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APOBEC3 proteins are cytidine deaminases which help defend cells against retroviral infections. One
antiviral mechanism involves deaminating dC residues in minus-strand DNA during reverse transcription,
resulting in G-to-A mutations in the coding strand. We investigated the effects of mouse APOBEC3 (mA3) and
human APOBEC3G (hA3G) upon Moloney murine leukemia virus (MLV). We find that mA3 inactivates MLV
but is significantly less effective against MLV than is hA3G. In contrast, mA3 is as potent against human
immunodeficiency virus type 1 (HIV-1, lacking the protective Vif protein) as is hA3G. The two APOBEC3
proteins are packaged to similar extents in MLV particles. Dose-response profiles imply that a single
APOBEC3 molecule (or oligomer) is sufficient to inactivate an MLV particle. The inactivation of MLV by mA3
and hA3G is accompanied by relatively small reductions in the amount of viral DNA in infected cells. Although
hA3G induces significant levels of G-to-A mutations in both MLV and HIV DNAs, and mA3 induces these
mutations in HIV DNA, no such mutations were detected in DNA synthesized by MLV inactivated by mA3.
Thus, MLV has apparently evolved to partially resist the antiviral effects of mA3 and to totally resist the ability
of mA3 to induce G-to-A mutation in viral DNA. Unlike the resistance of HIV-1 and human T-cell leukemia
virus type 1 to hA3G, the resistance of MLV to mA3 is not mediated by the exclusion of APOBEC from the virus
particle. The nature of its resistance and the mechanism of inactivation of MLV by mA3 are completely
unknown.

Mammalian cells contain a number of mechanisms for pro-
tection against retroviral infection and retrotransposition. One
of these mechanisms involves members of the APOBEC3
(APO) family of cytidine deaminases (19, 45). The existence of
this mechanism was first discovered through experiments on
the human immunodeficiency virus type 1 (HIV-1) accessory
protein Vif; it has become clear in recent years that the intra-
cellular binding of Vif to human APOBEC3G (hA3G) results
in proteasomal degradation of the APO protein, thus prevent-
ing its incorporation into virions (35, 52). While the antiretro-
viral activity of hA3G was initially revealed in studies on
HIV-1, it has recently become clear that hA3G is only one
member of a family of cytidine deaminases (26) and that sev-
eral APOBEC3 family members are able to inhibit infections
by a remarkable variety of retroviruses. Indeed, it appears that
endogenous retroviruses and retrotransposons, as well as ex-
ogenous retroviruses, are sensitive to the effects of these cel-
lular proteins (6, 11, 12, 38). Interestingly, another retrovirus,
human T-cell leukemia virus type 1 (HTLV-1), resembles
HIV-1 in that it excludes hA3G from virions, but this exclusion
involves an unusual acidic region in the nucleocapsid do-
main of its Gag protein (9) rather than a nonstructural
protein like Vif.

Although this system has been studied intensively for several
years, there are a number of outstanding questions that remain
to be resolved. One of these is how APO proteins interfere
with the viral replication cycle. One obvious factor that con-
tributes to the inhibitory action of hA3G is the hypermutation
of G residues to A residues; these mutations result from
deamination by hA3G of C nucleotides in the single-stranded
minus-strand DNA, the first product of reverse transcription
during viral infection (18, 32, 53). However, quantitative stud-
ies suggest that this effect is often not sufficient to explain the
potent inhibition of infection by hA3G (22, 40).

One viral system for which the effects of APOBEC3 are not
yet clear is the murine leukemia viruses (MLVs). It is known
that hA3G is capable of interfering with MLV infectivity (18,
32). However, as mice and mouse cells are permissive for MLV
replication, one might expect MLV to be resistant to the effect
of murine APOBEC3 (mA3), the sole member of the
APOBEC3 family in mice. MLV is a “simple” retrovirus; that
is, unlike HIV-1 and HTLV-1, MLV encodes only the three
polyproteins that are assembled to form infectious progeny
virions. Thus, if it is indeed resistant to mA3, this resistance
cannot be attributed to an additional protein like Vif. Some
reports indicate that mA3 is not incorporated into MLV par-
ticles (10, 29), perhaps because it is degraded by the viral
protease (1), while others present evidence for efficient encap-
sidation of the protein without a significant antiviral effect (33).

In hopes of clarifying some of these questions, we have
performed a quantitative comparison of the effects of mA3 and
hA3G upon MLV and MLV-derived viral vectors. We now
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report that the murine protein is encapsidated to virtually the
same extent as the human protein. It possesses significant
inhibitory activity against MLV, but this activity is far lower
than that of hA3G. The anti-MLV activity of mA3 does not
seem to involve hypermutation.

