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responsible for A3G’s inhibitory activity is still not resolved. The 
field is divided between those whose work indicates that deami-
nation is the exclusive mechanism for A3G’s antiviral function 
and others who have evidence that A3G can also exert deamina-
tion-independent effects (reviewed in ref. 21 and 244).

Inhibition of HIV-1 reverse transcription by a non-editing 
mechanism. Several groups have investigated the possibility that 
a non-editing mechanism might contribute to A3G inhibition of 
reverse transcription (Fig. 6). For example, it was reported that 
although A3G does not inhibit GagΔp6-promoted annealing of 
tRNALys

3  to the PBS,87 A3G inhibits NC-mediated annealing by 
~2-fold.87,245 This result is consistent with a similar reduction in 
(-) SSDNA synthesis in cells cotransfected with A3G and a Δvif 
viral clone.246 Moreover, it was found that a decrease in late HIV-1 
DNA synthesis was correlated with inhibition of the minus- and 
plus-strand transfer steps in vivo and with NC-facilitated minus-
strand transfer in vitro.247 The authors also presented data sug-
gesting that A3G can inhibit minus-strand transfer in the absence 
of deaminase activity, although not as effectively as WT A3G.

In other work with infected cells, A3G had no effect on minus-
strand transfer and only a small effect on plus-strand transfer.243 
However, analysis of 2-LTR circle junction clones amplified from 
unintegrated DNA demonstrated that some of these clones had a 
6-nt sequence derived from the 5'-end of the PBS, strongly sug-
gesting that A3G inhibits proper tRNA cleavage from the 3'-end 
of vRNA and the ability to complete integration.243

A study of A3G’s molecular properties performed with highly 
purified, catalytically active protein expressed in a baculovirus 
system revealed that A3G and NC do not compete for binding to 
RNA.248 This suggested that A3G might not inhibit the nucleic 
acid chaperone activity of NC in reverse transcription. To test 
this hypothesis, the effect of A3G on individual steps in vDNA 
synthesis was investigated in well-defined reconstituted assay sys-
tems with purified A3G, NC and RT.249

not known. Strand displacement activity and a possible role for 
NC in other retrovirus systems are discussed in reference 3.

Inhibition of HIV-1 Reverse Transcription  
by Human A3G

Overview of human A3G’s molecular properties and antiviral 
activity. Human A3G is a host cytidine deaminase, which was 
first identified in 2002 by Sheehy et al.236 as the cellular pro-
tein that restricts the replication of HIV-1 virions lacking the 
viral protein Vif (Fig. 6). In the absence of Vif, newly synthe-
sized A3G in the producer cell is packaged into virions during 
virus assembly by interaction with RNA and the NC domain in 
Gag (reviewed in ref. 21). A3G is present in the viral core and is 
thought to be associated with ribonucleoprotein complexes in the 
target cell.237–239 In contrast, Vif targets A3G for degradation via 
the ubiquitination/proteasome pathway or inactivates it by other 
independent mechanisms (reviewed in ref. 240 and 241, also see 
ref. 242).

A3G has two zinc-binding domains, each containing the 
conserved H XE(X)

23-28
CXXC motif. The NTD is respon-

sible for binding to nucleic acids and Vif and is required for 
A3G encapsidation; the CTD contains the catalytic center for 
deamination. The glutamic acid serves as a proton shuttle in 
deamination, whereas the histidine and two cysteine residues 
coordinate zinc. A3G binds ssRNA and ssDNA with simi-
lar affinity, but the sole substrate for deamination is ssDNA 
(reviewed in ref. 21).

Following initiation of reverse transcription, A3G deaminates 
the ss minus-strand DNA, which leads to G to A hypermuta-
tion in the positive sense strand of vDNA (Fig. 6). This ulti-
mately results in inactivation of viral functions. In addition to an 
effect on vDNA synthesis, inhibition of integration has also been 
observed.239,243 The question of whether deamination is solely 

Figure 6. Effect of A3G on HIV-1 replication. During virus assembly at the plasma membrane of the producer cell, packaging of A3G proteins into 
newly formed virions occurs in the absence of the HIV-1 Vif protein. A3G-containing virions enter the target cell (on the right) and undergo reverse 
transcription. During this process, the deaminase activity of A3G causes C to U mutations on exposed ssDNA regions generated during reverse tran-
scription (deaminase-dependent mechanism). These mutations are detrimental to the virus and therefore lead to inhibition of virus replication. A3G 
may also interfere with virus replication in a deaminase-independent manner (no C to U mutations) by acting as a “roadblock” to the movement of RT 
during the primer extension step (see Fig. 4). Adapted from reference 21 with permission from the Royal Society (UK).
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on the nucleic acid chaperone activity of NC, i.e., the ability to 
mediate nucleic acid conformational rearrangements that lead to 
the most thermodynamically stable structure. Due to pleiotropic 
effects of NC mutations in cell culture-based studies, ERT assays 
and reconstituted in vitro systems have been crucial for gaining 
insights into NC function. Over the past decade, remarkable 
progress has been made in our mechanistic understanding of the 
nucleic acid chaperone properties of mature HIV NC, aided by 
recent development of powerful SM techniques. Recent studies 
have also examined the chaperone function of NC in the con-
text of the Gag precursor protein. These studies have revealed 
that unlike NC, Gag forms a roadblock to DNA elongation. This 
finding provides a greater understanding of why mature NC has 
evolved as the major cofactor for specific and efficient vDNA 
synthesis.

