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ABSTRACT

Many murine leukemia viruses (MLVs) are partially resistant to restriction by mouse APOBEC3 (mA3) and essentially fully re-
sistant to induction of G-to-A mutations by mA3. In contrast, Vif-deficient HIV-1 (�Vif HIV-1) is profoundly restricted by mA3,
and the restriction includes high levels of G-to-A mutation. Human APOBEC3G (hA3G), unlike mA3, is fully active against
MLVs. We produced a glutathione S-transferase–mA3 fusion protein in insect cells and demonstrated that it possesses cytidine
deaminase activity, as expected. This activity is localized within the N-terminal domain of this 2-domain protein; the C-terminal
domain is enzymatically inactive but required for mA3 encapsidation into retrovirus particles. We found that a specific arginine
residue and several aromatic residues, as well as the zinc-coordinating cysteines in the C-terminal domain, are necessary for
mA3 packaging; a structural model of this domain suggests that these residues line a potential nucleic acid-binding interface.
Mutation of a few potential phosphorylation sites in mA3 drastically reduces its antiviral activity by impairing either deaminase
activity or its encapsidation. mA3 deaminates short single-stranded DNA oligonucleotides preferentially toward their 3= ends,
whereas hA3G exhibits the opposite polarity. However, when packaged into infectious �Vif HIV-1 virions, both mA3 and hA3G
preferentially induce deaminations toward the 5= end of minus-strand viral DNA, presumably because of the sequence of events
during reverse transcription in vivo. Despite the fact that mA3 in MLV particles does not induce detectable deaminations upon
infection, its deaminase activity is easily detected in virus lysates. We still do not understand how MLV resists mA3-induced
G-to-A mutation.

IMPORTANCE

One way that mammalian cells defend themselves against infection by retroviruses is with APOBEC3 proteins. These proteins
convert cytidine bases to uridine bases in retroviral DNA. However, mouse APOBEC3 protein blocks infection by murine leuke-
mia viruses without catalyzing this base change, and the mechanism of inhibition is not understood in this case. We have pro-
duced recombinant mouse APOBEC3 protein for the first time and characterized it here in a number of ways. Our mutational
studies shed light on the mechanism by which mouse APOBEC3 protein is incorporated into retrovirus particles. While mouse
APOBEC3 does not catalyze base changes in murine leukemia virus DNA, it can be recovered from these virus particles in enzy-
matically active form; it is still not clear why it fails to induce base changes when these viruses infect new cells.

Mammals possess several innate mechanisms for defense
against retroviruses. One of these restriction factors is the

APOBEC3 system. APOBEC3 proteins are cytidine deaminases
(1). In many cases, they are encapsidated into assembling virions;
when these virions infect a new cell and copy their RNA into
DNA, the APOBEC3 protein from the virion binds to the single-
stranded DNA (ssDNA; the initial DNA product) and deaminates
deoxycytidine residues into deoxyuridine residues. Copying this
minus-strand DNA into the complementary coding strand yields
replacement of guanine residues with adenine residues, often at
remarkably high frequencies. This hypermutation of the viral ge-
nome is often a major contributor to the block in infection in-
duced by APOBEC3 proteins (2). Humans have seven APOBEC3
family members, of which human APOBEC3G (hA3G) is the most
active against HIV-1. In turn, HIV-1 encodes a small protein, Vif,
which binds hA3G in the virus-producing cell and, by causing its
degradation, prevents hA3G incorporation into nascent virions
(3–5). The actions of hA3G on many gammaretroviruses, includ-
ing murine leukemia viruses (MLVs), are similar to its effects on
Vif-deficient HIV-1 (�Vif HIV-1) (6, 7).

Rodents encode only a single APOBEC3 family member. We
and others have previously analyzed the restriction of retroviruses
by mouse APOBEC3 (mA3), which shares �33% sequence iden-
tity with hA3G (8, 9). mA3 is similar to hA3G in its potency to-
ward �Vif HIV-1 and in inducing very high levels of G-to-A mu-

tations in �Vif HIV-1. However, its ability to restrict many
murine retroviruses is far lower than that of hA3G. Moreover, the
limited restriction of many MLVs by mA3 is not accompanied by
elevated levels of mutations in the viral genome; in fact, in these
cases the mA3 block to MLV infection apparently occurs at or
before the initiation of reverse transcription (8–10). This restric-
tion mechanism is not yet understood.

In order to enhance our understanding of mA3 and its actions
on MLVs, we have now produced it in enzymatically active form,
using a baculovirus expression system. Our experiments with mu-
tants of mA3 have revealed several characteristics of the enzyme
and its biological actions. We also tested MLV particles carrying
mA3 for the presence of active deaminase; the results show that
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the resistance of MLV to mA3-induced hypermutation does not
involve irreversible inactivation of the enzyme.

MATERIALS AND METHODS
Cloning. The clone that expresses mA3 in insect cells was constructed as
follows. The mA3-coding region, together with a C-terminal hemaggluti-
nin (HA) epitope tag, was amplified from the plasmid used previously for
mammalian cell expression (9); this mA3 gene, which lacks exon 5, was
originally from C57BL/6 mice, and this plasmid was a gift from Nathaniel
Landau (New York University) (11). The mA3 gene was then placed in the
pDest-603 Gateway destination vector using the Gateway cloning tech-
nology (Invitrogen) according to the manufacturer’s instructions. The
resulting baculovirus-based expression construct encodes a protein with
an N-terminal histidine tag, followed by glutathione S-transferase (GST),
a tobacco etch virus protease cleavage site, mA3, and finally, the HA tag.
This clone also expresses green fluorescent protein, so that the growth of
the baculovirus vector in infected insect cells can be easily monitored. It
was grown initially by transformation of DH10 Bac competent Escherichia
coli (Invitrogen), and the recombinant bacmid clones were screened by
blue/white selection and confirmed by PCR amplification of the mA3
sequence. All mutations were generated by standard PCR-based mutagen-
esis, and all mutants were fully confirmed by sequencing.

Experiments in mammalian cells. Except where noted, experiments
with mA3 and hA3G were performed in 293T human cells and used re-
agents and methods described previously (9, 12). Viruses were produced
by transient transfection of 293T cells with 5 �g of a plasmid expressing
hA3G or mA3 (or empty control plasmid) together with either 10 �g of
our infectious Moloney MLV clone and 3 �g of pBabeLuc or 3 �g of the
�Vif HIV-1 packaging vector, 1 �g of the HIV-1 luciferase-expressing
transfer vector, and 0.25 �g of the vesicular stomatitis virus G-protein
expression vector (9, 12). The infectivity of the virus preparations was
assessed by measuring luciferase activity, as described previously (9). Tar-
get cells for viral infections were 293 cells stably expressing the mouse
cationic acid transporter (MCAT), the Moloney MLV receptor. Relative
specific infectivity is the ratio of luciferase activity to reverse transcriptase
(RT) activity divided by the corresponding ratio for virus produced with
no mA3 and multiplied by 100. Each experiment was repeated at least
once, and all measurements in each experiment were performed in trip-
licate.

Expression and purification of mA3 from Sf9 insect cells. Sf9 insect
cell lines were cultured at 27°C in Insect-XPRESS medium (Lonza). The
cells were transfected with the recombinant bacmids using the Cellfectin
reagent (Invitrogen), and the baculovirus was propagated in Sf9 cells as
described by the manufacturer (Invitrogen Bac-to-Bac expression sys-
tem). Sf9 cells expressing wild-type (WT) or mutant mA3 were lysed by
sonication in buffer A (50 mM Tris HCl, pH 7.5, 500 mM NaCl, 0.1%
NP-40, 1% glycerol, 2 mM �-mercaptoethanol [�-ME], Complete pro-
tease inhibitor [Roche]). The lysate was clarified by centrifugation at
20,000 � g, and the clarified extract was loaded onto a nickel-nitrilotri-

acetic acid (Ni-NTA) column (Novagen). The protein was eluted in buffer
B (50 mM Tris HCl, pH 7.5, 500 mM NaCl, 2 mM �-ME) supplemented
with 200 mM imidazole, followed by dialysis in buffer B.

Cytidine deaminase assay. Single-stranded DNA substrates, labeled
at their 5= ends with Alexa Fluor 488 through an N-hydroxysuccinimide
ester linkage and with TCC or TTC target sites embedded in AT-rich
sequences, were obtained from Integrated DNA Technologies and are
listed in Table 1. One substrate, also from Integrated DNA Technologies,
was labeled internally with fluorescein. For assays of deamination activity,
substrates at 0.25 to 0.5 pmol/�l were incubated with protein in 10 mM
Tris (pH 8.0), 50 mM NaCl, 1 mM dithiothreitol (DTT) for 2 h at 37°C.
Each reaction mixture in an experiment contained a similar amount of the
His-GST-mA3 fusion protein. The reaction mixture was then treated with
uracil DNA glycosylase (UDG; Fermentas) in a buffer supplied by the
manufacturer and then with NaOH, as described by Iwatani et al. (13).
The DNA was then fractionated in denaturing polyacrylamide gels and
scanned on a Typhoon phosphorimager (GE Healthcare).

Deaminase activity in virus particles was assayed as follows. Virus was
pelleted from culture fluids by centrifugation at 25,000 rpm for 1 h in an
SW28 rotor (Beckman Coulter) through a 20% (wt/vol) sucrose cushion
in phosphate-buffered saline. The pellet was resuspended in lysis buffer
(50 mM Tris, pH 8.0, 40 mM KCl, 50 mM NaCl, 5 mM EDTA, 10 mM
DTT, 0.1% Triton X-100) (14). These viral lysates were then assayed for
deaminase activity as described above.

RT assays. In all experiments, the viral infectivity (as measured by
luciferase activity) was normalized to the RT activity of the virus prepa-
ration. For RT assays, virus particles were precipitated from the culture
fluid with 30% polyethylene glycol (molecular weight, 8000; Sigma-Al-
drich). The precipitate was resuspended in viral resuspension buffer (50
mM Tris HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 5% fetal bovine
serum). These preparations were diluted into RT cocktail [for MLV, 62.5
mM Tris, pH 8.0, 25 mM KCl, 0.6 mM MnCl2, 10 mM DTT, 5 �g/ml
oligo(dT), 50 �g/ml poly(rA), 0.25% NP-40, 3.75 Ci/mmol [�-32P]dTTP;
for HIV, 62.5 mM Tris, pH 8.0, 125 mM NaCl, 7.5 mM MgCl2, 12.5 mM
DTT, 5 �g/ml oligo(dT), 50 �g/ml poly(rA), 0.25% NP-40, 3.75 Ci/mmol
[�-32P]dTTP] and incubated for 4 h at 37°C. The reaction mixtures were
then assayed by spotting on DEAE-cellulose filters; the filters were washed
and counted in a scintillation counter. Values were in the linear range with
respect to virus concentration (data not shown).

Immunoblotting. APOBEC3 proteins and viral proteins were de-
tected by immunoblotting using antisera against the HA epitope and
p30CA and p24CA, as described previously (9, 15).

Modeling of N- and C-terminal domains of mA3. The Phyre2 server
(16) was employed for homologous modeling. The top four models of
the N- or C-terminal domain were constructed on the basis of human
APOBEC2 (hA2; PDB accession no. 2NYT), human APOBEC3A (PDB
accession no. 2M65), human APOBEC3C (PDB accession no. 3VOW),
and the C-terminal domain of hA3G (PDB accession no. 2KBO) struc-
tures with 100% confidence. Among the four templates, those with PDB

TABLE 1 Sequences of oligodeoxynucleotides used in in vitro cytidine deaminase assays

Oligodeoxynucleotide Sequence

Sequence with 3 target sites 5=-Alexa 488-ATAATAAATTAAATTAATAATCCCTATTTCCTTAATCAATTATTTAAT-3=
Sequence with 1 target site 5=-Alexa 488-ATAATA AATTAAATTAATATATAATTCAATATTTAAATAAATTATATT-3=
Control 5=-Alexa 488-ATAATAAATTAAATTAATAATUUUTATTTUUTTAATUAATTATTTAAT-3=
9D 5=-Alexa 488-ATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATATCCATAATAATA-3=
18D 5=-Alexa 488-ATAATAATAATAATAATAATAATAATAATAATAATAATAATATCCATAATAATAATAATAATA-3=
27D 5=-Alexa 488-ATAATAATAATAATAATAATAATAATAATAATATCCATAATAATAATAATAATAATAATAATA-3=
36D 5=-Alexa 488-ATAATAATAATAATAATAATAATATCCATAATAATAATAATAATAATAATAATAATAATAATA-3=
45D 5=-Alexa 488-ATAATAATAATAATATCCATAATAATAATAATAATAATAATAATAATAATAATAATAATAATA-3=
51D 5=-Alexa 488-ATAATAATATCCATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATAATA-3=
Int-fluor 5=-ATAATAATAATAATATCCATAATAATAATAATA-fluorescein-ATAATAATAATAATATCCATAATAATAATA

ATAATAATAATAATAATA-3=
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accession no. 2KBO and 2M65 are nuclear magnetic resonance solution
structures, whereas those with PDB accession no. 2NYT and 3VOW are
crystal structures. Nevertheless, the four models for each domain are very
similar. We mainly used the model derived from hA2 in designing mu-
tants of mA3 for analysis. hA2 has �30% sequence identity with either the
N- or the C-terminal domain of mA3.

Polarity in vivo. A clone termed pNLdVdELuc, derived from the
pNL4-3 molecular clone of HIV-1 but lacking vpr and containing firefly
luciferase in place of env (a kind gift of Alok Mulky and Vineet Kewal-
Ramani, NCI) (17), was further modified by introduction of two stop
codons in the vif gene. Virus was produced by cotransfection of 293T cells
with this clone together with a plasmid expressing the vesicular stomatitis
virus G protein and either the mammalian mA3 or hA3G expression vec-
tor. Fresh cultures of 293T cells were infected with filtered culture fluids
from the transfected cells. Twenty-four hours later, DNA was extracted
from the infected cells as described by Sanchez-Martinez et al. (10). The
DNA was amplified with primers �4 kb apart on either the 5=or the 3= side
of the central polypurine tract, specifically, either with 5=-TGGAAGGGC
TAATTCACTCCCAAAGAAGAC-3= and 5=-CCTGGGCTACAGTCTAC
TTGTCCATGC-3=, representing nucleotides (nt) 1 to 30 and the comple-
ment of nt 4405 to 4379 of pNLdVdELuc, respectively, or with 5=-CAGG
GACAGCAGAGATCCAGTTTGGAAAGG-3= and 5=-GGCTAAGATCT
ACAGCTGCCTTGTAAGTC, representing nt 4519 to 4548 and the
complement of nt 9380 to 9352, respectively. The resulting �4-kb PCR
products were cloned into pCR2.1 TOPO (Invitrogen), and �1 kb at the
5= and 3= ends of these 4-kb inserts was sequenced using the M13 forward
and reverse primers as sequencing primers. Sequences were aligned
using the EBI Clustal W program, and G-to-A mutations were scored
with the help of the HYPERMUT program (http://www.hiv.lanl.gov
/content/sequence/HYPERMUT/hypermut.html).

RESULTS
Protein expression and purification. As described in Materials
and Methods, we used Sf9 cells to produce a fusion protein with an
N-terminal His tag, followed by GST and by the HA-tagged mA3.
This protein was purified from the Sf9 lysates by Ni-NTA chro-
matography. An SDS-polyacrylamide gel of a typical preparation
stained with Coomassie blue is shown in Fig. 1a. It is evident that
the fusion protein is the predominant protein in this preparation
but that it is not completely pure; one major species copurifying
with mA3 is an �25-kDa protein. As this protein reacts with anti-
GST antiserum (data not shown), it appears to arise by spontane-
ous cleavage of the expressed fusion protein. Smaller quantities of
other proteins are also visible in the gel. Although the desired
protein was only partially purified by this procedure, it possesses
cytidine deaminase activity (see below), and preparations of this
type have been used in all of the biochemical experiments de-
scribed herein.

Deaminase activity. Recombinant proteins were assayed for
cytidine deaminase activity as described in Materials and Meth-
ods. Except where otherwise noted, the substrate oligodeoxy-
nucleotides were labeled at their 5= ends with Alexa Fluor 488 and
contained both TCC and TTC sequences embedded in an AT-rich
sequence (Table 1). As hA3G will deaminate the final C in the
sequence (T/C)CC, a GST-hA3G fusion protein was used as a
control in our assays. To assay the partially purified protein for
deaminase activity, we incubated mA3 and hA3G proteins with a
substrate oligodeoxynucleotide containing the sequences TCCC
and TTCC and then treated them with UDG and alkali; oligode-

FIG 1 Properties of recombinant mA3. (a) SDS-polyacrylamide gel of a typical His-GST-mA3-HA protein preparation used in cytidine deaminase assays. The
gel was stained with Coomassie brilliant blue. Lane M, molecular mass markers. (b) Cytidine deaminase assay performed on a 48-base oligodeoxynucleotide with
3 target sites (Table 1) as described in Materials and Methods. �UDG, the reaction mix was not treated with UDG before NaOH was added; Ctrl, control. (c)
Cytidine deaminase assay using an oligodeoxynucleotide with 1 target site. (d) Cytidine deaminase assay on mutant and wild-type proteins using the oligode-
oxynucleotide with 3 target sites. N-term, N-terminal; C-term, C-terminal.
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oxynucleotides containing the 5= label were then visualized on a
denaturing polyacrylamide gel. As expected, mA3, like hA3G,
deaminated the oligodeoxynucleotide substrate at two or three
sites, since two bands were seen if the reaction mixture was treated
with UDG and alkali (Fig. 1b) (two of the sites are contained in the
4-base sequence TTCC, and products arising by cleavage at the
first and second C residues in this sequence would not be resolved
in this gel). A control protein containing only the His-tagged GST
moiety was also prepared; no deaminase activity was detected in
this protein preparation (data not shown).

As both of the target sequences in the substrate used in Fig. 1b
contain TCC, the results did not reveal whether our recombinant
mA3 could also deaminate TTC, as mA3 does in vivo. We there-
fore tested it with a second substrate oligodeoxynucleotide, in
which the only cytidine residue was in the context TTC. As shown
in Fig. 1c, this substrate was also deaminated by our mA3. Thus,
the results show that the recombinant mA3 can deaminate both
TCC and TTC sequences.

Mutational analysis of mA3 protein and domain arrange-
ment. mA3, like hA3G and many other APOBEC3 family mem-
bers, has two catalytic domains, each with the hallmark H-X-E
active site, followed 23 to 28 residues later by the zinc finger motif
P-C-X2-4--C (18, 19). In the case of hA3G, only the C-terminal
catalytic domain actually possesses catalytic activity; it is not
known why the N-terminal domain is not an active deaminase
(14). It has been reported, on the basis of experiments in mam-
malian cells, that in mA3 only the N-terminal domain exhibits
deaminase activity (20). To further characterize the deaminase
activity of mA3, we tested a series of mA3 mutants in our in vitro
enzymatic assay. As shown in Fig. 1d, replacement of the active-
site glutamate and the zinc finger cysteines in the N-terminal do-
main, i.e., E73, C105, or C108, with alanine abolished the deami-
nase activity of mA3. In contrast, the corresponding changes in the
C-terminal domain, i.e., E257A, C283A, or C286A, had no detect-
able effect on the deaminase activity of the protein. In fact, the
N-terminal domain is evidently the sole locus of activity, as re-
moval of the entire C-terminal domain, i.e., residues 200 to 396,
did not reduce the activity, while no activity could be detected in
the isolated C-terminal domain (Fig. 1d).

Encapsidation: role of C-terminal domain. The enzymatic as-
say results showed that the C-terminal domain is not required for
deamination. In hA3G, the domain that lacks deaminase activity is
needed for packaging of the protein into virions (14). Therefore, it
was of interest to determine whether the C-terminal domain of
mA3 contributes to packaging. Cells were transfected with provi-
ral clones together with constructs expressing either the N- or the
C-terminal domain of mA3. Virus was then collected and assayed
for the presence of the mA3 fragments by immunoblotting for the
HA tag, present at the C terminus of each mA3 fragment. As
shown in Fig. 2a and b, the C-terminal domain of mA3 is packaged
into either �Vif HIV-1 or MLV particles, even in the complete
absence of the N-terminal domain. In contrast, the N-terminal
domain is not encapsidated, although it is readily detectable in the
virus-producing cells. (A higher-molecular-mass band is also vis-
ible in the lane with the C-terminal domain; this is presumably a
dimer of the C-terminal domain but was not further character-
ized).

In hopes of obtaining some insight into mA3 activities, we
constructed models of the mA3 N- and C-terminal domains. The
models were based on homology with hA2, which has �30% se-

quence identity with each mA3 domain. The resulting structural
models are shown in Fig. 3. As in the hA2 structure, the models for
both mA3 domains show a typical deaminase fold, comprising a
compact core structure of 6 helices and 6 � strands in arranged in
an �1-�1-�2-�3-�2-�4-�3-�5-�4-�6-�5-�6 configuration,
with �1, �2, and �3 being in an antiparallel orientation and �4,
�5, and �6 being in parallel orientation (Fig. 3). Differences be-
tween the two models and between them and hA2 are confined to
the length of two � strands (�1 and �2) and the conformations of
loops between secondary structure elements (Fig. 3a). The active-
site His-Ala-Glu and zinc finger cysteines are contributed by heli-
ces 2 and 3, respectively, in both the N- and C-terminal domains
(Fig. 3b and c, respectively). The model-based sequence alignment
shows that the two domains are approximately 32% identical in
sequence; the differences are most conspicuous on the surfaces,
while a hydrophobic core in the interior of the protein is more
conserved (the core of the C-terminal domain is depicted in
Fig. 3d).

It has been shown that encapsidation of hA3G is dependent
upon several motifs in its N-terminal domain, including the zinc-
coordinating cysteine residues (14); a few basic residues, i.e., R24
and R30, with some contribution from R136 as well (21); and a
stretch of aromatic residues, i.e., YYFW (residues 124 to 127) (22,
23); human APOBEC3F and human APOBEC3H encapsidation
are similarly dependent upon a cluster of aromatic residues (24,
25). Several lines of evidence suggest that encapsidation of hA3G
involves binding to packaged RNA (26), and it has also been pro-
posed that hA3G dimerization is important in hA3G packaging
(21, 27, 28). We noted a stretch of aromatic residues in the mA3
C-terminal domain, i.e., Y310-F-H-W313, and, nearby in the
model structure, a stretch of nine residues, six of which are argi-
nines (R364-R-T-Q-R-R-L-R-R372). In fact, the zinc-binding
C283 and C286, together with the YFHW stretch and arginine
residues 365 and 369, could plausibly line a nucleic acid-bind-
ing surface in the structure (Fig. 3). Neither the aromatic
stretch nor the arginine-rich cluster is present in the N-termi-
nal domain of mA3.

We tested the contributions of each of these motifs to mA3
encapsidation in both MLV and �Vif HIV-1. Virus particles were
produced in transiently transfected 293T cells in the presence of
WT or mutant mA3s. As shown in Fig. 2, replacement of the zinc-
coordinating cysteines in the C-terminal domain with alanines
almost completely prevented encapsidation, while the corre-
sponding change in the N-terminal domain had no evident effect

FIG 2 Encapsidation of wild-type and mutant mA3s. 293T cells were cotrans-
fected with mA3 expression plasmids and the �Vif HIV-1 packaging vector
(12) (a) or a full-length MLV proviral clone (b). Viruses and cells were har-
vested and analyzed for CA proteins and the HA tag on mA3 as described
previously (9, 15).
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upon packaging. Similar results were reported earlier by Hakata
and Landau (20). In contrast, replacement of the active-site glu-
tamate residue in either domain with alanine did not interfere
with packaging.

Pairs of arginine residues between R364 and R372 were re-
placed with alanines. As shown in Fig. 4, RR368/369AA was pack-
aged poorly. Further experiments showed that the R369A point
mutant was almost completely defective with respect to encapsi-
dation. When the aromatic stretch was analyzed, it was found that
the Y310A mutant retained its ability to be packaged, while pack-

aging of the F311A and H312A mutants was diminished, and there
was no detectable encapsidation of W313A mA3 (Fig. 4). The
triple mutant 311FHW313/AAA also could not be detected in vi-
rus particles. Taken together, these results show that packaging of
mA3 into either MLV or �Vif HIV-1 particles depends upon
R369, F311, H312, and W313, as well as upon C283 and/or C286.

Anti HIV-1 activity of mA3. We also tested these mutant mA3s
for their ability to restrict �Vif HIV-1. Virus particles were pro-
duced in 293T cells as described above, along with retroviral vec-
tors encoding luciferase. The resulting virus preparations were

FIG 3 Structural model of mA3. The N-terminal and C-terminal domains of mA3 (mA3-NTD and mA3-CTD, respectively) were modeled as described in
Materials and Methods and are shown superimposed with the template structure hA2 (PDB accession no. 2NYT) (a) and separately in panels b and c, respectively.
(d) A zoomed-in view of the mA3-CTD, showing the environment of side chains T306, S363, and T366. Polypeptide chains are illustrated as ribbon diagrams in
gray. Helices are shown as spirals, strands are shown as arrows, and loops are shown as tubes. Side chains of key residues are highlighted as stick models in atomic
color scheme (N in blue, C in cyan, O in red, and S in yellow). This figure was prepared with the PyMOL molecular graphics system (version 1.5.0.5; Schrödinger,
LLC).

FIG 4 Encapsidation of mA3s with mutations in the C-terminal domain. 293T cells were cotransfected with mA3 expression plasmids and the �Vif HIV-1
packaging vector (a) or the MLV proviral clone (b). Viruses and cells were analyzed by immunoblotting as described previously (9, 15).
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assayed for their ability to induce luciferase activity in permissive
target cells, and the resulting infectivity values were normalized to
the reverse transcriptase activity. As shown in Fig. 5a, WT mA3
decreased the specific infectivity of �Vif HIV-1 by nearly 1,000-
fold. In contrast, mutants with the following mutations lost virtu-
ally all their activity against the virus: E73A, EE73/257AA, CC105/
108AA, CC283/286AA, RR368/369AA, R(6)A, R369A, H312A,
and W313A. In contrast, mutants with the E257A, RR364/365AA,
RR371/372AA, R368A, and Y310A mutations retained their anti-
HIV-1 activity, while the F311A mutant was partially active. Al-
though the C-terminal domain was packaged into virions (Fig. 2),
it had little antiviral activity.

Anti-MLV activity of mA3. We also tested the mutant mA3s
for their activity against MLV (Fig. 5b). Unfortunately, because
WT mA3 does not depress the infectivity of MLV very far, the
antiviral activities of the mutants were difficult to assess. For ex-
ample, in this experiment the MLV-specific infectivity was re-
duced only �8-fold relative to that for the APOBEC3-free control
virus by WT mA3 but only �3-fold by the EE73/253AA mutant.
This 3-fold decrease could, in principle, represent the residual
antiviral activity of the mutant mA3, but alternatively, it might
simply reflect some nonspecific inhibition due to the presence of
mA3. As is evident in Fig. 5b, almost all of the mutants produced
MLVs with specific infectivities intermediate between the infec-
tivity of the no-APOBEC3 control and that of the virus with WT
mA3. In no case was a specific infectivity greater than that of the
no-APOBEC3 control ever observed.

Mutagenesis of putative phosphorylation sites in mA3. Sev-
eral reports have raised the possibility that the antiviral activity of
hA3G might be regulated by phosphorylation, although this re-
mains controversial (29–31). It was therefore of interest to explore
the possibility of phosphorylation of mA3. Inspection of the mA3
sequence with the help of the Prosite (http://prosite.expasy.org/)

and Motif Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan) da-
tabases suggested that residues S9, T25, S89, S128, S249, T306,
S363, and T366 are possible sites for phosphorylation by protein
kinase C; T42 is a possible target site for protein kinase A; and T49,
S89, and S204 are possible substrates for casein kinase II phos-
phorylation. To test the significance of these residues for mA3
activities, each of these residues was mutated to alanine, blocking
any phosphorylation at that site in the protein, and to aspartate,
mimicking phosphorylation.