MATERIALS AND METHODS

Cells and viruses. Unless otherwise noted, all of the experiments described
here were performed with a full-length infectious Moloney MLV proviral clone
that was identical to previously described clone pRR88 (14), except for the
removal of 5� cellular flanking sequences. Virus particles were produced by
transient transfection of 293T cells with Transit 293 (Mirus) in accord with the
manufacturer’s instructions. When viruses were to be analyzed for infectivity,
pBABE-Luc, in which the firefly luciferase gene from pGL3 (Promega) has been
inserted into the MLV-derived vector pBabe Puro (37, 44), was cotransfected
with the MLV clone and with the appropriate APO plasmid. The total amount
of plasmid DNA transfected into each culture was kept constant by the addition
of plasmid pUC-CMV as required; a typical transfection would include, per
10-cm culture dish, 5 �g of MLV plasmid and 3 �g of pBABE-Luc DNA in
addition to the indicated amounts of APO expression plasmid.

Infectivity was measured by infecting 293T cells expressing ecotropic MLV
receptor mouse cationic amino acid transporter 1 (mCAT1; a kind gift of J.
Cunningham, Harvard Medical School) (2) and assaying cell extracts for lucif-
erase activity with the Luciferase Assay System (Promega) at 48 h after infection.
(Similar results were also obtained in assays on NIH 3T3 cells.) Luciferase assays
were always performed in triplicate. Virions were also assayed for the level of
replication-competent MLV with the S� L� focus assay (3) or for the titer of
virus (derived from the pLXSH vector [36]) encoding hygromycin resistance. In
the latter assays, NIH 3T3 cells were infected with serial dilutions of the sample.
On the day after infection, the medium was replaced with fresh medium con-
taining 200 �g/ml hygromycin B (Invitrogen). The fluid in the plates was changed
periodically with hygromycin-containing medium, and the plates were finally
fixed and stained 10 days after hygromycin treatment, when colonies of hygro-
mycin-resistant cells were clearly visible. Except where specified otherwise, all of
the techniques used were as previously described (42, 44).

The infectivity of HIV-1-derived viruses was assayed with a luciferase vector
exactly as previously described (8). The plasmid backbone in the packaging
plasmid was pCMVpA (i.e., pUC19 containing the cytomegalovirus immediate-
early promoter and the simian virus 40 polyadenylation signal), and the vif gene
was destroyed by site-directed mutagenesis, replacing the methionine codon at
position 8 with a termination codon.

Plasmids expressing either hA3G or mA3 were a kind gift from Nathaniel
Landau (New York University School of Medicine). The proteins were both
expressed in plasmid pcDNA3.1 and tagged at their C termini with the hemag-
glutinin (HA) epitope (33). The mA3 protein encoded by the plasmid used here
is the isoform lacking exon 5. For studies involving mutant APO proteins, the
coding regions were transferred into pCMVpA and mutations were created with
the QuikChange site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions. Wild-type, HA-tagged hA3G in pCMVpA was mu-
tated to produce E67Q, E259Q, and the double mutant E67Q/E259Q; HA-
tagged mA3 was mutated to E73Q, E253Q, and E73Q/E253Q. To express the
mA3 isoform containing exon 5, we purchased a plasmid encoding mA3 cDNA
from Open Biosystems Inc. The mA3 coding sequence in the plasmid (clone ID
3155422; accession no. BC003314) was amplified and subcloned into a cytomeg-
alovirus-driven mammalian expression vector with a C-terminal HA epitope tag.

Immunoblotting. Immunoblotting against MLV p30CA was performed with
rabbit polyclonal anti-p30CA antiserum as previously described (39). Some im-
munoblotting experiments also used rabbit polyclonal anti-p15MA and rabbit
anti-gp70SU antisera. Amounts of HA-tagged APO protein were similarly com-
pared with mouse anti-HA monoclonal antibody 16B12 (Covance) as the primary
antibody and horseradish peroxidase-conjugated horse anti-mouse immunoglob-
ulin G (Cell Signaling) as the secondary antibody. For comparison of the
amounts of HA-tagged APO protein in transfected cells, the cells were lysed in
the culture dishes with loading buffer and the resulting extracts were sonicated.
The total protein concentration in the lysates was determined by the bicincho-
ninic acid protein assay (Pierce). Aliquots of the lysates containing equal
amounts of protein were then assayed by immunoblotting with anti-HA mono-
clonal antibody as described above. The lysates were also analyzed by immuno-
blotting with a monoclonal antibody against �-actin (Sigma) as the primary
antibody and peroxidase-conjugated horse anti-mouse immunoglobulin G as the
secondary antibody.

Subtilisin treatment. Virus particles were prepared by centrifugation through
20% sucrose. They were then treated with subtilisin as previously described (43).

Virus fractionation. Virus particles were first concentrated by centrifugation
through 20% glycerol. Pellets were resuspended in 4 ml phosphate-buffered
saline (PBS), and each sample was divided into two aliquots of 2 ml each. