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Abstract

The APOBEC3 family of deoxycytidine deaminases has the ability to restrict HIV-1 through deamination-
dependent and deamination-independent mechanisms. Although the generation of mutations through
deamination of cytosine to uracil in single-stranded HIV-1 (−) DNA is the dominant mechanism of restriction,
the deaminase-independentmechanismadditionally contributes. Previous observations indicate that APOBEC3
enzymes competitively bind the RNA template or reverse transcriptase (RT) and act as a roadblock to DNA
polymerization. Herewe studied how the deamination-independent inhibition of HIV-1 RT byAPOBEC3CS188I,
APOBEC3F, APOBEC3G, and APOBEC3H affected RT template switching. We found that APOBEC3F could
promote template switching of RT, and this was dependent on the high affinity with which it bound nucleic acids,
suggesting than an APOBEC3 “road-block” can force template switching. Our data demonstrate that the
deamination-independent functions of APOBEC3 enzymes extend beyond only disrupting RT DNA
polymerization. Since alterations to the RT template switching frequency can result in insertions or deletions,
our data support a model in which APOBEC3 enzymes use multiple mechanisms to increase the probability of
generating a mutated and nonfunctional virus in addition to cytosine deamination.

© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The APOBEC3 (A3) deoxycytidine deaminases are
a family of host restriction factors for retroviruses,
retrotransposons, and endogenous retroviruses [1,2].
The A3 enzymes are well characterized for restricting
replication of the human immunodeficiency virus-1
(HIV-1; referred to as HIV) [3]. For A3-mediated HIV
restriction to occur, the A3 enzymes must become
virion encapsidated [4]. TheHIV proteinVif induces the
polyubiquitination and degradation of A3 enzymes
preventing their encapsidation. However, degradation
of A3 enzymes is not complete, and some A3s can
become encapsidated at a low amount into virions in
the presence of Vif [5,6]. HIV restriction is primarily
mediated by the deamination of cytosine (C) to uracil
(U) on single-stranded (ss) DNAduring synthesis of (−)
HIV DNA after virus entry into a target cell [7,8]. These
thor(s). Published by Elsevier Ltd. This is
g/licenses/by-nc-nd/4.0/).
deaminations lead to guanine (G)-to-adenine (A)
hypermutation of the virus genome when uracil is
used as a template during HIV reverse transcription
[9–11]. The G-to-A hypermutation leads to inactivation
of the provirus [9–11] or if mutagenesis does not reach
sufficient levels, A3 activity can result in viral evolution
in the form of drug resistance or CTL escape [12–16].
Of the seven human A3 deaminases, A3G, A3F, A3D,
and A3H (haplotypes II, V, and VII) are able to restrict
replication of HIV to varying degrees [1,3,17]. In
addition, a human polymorphism of A3C (I188) has
HIV restriction activity, while the more common S188
polymorphism of A3C does not [18,19].
A3 enzymes are ssDNA deaminases, thereby

necessitating that the RNase H domain of reverse
transcriptase (RT) degrades the RNA template, which
leaves regions of ssDNA available for deamination by
A3 [8,20]. Since these ssDNA regions are only
an open access article under the CC BY-NC-ND license
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available for a limited amount of time, A3 enzymes
must possess efficient ssDNA scanning mechanisms
and scan the template processively in order to locate
target cytosines. The processive action is mediated
through facilitated diffusion, which includes both one-
dimensional sliding and three-dimensional transloca-
tions such as jumping and intersegmental transfer
[21,22]. A3 enzymes that scan ssDNA processively
and are able to use a combination of one-dimensional
and three-dimensional movements induce higher
mutational loads than non-processive A3s
[6,18,23,24]. In addition, certain A3s are able to inhibit
HIV through deamination-independent mechanisms
that act in concert with the deamination activity
[25–34]. A3G and A3F delay the initiation of primer
extension, decrease processivity, and inhibit DNA
elongation by HIV RT to varying degrees by binding to
the RNA template and acting as a physical block to the
scanning mechanism of RT [25,27,28,32,35]. A3G
also binds directly with RT to cause these disruptions
of DNA synthesis [25,34]. Although the deamination-
dependent effects of A3 enzymes are the dominant
form of HIV restriction, there are cumulative effects of
the deamination-independent restriction that effect
viral infectivity [25,34,36]. Notably, although the
restriction of HIV by human A3 enzymes is a
combination of deamination-dependent and
deamination-independent mechanisms, the mouse
A3 enzyme can inhibit Moloney Murine Leukemia
Virus RT in the absence of any deamination, suggest-
ing that for some A3 and retrovirus relationships,
deoxycytidine deaminase activity is dispensable [37].
Since the dominant mechanism of HIV-1 restric-

tion by A3 enzymes is deamination, the deamina-
tion-independent mode of restriction has remained
poorly characterized. Namely, no studies to date
have examined if the physical inhibition of RT-
mediated DNA synthesis has other effects on RT
activity, such as template switching. During reverse
transcription, RT undergoes two separate template-
switching events that are necessary to complete
synthesis of (+) DNA [38–40]. It has been suggested
that the low template affinity and low processivity of
RT are advantageous because it allows for template-
switching events to occur that are essential to
produce the proviral DNA. These events include
first-strand transfer of the minus strand (−) strong-
stop DNA to the 3′ end of the genome in order for (−)
DNA synthesis to proceed further [38–40]. However,
RT can also switch templates at other random
locations in a homology directed fashion, and this
can create diverse retroviral populations if the switch
occurs between distinct templates (intermolecular
switch) [41–44] or lead to deletions of genomic
regions if the switch occurs on the same RNA
molecule (intramolecular switch) [45,46]. Template
switching occurs optimally when the equilibrium
between polymerization and RNase H degradation
is maintained (Fig. 1a, left). Aberrant template
switching can occur with “slow polymerase” mutants
that disrupt this balance (Fig. 1a, middle) [47].
Notably, amplification of near-full-length proviral
genomes from HIV+ individuals showed that even
within the first few weeks of infection, defective
proviruses accumulated and accounted for over 90%
of the total proviral genomes [48]. These defective
viruses arose from a combination of deletions that
presumably resulted from RT template switching, RT
error, and A3-induced stop codons [48]. Recently, a
study showed that blocking RT template switching
resulted in reduced viral titers and proviruses that
contained large deletions [49]. Since template
switching is a major mechanism for HIV to maintain
genomic integrity and evolve new recombinant forms
[49,50], the deletions may be a consequence of the
obligatory template switching events or may be due
to encountered blocks on the primer/template.
Wehypothesized that if anA3 inhibitedRT-mediated

DNA polymerization either through a “roadblock” by
binding the primer/template or a direct interaction with
RT [26,33,34], it may also facilitate the dissociation of
RT from the template and effect template switching
(Fig. 1a, right). To test this hypothesis, we examined
A3swith the strongestHIV restriction ability, A3G,A3F,
A3H haplotype II (referred to as A3H), and a recently
characterized A3C I188 variant [19,51,52]. Our data
demonstrate that depending on the nucleic acid
binding affinity of the A3, the template switching of
RT can be increased, decreased, or unaffected by A3
enzymes. Either increases or decreases in template
switching could increase the probability of generating a
mutated and nonfunctional virus independent of
cytosine deamination, suggesting that A3 enzymes
have a previously underestimated multi-pronged
approach to restricting HIV.
Results

Modulation of HIV RT template switching by A3
enzymes

We examined the ability of RT to undergo template
switching in vitro in the presence of varying amounts of
an A3. The RNA template was generated by cloning a
region of the HIV genome into a vector that enabled in
vitro transcription with T7 RNA Polymerase. The
resulting RNA contained the primer binding site
(PBS), and an 18-nucleotide (nt) RNA primer was
annealed to the PBS to generate the primer/template
(p/t) (Fig. 1b and see Materials and Methods). This
“donor region”was used because synthesis of DNA by
RT in this region is known to be sensitive to A3
interference due to the inefficient initiation of DNA
synthesis of RT from an RNA primer [25,53,54]. We
also used an “acceptor” template that did not contain
the PBS, but did contain a 100-nt region of homology



Fig. 1. Current models and schematic of template switching protocol. (a) Normal polymerase, slow polymerase
(dynamic copy choice), and roadblock (forced copy choice) models of template switching (adapted from Hwang et al. [47]
and Anderson et al. [59]). The black and blue lines represent RNA templates, whereas the red arrow indicates the newly
synthesized DNA template. The hashed line indicates RNase H degradation of the RNA. In a template switch, the newly
synthesized template can base pair with the second template (blue) and promote RT to template switch. The roadblock in
the figure is an oligomer of an A3 enzyme. (b) Schematic of in vitro template switching assay substrates. A radiolabeled
primer is annealed to the donor RNA template, which creates the primer/template. An acceptor template is included in the
reaction that lacks the primer-binding site but has a region of homology with the donor template. Template switching from
donor to acceptor template will generate a longer acceptor product after resolution by denaturing PAGE.
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with the donor template as well as unique bases that
allowed for a distinct acceptor product (Fig. 1b). If
template switching occurred between the donor and
the acceptor, the resulting complete product would be
longer than that of the donor product alone. The A3:p/t
ratios used were 0:1, 4:1, 8:1, and 32:1 (Fig. 2). The
reactions also contained RT and nucleocapsid (NC)
(see Materials and Methods). The NC was included in
our in vitro reactions since the nucleic acid chaperone
activity of NC is essential for strand transfer events in
virions and A3 enzymes in virions would need to
compete with NC to bind both RNA and (−) DNA [55].
We found that in the presenceof increasing amounts