The ability of these mutants to restrict �Vif HIV-1 infectivity
was tested as described above. As shown in Fig. 6a, most of the
mutations had no significant effect on the anti-HIV-1 activity of
mA3, but the T42D, S128D, T306D, S363D, and T366D mutants
had all lost most or all of this activity. We also tested a subset of
these mA3 mutants against MLV, with the results shown in Fig.
6b; again, the dynamic range of these anti-MLV assays was so
small that it is difficult to draw any definitive conclusions from
these data.

The loss in antiviral activity in these phosphomimetic mutants
might reflect a loss in enzymatic activity or a defect in encapsida-
tion. We tested both of these possibilities. We found (Fig. 7a and
b) that little if any T306D or S363D mA3 was packaged into �Vif
HIV-1 or MLV virions, while both S128D and S249D mA3s were
packaged somewhat less efficiently than wild-type mA3. It is no-
table that S249D mA3 retained highly significant anti-HIV-1 ac-
tivity, despite the reduction in the efficiency with which it was
packaged. Finally, we expressed some of these mA3 mutants in
insect cells and tested the semipurified proteins for cytidine
deaminase activity. As shown in Fig. 7c, no enzymatic activity
could be detected in the T42D or S128D protein. The activity of
T42A mA3 was also diminished relative to that of the wild-type
protein; however, we also observed that this mutant mA3 was
somewhat unstable in solution (data not shown).

FIG 5 Antiviral activity of mutant mA3s. �Vif HIV-1 (a) or MLV (b) carrying luciferase vectors were produced and assayed as described in Materials and
Methods. Infectivities (as measured by the ability to induce luciferase in 293-MCAT cells) were normalized to RT activities, and this ratio for the controls lacking
mA3 was set at 100%. Results are presented as relative specific (Rel. Sp.) infectivities. Error bars represent standard deviations.
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Polarity of mA3 deamination in vitro and in vivo. Results
from deaminase, encapsidation, and �Vif HIV-1 infectivity assays
clearly demonstrated that mA3 has a domain organization oppo-
site that of hA3G. As originally reported by Chelico et al., hA3G
displays a 3=-to-5= directional bias when deaminating single-
stranded oligodeoxynucleotides in vitro (32). It was of interest to
investigate whether mA3, with its reversed domain arrangement,
exhibited a polarity opposite that of hA3G. We tested this possi-
bility with an oligonucleotide substrate containing 2 TCC sites
spaced at different distances from either end. This 81-nucleotide
substrate, designated Int-fluor in Table 1, was internally labeled
with fluorescein and was composed exclusively of ATA repeats,
except for a TCC sequence 15 bases from the 5= end and another
TCC sequence 30 bases from the 3= end. This asymmetric arrange-

ment of the two target sites meant that cleavage at the 5= site yields
an �60-base labeled fragment, while cleavage at the 3= site pro-
duces an �45-base labeled fragment. As shown in Fig. 8a, mA3
strongly favored deamination at the 3= target site, while, as ex-
pected, hA3G preferentially deaminated the 5= site. In fact, the
isolated N-terminal domain of mA3 retained the 5=-to-3= bias of
mA3 (Fig. 8a). As a second experimental check of these polarities,
we performed an in vitro deamination assay with a series of 63-
base ssDNA substrates that were labeled at their 5= ends; each
substrate contained a single TCC site positioned at different dis-
tances from the 3= end (Table 1). As shown in Fig. 8b, purified
hA3G showed increased deamination of TCC closer to the 5= end,
as expected. On the other hand, this effect was reversed with mA3:
sites closer to the 3= end were preferentially deaminated (Fig. 8b),

FIG 6 Antiviral activity of mA3s with mutations altering putative phosphorylation sites. mA3 mutants were assayed for activity against �Vif HIV-1 (a) or MLV
(b) as described in the legend to Fig. 5.

FIG 7 Encapsidation and cytidine deaminase activity of mA3s with mutations altering putative phosphorylation sites. mA3 mutants were tested for encapsi-
dation into �Vif HIV-1 (a) or MLV (b) particles, as described previously (9, 15). (c) Mutant and wild-type His-GST-mA3-HA preparations were tested using the
oligodeoxynucleotide with 3 target sites.
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confirming the finding that mA3 exhibits a 5=-to-3= deamination
polarity in vitro.

When an HIV-1 particle copies its RNA into DNA in a newly
infected cell in the presence of hA3G, the frequency of hA3G-
induced G-to-A mutations increases toward the 3= end of the pro-
viral DNA (33); in fact, this polarity is observed both in the 5= half
and in the 3= half of the DNA (34, 35). As discussed below, it has
been suggested that this dual gradient reflects the complex se-
quence of events during reverse transcription and the fact that
plus-strand DNA synthesis is initiated at two points in the ge-
nome. As the functional domains in mA3 are reversed relative to
those in hA3G and as the polarity of deamination on short DNAs
in vitro is opposite that seen with hA3G, it was of interest to de-
termine whether deaminations with the same polarity as those
induced by hA3G would be induced by mA3 in vivo. We therefore
infected cells with �Vif HIV-1 bearing either hA3G or mA3. DNA
was isolated from the infected cells, and PCR was performed to
amplify the 5= or the 3= half of the viral genome. Individual am-
plification products were then cloned and the 5= and 3= kilobase of
each clone was sequenced and scored for G-to-A mutations. With
the virus bearing hA3G, we found the expected increase in muta-
tion frequency toward the 3= end of each fragment (Fig. 9), con-
firming the observations of others (34, 35). We also observed the
same trend with the mA3-containing virus (Fig. 9). Thus, al-
though the polarity of deamination by mA3 on short oligonucle-
otides in vitro differs between hA3G and mA3, they share the same
long-range polarity of deamination in vivo.