The central role of NC in reverse transcription together with 
its remarkable nucleic acid chaperone properties and high genetic 
barrier to mutation make it an attractive target for new HIV 
therapeutics. However, the small size of mature NC also makes 
the development of NC-targeted therapeutics a challenging task. 
Nevertheless, at least four different classes of anti-NC molecules 
have been described in the literature, including zinc-ejector 
agents, peptidomimetics, RNA aptamers and non-zinc-ejecting 
NC binders.252 A recent class of NC zinc-ejecting agents, the 
S-acyl-2-mercaptobenzamide thioesters (SAMTs), are promising 
new drug candidates for further development in anti-HIV-1 topi-
cal microbicide applications.253

Although our understanding of the many roles of NC in the 
virus life cycle has improved greatly, many challenging and criti-
cal open questions remain. How does the NC domain of Gag 
recognize the packaging element with such exquisite specificity 
and where does this interaction initially take place? What is the 
relationship between virus assembly, C-terminal Gag processing 
and reverse transcription? Where does tRNA primer annealing 
occur in the assembly pathway? How is premature primer anneal-
ing and reverse transcription normally avoided? Are there other 
host restriction factors, in addition to A3G, which interfere with 
NC-mediated steps in reverse transcription? The next decade will 
likely provide answers to these and other intriguing questions, 
which should bring us closer to the development of new highly 
effective therapeutic strategies to combat AIDS.
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The results demonstrated that the kinetics of tRNALys
3  anneal-

ing to a vRNA transcript containing the PBS were the same 
whether NC alone or NC plus A3G was added. A similar result 
was obtained for annealing of (-) SSDNA to acceptor RNA. In 
addition, A3G (with or without NC) did not inhibit RNase H 
cleavage of RNA in a preformed RNA-DNA duplex. In contrast, 
all RT-catalyzed polymerization reactions were strongly inhibited 
in a dose-dependent manner and in the absence of deaminase 
activity.

Interestingly, SM force-induced melting studies (DNA 
stretching) that measure nucleic acid binding kinetics250 dem-
onstrated that in contrast to NC’s rapid nucleic acid binding 
off-rate, A3G dissociates from bound nucleic acid very slowly.249 
Thus, like Gag,90 A3G also blocks movement of RT along ss 
nucleic acid templates and consequently, NC is unable to facili-
tate polymerization reactions (Fig. 4). However, since Gag155 has 
even slower nucleic acid binding kinetics than A3G,249 it is not 
surprising that A3G has no effect on Gag-facilitated tRNALys

3

tRNALys
3  annealing.87 Additionally, since A3G does not inhibit 

RNase H activity per se,249 the aberrant cleavage of tRNALys
3  dur-

ing primer removal243 may be indirectly caused by the roadblock 
mechanism, i.e., by A3G binding to sites on the tRNA and/or the 
ss DNA template, which would prevent RNase H from accessing 
the proper cleavage site.243,249

ERT assays with mellitin-treated vif-deficient HIV parti-
cles produced in cells transfected with A3G also demonstrated 
that A3G does not inhibit primer placement.251 However, 
RT-catalyzed elongation of the tRNA primer was reduced in a 
dose-dependent manner. Interestingly, the polymerization reac-
tion was inhibited to an increasing extent as the tRNA primer 
was progressively elongated. These observations are in excellent 
agreement with the findings of Iwatani et al.249

Collectively, these studies demonstrate that A3G severely 
inhibits HIV-1 reverse transcription in a dose-dependent manner 
in reconstituted and ERT assay systems by blocking RT-catalyzed 
polymerization and has little or no effect on tRNALys

3  or TAR 
annealing. Differences in the effect of NC on primer placement 
in vitro or on strand transfer events in vivo (see above) could be 
due to variations in the experimental conditions. However, it is 
clear from all of these investigations that the observed inhibition 
of reverse transcription occurs in the absence of editing activity, 
suggesting that multiple mechanisms are likely to be involved in 
A3G antiviral activity (reviewed in ref. 21).

Conclusion and Perspective

NC is essential for HIV-1 replication and plays a critical role in 
almost every step of reverse transcription including tRNA primer 
annealing and initiation, minus- and plus-strand transfer and 
RT-catalyzed DNA elongation. Many of these functions rely 
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