of A3G, there was a reproducible, although not
statistically significant, reduction in the amount of
acceptor product at the 32:1 A3:p/t ratio. This indicated
less template switching in the presence of A3G,
compared to its absence, with the amount of acceptor
product decreasing from 21% to 16% (Fig. 2a and e,
compare 0:1 and 32:1 lanes). The slight decrease in
acceptor product in the presence of A3G was also
observable at the 8:1 ratio (Fig. 2a and Supplementary
Fig. 1a). In contrast, we observed that the presence of
high amounts of A3F promoted the formation of more
acceptor product. Specifically, the template switching
efficiencywas increased from29% to90% (Fig. 2b and
e, compare 0:1 and 32:1 lanes). Notably, this was
accompanied by a strong pause band before the end
of the donor template, consistent with the hypothesis
that anA3 roadblock could promote template switching
of RT (Fig. 2b). The A3F-induced increase in acceptor
product was observable at the 8:1 ratio of A3F:p/t,
although the change was not as significant as the 32:1
A3F:p/t ratio (Supplementary Fig. 1b, 0:1, 29%; 8:1,
35%). Altogether, the data demonstrated that A3Gand
A3F could affect RT template switching in different
ways and that the effects of A3G and A3F on RT
template switching primarily occurred at a high
concentrations of A3 enzyme (32:1, Fig. 2a–b and e).
Although the amount of A3F in virions is not knownand
the amount of A3G encapsidated in the presence or
absence of Vif is highly variable [6,56], the high in vitro
concentrations necessary to effect RT template
switching are possible in viriowhere the capsid volume
would result in a concentrating effect of proteins [32].
Nonetheless, the ability of A3FandA3G tobind ssDNA
cooperatively and oligomerize would in itself create
high local concentrations on the p/t [23,33] and is
consistent with defective proviral DNA genomes in
HIV+ individuals resulting primarily from insertions and
deletions in comparison to those inactivated by A3-
induced mutations [48]. We also examined two other
A3s known to exert a deamination-independent mode
of restriction, A3H and A3C I188. There was no
observable effect on template switching by these two
enzymes, suggesting that they areunlikely tomodulate
this function of RT (Fig. 2c–d, e, and Supplementary
Fig. 1c–d).
Despite differences in the effects of individual A3

enzymes on RT template switching, all A3s tested



Fig. 2. Effect of A3s on the template switching efficiency of RT. Complete extension of the p/t (10 nM) results in a 150-nt
donor product, whereas in the presence of acceptor, template switching results in the production of a longer acceptor product
(Fig. 1b). (a–d)Extensionof thep/t by400 nMofRT in theabsence (0:1) or presence (4:1, 8:1, 32:1) of (a)A3G, (b)A3F, (c) A3H,
or (d) A3C I188.Reactionswere sampled at 60 or 90 min. (e) Bar graph showing the quantified percentageof acceptor template
at 90 min for 0:1 and 32:1 A3 to p/t. The gels shown in panels a–d are a representation from three independent experiments.
Quantified results from the three independent experiments are summarized in panel e, with error bars representing the standard
deviation from the mean. All conditions (0:1, 4:1, 8:1, 32:1) for all A3 enzymes are plotted in Supplemental Fig. 1. Designations
for significant difference of values were as follows: ***p ≤ 0.001, **p ≤ 0.01, or *p ≤ 0.05.
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Table 1. Apparent dissociation constants (Kd) of HIV RT
and A3 from the primer/template

Enzyme Kd ± S.D.(nM)

HIV RT 500 ± 60
A3G 820 ± 100
A3F 100 ± 40
A3C I188 1840 ± 100
A3H 1300 ± 80
A3G NPM 200 ± 20
A3F NAM 230 ± 50

Data are summarized from Figs. 3 and 4 and are the average Kd
from three independent experiments with the calculated standard
deviation (S.D.) shown.
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could induce pause sites to differing degrees during
RT synthesis confirming that they were all able to
interfere with DNA polymerization (Fig. 2a–d). Since
A3 enzymes bind the p/t randomly, there were no
common pause sites between experiments with
different A3 enzymes, similar to what has been found
in virions (Fig. 2a–d) [34]. However, for A3F that had
significant effects on RT template switching, a distinct
pause band increased in intensity with increasing A3F
concentration (Fig. 2b, asterisk). It is likely that this
region formed less secondary structure and provided a
Fig. 3. Interaction of A3 with the primer/template. The Kd was
increasing amounts of (a) A3G, (b) A3F, (c) A3H, or (d) A3C I18
labeled p/t. TheKd and standard deviation from themean are sho
the average of data from three independent experiments, and th
favorable single-stranded region for A3F to bind. That
the intensity of this pause band increased with
increasing amount of acceptor product being formed
provides evidence for a relationship between an A3-
induced road-block andRT template switching (Fig. 2b
and e).
High affinity primer/template binding by
A3F promotes HIV RT template switching

TodeterminewhyA3Fwasable to promote template
switching, in contrast to the other tested A3s, we
characterized how the A3 enzymes interacted with the
p/t complex. Using rotational anisotropy, we deter-
mined the strength of the RT- and A3-p/t interaction.
RT bound the p/t with an apparent dissociation
constant (Kd) of 500 nM (Table 1). A3G bound the p/t
with a Kd of 820 nM, which was 1.6-fold less than RT
(Fig. 3a, Table 1). A3F bound the same p/t with an
affinity 5-fold tighter than RT and ~8-fold tighter than
A3G (Fig. 3b, Table 1; Kd of 100 nM). This suggests
that the high affinity of A3F for the p/t inducesmore of a
roadblock to RT than A3G and promotes increased
template switching by slowing the polymerase. Con-
sistent with this finding, A3H and A3C that had no
determined by steady-state rotational anisotropy by titrating
8 into a buffered solution containing 10 nM of fluorescently
wn on the graph and summarized in Table 1. The results are
e error bars represent the standard deviation from the mean.
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effect onRT template switching, both bound thep/t 2.6-
to 3.7-fold lesswell thanRT, 1.6- to 2-fold lesswell than
A3G, and approximately 13- to 18-fold less well than
A3F (Fig. 3c–d, Table 1).
To test further this rationale, we repeated the binding

assays using a previously described mutant of A3G,
which has a higher affinity for ssDNA, and a converse
mutant in A3F, which interacts less well with ssDNA
[23]. The A3G mutant (A3G NPM) has a 195NPM197
insertion in the connection loop between theN-terminal
and C-terminal domains that was derived from the
amino acid sequence of A3F. The NPMmotif has been
shown to impair A3F sliding movements on ssDNA,
due to the tighter ssDNA binding [23]. The A3F mutant
(A3FNAM) has amutation at the proline at position 191
in the linker region, 190NAM192, and results in binding
ssDNA with less affinity than wild-type A3F [23]. We
used these mutants since they have been character-
ized previously and constitute the only full-length A3G
or A3F mutants that can alter ssDNA binding without
also disrupting oligomerization. We confirmed that
these mutations changed the binding affinity as
expected for the p/t used in this study (Fig. 4a–b,
Table 1). The A3G NPM mutant bound the p/t 4-fold
more tight than wild-type A3G (Fig. 4a, Table 1; Kd of
200 nM) and A3F NAM bound the p/t 2-fold less tight
than wild-type A3F (Fig. 4b, Table 1; Kd of 230 nM).
Both mutants bound the p/t ~2.5-fold more tight than
RT (Fig. 4a–b, Table 1). To test whether strengthening
theassociation of A3Gwith the p/t affectedRT template
switching, we tested the A3G NPMmutant using the in
vitro template switching assay (Fig. 1b). In support of
our hypothesis, the A3GNPM increased the amount of
acceptor product compared to wild-type A3G, but 1.6-
fold less efficiently than wild-type A3F (Fig. 4c and e).
This can be attributed to theweaker binding to the p/t of
A3G NPM compared to A3F (Table 1). This effect was
also observed at the 8:1 A3G NPM:p/t ratio (Supple-
mentary Fig. 1e). Furthermore, the appearance ofmore
acceptor product correlated with increased intensity of
a pause band unique to the reactions containing the
A3GNPM (Fig. 4c) and similar to that observed for A3F
(Fig. 2b).Weobserved 1.4-fold less acceptor product in
the presence of A3F NAM compared to wild-type A3F,
which correlateswith thebinding affinity for thep/t being
2-fold less than wild-type A3F (Fig. 4d and e, Table 1,
andSupplementary Fig. 1f).Weobserved similar levels
of template switching promotion for A3GNPMand A3F
NAM,which correlatedwith the similar affinity of binding
to the p/t by the mutants (Fig. 4, Table 1, and
Supplementary Fig. 1e–f). Altogether, the data support
the conclusion that a higher affinity for the p/t promotes
template switching by RT.