Deaminase activity of mA3 encapsidated in MLV. MLV ge-
nomes are not deaminated by mA3 in vivo (8, 9). In order to test
the possibility that mA3 encapsidated in MLV is somehow inacti-
vated and, hence, incapable of deamination, we assayed viral
lysates for the deaminase activity of mA3. MLV or �Vif HIV-1
virions containing either mA3 or hA3G were lysed as described in
Materials and Methods. The viral lysates were then incubated with
the DNA substrate containing target deamination sites. As seen in
Fig. 10a, mA3 in MLV particles is still enzymatically active, like
mA3 in �Vif HIV-1 and hA3G in MLV or �Vif HIV-1. Immuno-

blotting showed that similar levels of mA3 and hA3G were present
in the four virus preparations (Fig. 10b). Thus, mA3 retains its
deaminase activity within MLV virions; why it fails to deaminate
viral DNA following infection is still not known.

DISCUSSION

The results presented here provide new information regarding the
biochemical and biological properties of mA3. Briefly, our bio-
chemical and biological studies confirmed the original finding of
Hakata and Landau (20) that the overall domain organization of
mA3 is the opposite of that of hA3G: in mA3, the N-terminal
domain possesses deaminase activity, while the C-terminal do-
main is necessary for encapsidation into retrovirus particles. With
the help of a homology-based structural model, we identified sev-
eral aromatic and basic residues in the C-terminal domain that are
required for packaging; these residues may all participate in bind-
ing viral RNA during virion assembly. These residues are con-
served in the mA3s of laboratory mice, despite considerable mA3
polymorphism (19).

mA3 is very potent in the restriction of �Vif HIV-1. Thus, the
effects of mutations upon this restriction can be very large, and so
it is obvious from the properties of the mutant mA3s that both
deaminase activity and encapsidation are necessary for full restric-
tion of �Vif HIV-1. However, because the effect of wild-type mA3
upon infectivity of MLV is so much less than that on �Vif HIV-1,
the anti-MLV properties of the mutant mA3s are more difficult to
assess. Many mutations in mA3 appeared to reduce, but not elim-
inate, its anti-MLV activity, but these effects are so small that they
might, in some cases, reflect nonspecific phenomena.

It has been suggested that the antiviral activity of hA3G is reg-
ulated by phosphorylation (29–31). Although we have no data
addressing this possibility directly, we did examine the properties
of a number of mA3 mutants in which individual serines or thre-
onines, possibly sites of phosphorylation, were replaced by alanine
or aspartate residues. We found that the T42D, S128D, T306D,
S363D, and T366D mutants are very deficient in anti-HIV-1 ac-

FIG 8 Polarity of cytidine deamination on oligodeoxynucleotides in vitro. (a)
His-GST-mA3-HA or its hA3G equivalent or the protein containing the N-
terminal domain of mA3 rather than full-length mA3 was tested with the
internally labeled substrate oligodeoxynucleotide (Table 1). (b) Sixty-three-
base substrate oligodeoxynucleotides with TCC sites placed at different dis-
tances from their 3= ends (Table 1) were incubated with His-GST-hA3G-HA
(solid line) or His-GST-mA3-HA or the protein containing the N-terminal
domain of mA3 (dashed and dotted lines, respectively). Cleavage resulting
from deamination of each oligodeoxynucleotide was measured.

FIG 9 Polarity of G-to-A mutation during reverse transcription in vivo. Virus
containing mA3 or hA3G was produced from the pNLdVdELuc clone lacking
an intact vif open reading frame as described in Materials and Methods. Cells
were infected with these viruses, and the DNA produced during infection was
analyzed as described in Materials and Methods. Each line in the graphs shows
the number of G-to-A mutations in the 5=�1 kb and the 3=�1 kb for a single
�4-kb PCR product, representing �4 kb of DNA on either side of the central
polypurine tract produced by a single virus particle.
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tivity. The T42D and S128D mutants are encapsidated efficiently
but do not exhibit detectable cytidine deaminase activity in vitro;
in our structural model, both T42 and S128 are near the catalytic
site in the N-terminal domain of mA3 (Fig. 3b). It seems possible
that placement of the negatively charged aspartate side chain at
either of these positions inhibits the placement of the nucleic acid
substrate in the active site of the enzyme. It is also interesting to
note that S128 has undergone positive selection during mouse
evolution (19). In contrast, the T306D and S363D mutants exhibit
highly active deaminase activities in vitro but are poorly encapsi-
dated. The T366D mutant is packaged efficiently and is enzymat-
ically active, although perhaps less so than wild-type mA3. Our
mA3 model (Fig. 3c and d) suggests that the T306 and T366 side
chains contact the hydrophobic core of the C-terminal domain;
replacement of either of these residues with aspartate would dis-
rupt the core. S363 is very near D335, and an aspartate at position
363 would alter the protein structure by its repulsive interaction
with D335. Thus, we would predict that the T306D, S363D, and
T366D mutants might interfere with encapsidation by their dis-
ruptive effects on the C-terminal domain of mA3.

hA3G has previously been shown to exhibit polarity in its
deamination of ssDNA oligonucleotides in vitro, with the fre-
quency of deaminations increasing toward the 5= end of the sub-
strate (32). It has been suggested that this property reflects the
asymmetric charge distribution in hA3G, in which the N-terminal
domain has a strong positive charge (pI 9.30), while the C-termi-
nal domain is slightly acidic (pI 5.67) (36). It was thus of interest to
test mA3 for its polarity, since as noted above its overall domain
arrangement is the reverse of that of hA3G and also since (unlike
hA3G) both of its domains are positively charged (pIs of the N-
and C-terminal domains, 9.15 and 8.74, respectively). We found
(Fig. 8) that the frequency of deamination by mA3 increases to-
ward the 3= end of an oligodeoxynucleotide that has the reverse
polarity relative to that of hA3G. As the overall charge distribution
in mA3 is not asymmetric, as it is in hA3G, these results would
seem to argue against the role of charge asymmetry in APOBEC3
polarity in vitro.

