are best
suited for any given environment. Recombina-

tion can combine drug-resistance mutations

to produce multidrug-resistant variants (Kel-
lam and Larder 1995; Moutouh et al. 1996);

similarly, recombination can also produce

Copy-choice

recombination model

Dynamic copy-choice

recombination model

A

B

Figure 4. Recombination models. (A) Copy-choice
model, (B) dynamic copy-choice model. The top of
A shows two RNA strands (thin orange and green
lines). Minus-strand DNA synthesis uses the green
RNA strand as a template; however, the green strand
is nicked, causing DNA synthesis to switch to the
orange RNA strand. This switch leads to the genera-
tion of a double-stranded DNA that is composed of
sequences from both the green and the orange
RNAs. In B, minus-strand DNA synthesis also uses
the green RNA strand as a template. When the viral
DNA is synthesized, RNase H degrades the green
RNA strand, and the DNA that was copied from the
green RNA strand can hybridize to the orange RNA
(middle panels). This facilitates a transfer of the grow-
ing minus-strand DNA from the green to the orange
strand, which results in the synthesis of a double-
stranded DNA with sequences from both of the
parental RNAs.
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variants that can evademultiple challenges from

the host’s immune system (Streeck et al. 2008).
Recombination can generate chimeras between

two viruses from the same subtype, from dif-

ferent subtypes, or even from different groups.
Therefore, recombination not only can affect

the evolution of a viral population within an

infected individual but can also affect HIV
diversity worldwide. Given that different virus

strains express different epitopes and vary in

their susceptibility to antivirals, the increased
diversity caused by recombination makes it

more difficult to develop effective vaccines

and antiviral regimens.

ANTI-RT COMPOUNDS AND RESISTANCE

Currently there are two types of antivirals tar-

geting the reverse transcription process: nucleo-

side reverse transcriptase inhibitors (NRTIs),
and nonnucleoside reverse transcriptase inhibi-

tors (NNRTIs). NRTIs are given as prodrugs;

after they are taken up by cells, and phosphory-
lated by the host cell enzymes, NRTIs can be

incorporated into viral DNA by RT. NRTIs

lack a 30 hydroxyl group, thus, their incorpora-
tion blocks viral DNA synthesis. The common

NRTI resistance mutations cause resistance by

two general mechanisms: (1) mutations that
reduce the incorporation of theNRTITP relative

to the normal dNTPs, or (2)mutations that lead

to a selective excision of the incorporatedNRTIs
by RT, unblocking the viral DNA. NNRTIs bind

to RT and block the chemical step of DNA

synthesis (see online Movie 3 at www.perspect
ivesinmedicine.org); resistance mutations gen-

erally change the NNRTI-binding pocket in

ways that make the binding of the NNRTIs
less favorable. This topic will be described in

more detail by Arts and Hazuda (2011).

CONCLUDING REMARKS

Reverse transcription and integration are the
hallmarks of retroviruses; in this article, we

provide an overview of RTand the reverse tran-

scription process. The crystal structures of the
HIV-1 RT, particularly those that reveal the

structure of complexes with bound nucleic

acids and incoming dNTPs, have allowed us to

understand in molecular detail how the enzyme
works. Structures of RT with bound anti-RT

drugs have allowed us to better understand

drug action and drug resistance. Complemen-
tary biochemical and genetic experiments have

helped complete the picture. However, there is

still much to be learned about the interactions
of the various viral and cellular components

that facilitate viral DNA synthesis in an infected

cell and how the viral core is first converted into
an RTC and then into a PIC. Reverse transcrip-

tion has important genetic consequences—

mutation and recombination provide the basis
for the genetic diversity of HIV-1, which allows

the emergence of viral strains that can escape the

host’s immune response and/or become resist-
ant to drug treatment. Modern highly active

antiretroviral therapy (HAART) therapy rests

on the development and use of anti-AIDS drugs
that target RT. However, the prevalence of

drug-resistant HIV-1 strains makes it necessary

to continue our efforts to developmore and bet-
ter antiviral drugs. A better understanding of

the complexities of the replication process, RT,

and the reverse transcription pathway, can
help us develop better ways to combat HIV-1.
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