Promotion of template switching in virions

To determine the extent to which these in vitro
observations would influence template switching
during a virus infection, we conducted single-cycle
replication assays with a previously developed report-
er virus system [57]. The system uses two HIV
genomes from NL4–3 and HXB2 that both contain
gfp with an inactivating mutation, which is transcribed
from the nef open reading frame (Fig. 5a). The GFP
fluorescence can only be detected if themutations in a
gfp are corrected through template switching (Fig. 5a).
The viruses also have inactivating mutations in vif,
vpu, vpr, and env and have been described in detail
previously [57]. We cotransfected the plasmids for
these two viruses into 293T cells with a VSV-G
plasmid for pseudotyping and in the presence or
absence of an A3F or A3G expression plasmid (Fig.
5a). Due to the known uracil based degradation of
proviral DNA, we used catalytic mutants of A3F
(E251Q) and A3G (E259Q) to minimize the degrada-
tion of proviral DNA, which would suppress the
identification of potential template switching events
[34]. Despite the lack of deamination, decreased
integration of HIV proviral genomes can occur through
entirely deamination-independentmechanisms based
on the physical inhibition of RT that results in
incomplete proviral DNAs being synthesized, prevent-
ing their integration into the host genome [36].
Consistent with these findings, qPCR for integrated
HIV proviral DNA after cotransfection of both viral
genomes demonstrated that both the A3F E251Q
(A3F E/Q) and A3G E259Q (A3G E/Q) catalytic
mutants were expressed in producer cells, encapsi-
diated into virions, and caused reduced proviral
integration (Fig. 5b–c). The reduced proviral integra-
tion resulted in only 24% (A3F E/Q) or 45% (A3G E/Q)
of integrated proviral DNA, relative to the no A3
condition (Fig. 5c). Accordingly,whenweassessed for
the level of GFP in the same population of viruses,
which we could only detect if viral recombination
through template switching had occurred (Fig. 5a), we
observed that the A3F E/Q and A3G E/Q mutant
conditions had less GFP containing cells than the No
A3 condition (Fig. 5d). Since the overall decreased
integration in the presence of A3F E/Q and A3G E/Q
mutants would also decrease the apparent template
switching that we could observe, we normalized the
GFP data based on integration levels. In comparison
to the noA3condition, the normalization demonstrated
that template switching occurred 2.3-fold more in the
presence of A3F E/Q and 1.9-fold less in the presence
of A3G E/Q (Fig. 5e). These data were consistent with
the in vitro data showing that A3F could increase the
frequency of RT template switching (Fig. 2b and e).
The data also support that the small decrease in RT
template switching frequency observed in the pres-
ence of A3G in vitro also occurred during virus
replication (Fig. 2a and e). Altogether, these data
support the conclusion that A3F and A3G can affect
template switching in different ways during virus
replication. The data further suggest that this effect is
acting in addition to other deamination-independent
mechanisms of HIV restriction.



Fig. 4. Interaction of A3G NPM and A3F NAM with the primer/template and the effect on template switching. (a–b) The Kd
was determined by steady-state rotational anisotropy by titrating increasing amounts of (a) A3G NPM or (b) A3F NAM with
10 nM of fluorescently labeled p/t. The Kd and standard deviation from the mean are shown on the graph and summarized in
Table 1. The results are the average of data from three independent experiments, and the error bars represent the standard
deviation from themean. (c–d) Complete extension of the 10 nM p/t results in a 150-nt donor product, whereas in the presence
of acceptor, template switching results in the production of a longer acceptor product. Extension of the p/t by 400 nMofRT in the
absence (0:1) or presence (4:1, 8:1, 32:1) of (c) A3GNPM, or (d) A3FNAM. Reactions were sampled at 60 and 90 min. (e) Bar
graph showing the quantified percent acceptor template at 90 min for 0:1 and 32:1 ratios of A3GandA3Fwild type andmutants
to p/t. The gels shown in panels c–d are a representation from three independent experiments. Quantified results from the three
independent experiments are summarized in panel e, with error bars representing the standard deviation from the mean. The
A3G and A3F results displayed are from Fig. 2e. All conditions (0:1, 4:1, 8:1, 32:1) for all A3GNPMand A3FNAMare plotted in
Supplemental Fig. 1. Designations for significant difference of values were as follows: ***p ≤ 0.001, **p ≤ 0.01, or *p ≤ 0.05.
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Fig. 5. Effects of A3F and A3G on proviral DNA integration and template switching in HIV infected cells. (a) The
template switching events were detected by cotransfection of reporter HIV-1 constructs that had unique inactivating
mutants in the gfp gene. Only through template switching and recombination could a functional gfp be produced. The effect
of A3F E251Q-V5 (A3F E/Q) and A3G E259Q-HA (A3G E/Q) on the recombination events was assessed using this assay.
The HIV-1 constructs were first reported in Ref. [57], from which the displayed graphic was also adapted. (b) Immunoblot of
A3F E/Q and A3G E/Q demonstrating cellular expression and virion encapsidation. One representative blot from three
independent experiments is shown. (c) The relative amount of proviral DNA integration in the presence of A3F E/Q and
A3G E/Q to the No A3 condition was determined by qPCR. Both A3F E/Q and A3G E/Q could reduce proviral DNA
integration. (d) Quantification of template switching through the detection of GFP, which can only be synthesized in cells
that integrated a recombined HIV genome. When effects for integration are not used to normalize the GFP values, the A3F
E/Q and A3G E/Q give an apparent decrease in template switching. (e) Considering results from panels c and d, the GFP
values were normalized for integration effects and this resulted in normalized GFP values that demonstrated that A3F can
increase and A3G can decrease template switching of RT. Quantified results from the three independent experiments are
summarized in each panel with error bars representing the standard deviation from the mean. Designations for significant
difference of values were p≤0.001 (***), p ≤ 0.01(**), or p ≤ 0.05 (*).
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Discussion