hA3G also has a strong directional bias in deamination of viral
genomes in vivo, where the G-to-A mutation frequency increases
significantly toward the 3= end of the viral genome. As the sub-
strate for deamination in vivo is minus-strand DNA, this repre-
sents a bias toward the 5= end of the substrate. Tests with �Vif
HIV-1 (Fig. 9) showed that mA3 exhibits the same bias as hA3G in
vivo; this result is fully consistent with the hypothesis that the 5=

end of the minus strand undergoes a higher frequency of cytidine
deamination than the 3= end because it is single stranded longer
during reverse transcription in vivo. There are actually indepen-
dent gradients in the 5= and 3= halves of the HIV-1 genome with
mA3 (Fig. 9), just as previously observed with hA3G (34, 35); this
is presumably because in HIV-1, synthesis of plus-strand DNA,
which progressively covers the minus-strand DNA and protects it
from deamination, is initiated from the central polypurine tract in
the middle of the genomic RNA, as well as from the polypurine
tract near the 3= end of the RNA (37).

It is striking that the restriction of MLV by mA3 does not in-
volve detectable levels of G-to-A mutation. One conceivable ex-
planation for the lack of mutations could be that the deaminase
activity of mA3 is somehow inactivated by encapsidation within
an MLV particle. We tested this possibility by lysing MLV virions
with mild detergent and found (Fig. 10), contrary to this hypoth-
esis, that these virions contained enzymatically active deaminase.
Indeed, similar levels of deaminase activity were recovered from
MLV and �Vif HIV-1 particles containing equivalent amounts of
mA3; these levels were also similar to those of hA3G in MLV or
�Vif HIV-1 lysates. Thus, when a population of cells is infected
with MLV bearing mA3, DNA synthesis is prevented in a fraction
of the virions, while the remainder proceed through the infectious
process without hindrance. In contrast, if the virions are HIV-1
rather than MLV, some are blocked before or during DNA syn-
thesis (38–40), perhaps by the roadblock mechanism (41); how-
ever, the DNA produced by the remaining particles suffers high
levels of mA3-induced G-to-A mutation (10, 11). The action of
mA3 on �Vif HIV-1 thus resembles that of hA3G. The dual effects
of hA3G appear to be regulated by a switch between monomers or
dimers, which induce G-to-A mutation, and larger oligomers,
which act as roadblocks because they dissociate only slowly from
ssDNA (42); it is possible that mA3 undergoes similar transitions
in �Vif HIV-1. In contrast, perhaps the structure of MLV particles
limits the interconversion of these hypothetical forms of mA3.
Recent evidence indicates that the glyco-Gag of MLV affects virus
structure in a way that interferes with mA3 action (43, 44). In any
case, further work will be required to elucidate the mechanisms of
mA3 restriction of MLV and of the resistance of MLV to mA3-
induced hypermutation.

Jern et al. (45) have carefully analyzed the sequences of endog-
enous MLVs, i.e., MLV genomes present in the genomic DNA of
mice as a result of ancient infections of germline cells. Notably,
some of these sequences show all the hallmarks of mA3-induced

FIG 10 Cytidine deaminase activity in viral lysates. Viruses were produced by transfection of 293T cells with the �Vif HIV-1 transfer vector (12) or the MLV
proviral clone with or without the hA3G or mA3 expression vector (9). Viruses were lysed as described in Materials and Methods and assayed for cytidine
deaminase activity, using the DNA substrate with three target sites. Positive control lanes contained recombinant GST-APOBEC3 proteins (a). Viruses were also
tested for their mA3 or hA3G content by immunoblotting with anti-HA antiserum (b).
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G-to-A mutations (including the increase in frequency toward the
3= end); thus, some of the MLVs whose genomes are now embed-
ded in mouse DNA were evidently not resistant to mA3-induced
deamination when they infected the mouse germ line, unlike the
recently derived laboratory strains of MLV used here. We have
previously reported that a chimeric MLV whose gag gene is from
one of these endogenous genomes, while the remainder of its ge-
nome is from Moloney MLV, is no more sensitive to mA3-in-
duced deamination than Moloney MLV (10). Thus, some region
of the MLV genome other than gag must be responsible for this
striking difference between endogenous MLVs and Moloney
MLV. It should be noted that the G-to-A mutations are found in
members of the polytropic and modified polytropic families of
endogenous MLVs, but not in the xenotropic MLV family; this
difference correlates well with the presence of glyco-Gag in
xenotropic, but not in polytropic or modified polytropic MLVs
(45, 46).

Several investigators have compared the replication of MLV in
mice lacking a functional mA3 gene to its replication in wild-type
mice (47–49). These comparisons show clearly that endogenous
mA3 naturally restricts MLV in mice. However, this restriction of
laboratory isolates of MLV by naturally expressed mA3 is not ac-
companied by detectable G-to-A mutation in mice (a low fre-
quency of such mutations has been reported for the endogenous
MLV AKV [50]). In other words, the restriction that we have
studied under highly nonphysiological circumstances, using tran-
sient transfection of 293T human cells with plasmid clones ex-
pressing mA3 and the MLV genome, appears to proceed by the
same mechanism as that exerted by natural, endogenous mA3 in
mice. The restriction by mA3 of the betaretrovirus mouse mam-
mary tumor virus also resembles its restriction of MLV (a gam-
maretrovirus) in many important respects (51–54). These obser-
vations underscore once again the dramatic difference between
the mechanism(s) by which hA3G restricts retroviruses and the
mechanism of murine beta- and gammaretrovirus restriction by
mA3.
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