A3 enzymes restrict viral replication through
deamination-independent mechanisms in addition to
the well-characterized deamination-dependent mech-
anism [27,29,32–34,36]. A3G and A3F delay the
initiation of primer extension, which leads to production
of fewer full-length extension products [25,28]. A3G
andA3F are also able to inhibit the formation of late RT
products by delaying DNA extension from the primer
[28]. A3G has been found to interact with RT directly,
which also leads to less full-length extension products
being formed [25]. Although for human A3s and HIV
these deamination-independent mechanisms comple-
ment the more dominant deamination-dependent
restriction, for mouse A3, it has been found that a
deamination-independent interaction with Moloney
murine leukemia virus RT is primarily responsible for
viral restriction [37]. Despite these findings, the
deamination-independent mechanism of human A3
enzymes is poorly understood and characterized as a
nonspecific effect. We sought to determine if the
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disruption of RT polymerase activity by these mech-
anisms had specific effects on RT, such as template
switching. The data presented here extend our
understanding of the effects of A3 enzymes on RT
function. Namely, A3F uniquely promoted RT template
switching (Figs. 2 and 5), and this was dependent on
the high-affinity binding of A3F to the p/t (Fig. 3). A3G
was the only A3 that could decrease template switch-
ing (Figs. 2 and 5). Since A3G can interact with RT
directly [25,58], this may enable A3G to uniquely
decrease RT template switching. Increases or de-
creases in template switching would disrupt the
equilibrium of proviral DNA synthesis and can have
detrimental effects on HIV replication [48,49].
The data obtained here are in agreement with

reported mechanisms in previous studies regarding
RT template switching. A previous study observed that
when the polymerase activity was slowed through
mutations within the polymerase domain, the frequen-
cy of template switching was increased [47]. This
observed increase was due to increased RNase H
cleavage behind the slow polymerase, which allowed
for increased base pairing with the acceptor template
(Fig. 1a, middle). Conversely, if there were mutations
that affected the RNase H domain by decreasing
RNase H cleavage, then less template was available
for template switching and the rate of switching was
reduced [47]. This dynamic copy choice model of
template switching relies on the dynamics of RT and is
in contrast to the forced copy choice model that posits
that a roadblock to polymerization, suchas a nick in the
RNA template or a competitive binder, stalls the
progression of the polymerase, and forces template
switching (Fig. 1a, right) [59]. These two models of
template switching are not mutually exclusive and
have been shown to both contribute to efficient viral
replication and genetic diversity [49]. However, exces-
sive template switching can cause detrimental dele-
tions or insertions [48,49]. We observed that an A3F
bound to the template was able to force RT to switch
templates by inducing a roadblock on the template
(Figs. 1a, 2, and 5). The roadblock imposed by A3F on
RT has not been studied in detail, in comparison to
A3G [26,32,33]. For A3G, it has been determined that
oligomerization is required for disruption of RT-
mediated DNA synthesis [26,33,36]. However, it is
known that A3F forms larger oligomers in solution than
A3G, and that A3F oligomers are less dynamic than
A3G oligomers [23,28]. For example, A3G oligomers
are concentration dependent and larger oligomers
form over time on ssDNA [23,33]. The more stable
oligomers of A3F than A3G provides an additional
possible explanation for why A3F would bind the p/t
tighter and be able to imposea large enough roadblock
to promote RT template switching as opposed to only
inhibiting DNA synthesis.
Our in vitro experiments used an excess of acceptor

template to promote template switching (Fig. 2).
However, in virions, the two different viral genomes
encapsidated in the confines of the virus particle are
more likely to recombine through template switching
despite their equimolar ratio, which we were able to
observe (Fig. 5). This could lead to one of two
outcomes: if intermolecular template switching occurs,
this may promote recombination and virus evolution
that could be beneficial to the virus or intramolecular
switching may create regions of insertions and
deletions that could inactivate the virus [45–49]. This
may depend on the region where the template switch-
ing occurs. In our in vitromodel, the template switching
promoted by A3F occurred on RNA from the PBS
region of the HIV genome, where the first template
switch and strand transfer need to occur for proviral
DNA synthesis [60]. Although this may suggest that
A3F could promote proviral DNA synthesis, the strand
transfersmay occur prematurely as a result of A3F and
disrupt synthesis of the (−) strand strong stop DNA. In
addition, A3F promoted template switching in the cell-
basedassay,whichuseda regionnear the3′-endof the
genome as a reporter for template switching (Fig. 5a).
As a result, the outcome may be context and region
specific, similar to other situations, such as CTL
escape, where A3s have been characterized to both
help and hinder immune recognition [15,16,61].
Overall, this study has found that in addition to

previously characterized roles of A3 enzymes to
interfere with RT initiation of primer extension and
processivity [25,27,32], some A3s are also able to
modulate RT template switching. These deamination-
independent mechanisms alone are not likely to cause
similar levels of viral inhibition observed for cytosine
deamination by A3s, and therefore are not as potent at
restricting ΔVif HIV as the deamination-dependent
mechanisms. However, in the presence of Vif, the
additive effect of inhibiting RT processes and hyper-
mutating viral DNA may ensure complete inactivation
of HIV. This is consistent with themajority of integrated
proviruses in HIV+ individuals being inactivated
through deletions that likely resulted from template
switching [48]. The delay in polymerization would also
allow for a longer time for A3s to access and deaminate
the viral DNA. Altogether, the multiple effects on RT, in
addition to deamination of the viral (−) DNA, would
cause higher levels of mutation to promote viral
inactivation.

Materials and Methods

Synthesis of RNA templates

For the PBS RNA donor template, a 150-nt segment
near the 5′-end of the HIV-1 genome (nt 521–676)
encompassing the PBS and upstream region to the
trans-activation response element site was PCR
amplified. For the PBS RNA acceptor template, a
180-nt segment of theHIV-1genome (451–635 nt)was
PCR amplified. The PCR amplicons were cloned into
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the BamHI and EcoRI sites of the pSP72 vector
(Promega). Sequences were amplified from the HIV-1
clone 93th253.3 (GenBank accession number
U51189) [62]. The constructs were verified by se-
quencing. The RNA was synthesized in vitro by
linearizing the vector at the BamHI site and using it as
a T7 RNA polymerase substrate according to the
manufacturer's instructions (AmbionMegascript kit). All
primers and templates used are listed in Supplemen-
tary Table S1.

Protein expression and purification

Recombinant baculovirus for expression of GST-
taggedNC, A3G, A3F, A3H, A3C I188, A3GNPM, and
A3F NAM was constructed as described previously
[18,23,24,63–65]. Sf9 cells were infected with recom-
binant A3 or NCexpressing baculovirus at anMOI 1 for
A3G and NC, MOI of 2 for A3F, MOI of 5 for A3C I188,
and an MOI of 20 for A3H and were harvested after
72 h. Cells were lysed in the presence of RNase A and
purified as described previously to obtain proteins
cleaved from the GST tag [18,23,24,64,65]. NC, A3G,
A3G NPM, and A3H were subjected to on-column
cleavage from the GST tag with thrombin (GE
Healthcare) at 21 °C for 18 h in thrombin digestion
buffer [20 mM Hepes (pH 7.5), 150 mM NaCl, 10%
glycerol, and 1 mM DTT]. A3F, A3C I188, and A3F
NAM were eluted with the GST in elution buffer
[100 mM Tris (pH 8.8), 150 mM NaCl, 10% (v/v)
glycerol, and 50 mM reduced glutathione] digested
with thrombin to cleaveGST in solution for 6 h at 21 °C
and then dialyzed [100 mM Tris (pH 7.5), 250 mM
NaCl, 10% glycerol, and 1 mMDTT] overnight at 4 °C.
To purify A3 enzymes from the freeGST and thrombin,
the enzyme stock was diluted to achieve a solution of
50 mM Tris (pH 7.5), 50 mM NaCl, 10% (v/v) glycerol,
and 1 mM DTT for loading onto a DEAE FF column
(GE Healthcare). Enzymes were eluted with a linear
gradient of NaCl. TheEscherichia coli strain containing
the plasmid to express HIV RT p66/p51 was provided
by Stuart Le Grice (National Cancer Institute). Expres-
sion and purification of HIV RT was carried out as
previously described [66]. In brief, cell lysatesproduced
using sonication were clarified by centrifugation and
then purified using a HisTrap FF crude column (GE
Healthcare) and HiTrap heparin HP (GE Healthcare)
as described previously [66]. Protein fractions were
stored at −80 °C. All proteins used were ∼95% pure.

In vitro template switching assays

The 150-nt donor template RNA containing the PBS
(nt 571–674) was heat annealed to an 18 nt 32P-
labeled RNA primer to mimic tRNALys,3 primer binding
at nt 635–653. The p/t (10 nM) was then used in
reactions containing RT buffer [50 mM Tris (pH 7.5),
40 mM KCl, 10 mM MgCl2, 1 mM DTT), 500 μM
deoxynucleotide triphosphates (dNTPs), 175 nM NC,
400 nM RT, and 400 nM acceptor RNA template for a
40:1 acceptor/donor ratio in the absence (0 nM) or
presence of A3 (40, 80, or 320 nM) [67–69]. Reactions
were preincubated at 37 °C for 1 min before the
addition of dNTPs, which were used to start the
reaction.Anegativecontrolwasused,whichcontained
all reaction components exceptRT to ensure that there
was no contaminating polymerase activity. A second
negative control was used, which contained all the
reaction components except the acceptor RNA tem-
plate to demonstrate the band pattern of the donor
template alone. Reactions were stopped after 60 and
90 min by adding a 5-fold excess of 20 mMEDTA and
95% formamide. Template switchingwas visualizedby
resolving samples on a 16% denaturing 8 M urea
polyacrylamide gel. Gel band intensities were mea-
sured by phosphorimaging with a Typhoon Trio
multipurpose scanner (GEHealthcare). The integrated
gel band intensities of all bands in a lane were
calculated with ImageQuant software (GE Healthcare)
and used to determine the relative amounts of donor
versus acceptor products. Statistical significance of
results was determined using a one-way random
ANOVA.

Steady-state rotational anisotropy

Protein–p/t binding measurements were made by
monitoring changes in steady-state fluorescence
polarization (rotational anisotropy). For measuring
binding to the p/t, a 5′-end fluorescein-labeled RNA
primer that bound the PBS was heat annealed to the
corresponding RNA template (PBS RNA) to form the
binding substrate, as used in template switching
assay. The rotational anisotropy experiments (60 μL)
were incubated at 21 °C and contained RT buffer, p/t
(10 nM) and increasing concentrations of RT or A3.
Protein concentrations used ranged from 0 to 5 μM for
measuring p/t binding affinities. Rotational anisotropy
wasmeasuredwith aQuantaMasterQM-4 fluorometer
(Photon Technology International). Samples were
excited with vertically polarized light at 495 nm (6-nm
band pass), and both vertical and horizontal emissions
were monitored at 520 nm (6-nm band pass). The Kd
values were determined through regression analysis
using Sigma Plot 11.2 software.

Cell-based template switching assay

The HIV vectors used for the template switching
assay were kindly provided by Wei-Shau Hu (National
Cancer Institute) and have been previously described
[57]. The vectors, which are based on either HIV-1
HXB2 or NL43, each contain a gfp with a unique
inactivating mutation that is expressed from the nef
open reading frame [57]. Only through using a 588-nt
homology region with in the gfp genes for template
switching can thewild-typeGFP be expressed [57]. To
use these vectors to determine the frequency of
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template switching, equal amounts of each vector
(400 ng) were transfected into 3 × 105 293T cells
grown with DMEM and 10% FBS in a 6-well plate with
200 ng pVSV-G and a pVIVO2 plasmid (50 ng) that
was empty or expressed A3F E251Q-V5 or A3G
E259Q-HA. Cloning of the A3 constructs in pVIVO2
has been previously described [28]. The day after the
transfection, the media was changed and 24 h after
themedia change the viruswasharvestedand clarified
by filtering through a 0.45-μm PVDF syringe filter. The
virus was then titered on TZM-Bl cells and equal
amounts of virus (MOI b1) were used to infect 5 × 104

293T cells in a 24-well plate in the presence of
polybrene (8 μg/mL). The day after infection, the
media was changed, and 16 h after themedia change,
the cells were harvested and fixed for analysis by flow
cytometry. The GFP signal was detected using a
Beckman CytoFLEX Flow Cytometer. Statistical sig-
nificance of results was determined using a one-way
random ANOVA.

Proviral DNA integration assay

Methods to quantify the integrated proviral DNA
were adapted from previous publications [36,70,71].
For infections, 1 × 105 293T cells per well of a 12-well
plate were infected by spinoculation (1 h at 800g) and
in the presence of polybrene (8 μg/mL) with HIV
produced from the cell-based template switching
assay. DNA was extracted after 24 h using DNazol
according to the manufacturer's instructions. The
DNA was then treated with DpnI, and 50 ng was
used in a PCR with primers qAlu1 and qAlu2 [36] and
Nef FWD-OUT (5′GGG TCA GAT ATC CAC TGA
CCT TTG G) to ensure amplification of DNA from
integrated HIV genomes. The PCR cycle used a Taq
Master Mix (Qiagen) and an annealing temperature of
50 °Cand extension time of 3 min. ThePCRwas then
diluted 40-fold and used as the template in a qPCR
with 9 pmol/mL of each primer (Primer 1, 5′GTA CCA
GTT GAG CCA GAT AAG G; Primer 2, 5′GCT GTC
AA ACCTCCACTC TAA C) and 0.25 pmol/mL of the
probe (5′FAM-TGT TAC ACC -ZEN- CTG TGA AGC
CTG CAT-IABkFQ). Reactions were performed in
triplicate with TaqMan Gene Expression master mix
(AppliedBiosystems). Cycling conditionswere 10 min
at 95 °C, followed by 40 cycles of 15 s at 95 °C and
1 min at 60 °C using a Bio-Rad CFX-96. The copy
numbers in each sample were normalized for DNA
input using human RNase P (Applied Biosystems).

Immunoblotting

Tagged A3 enzymes (50 ng pVIVO2 plasmid trans-
fected) in cells or virions were detected by mouse anti-
HA (A3G, 1:1000; Sigma) or rabbit anti-V5 (A3F, 1:500;
Sigma). Mouse or rabbit anti-α-tubulin (1:1000; Sigma)
and mouse anti-p24 (1:1000, cat. no. 3537; NIH AIDS
Reagent Program) were used to detect the cell lysate
loading control (α-tubulin) and the virus lysate loading
control (p24) [72,73]. Secondary detection was per-
formed using Licor IRDye antibodies produced in goat
(IRDye 680-labeled anti-rabbit and IRDye 800-labeled
anti mouse). For cell lysates, 30 μg total protein was
used. For virions, a portion of the filtered supernatant
was concentrated using Retro-X concentrator (Clone-
tech) according to the manufacturer's instructions, and
15 μL was used.
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.jmb.2019.02.015.
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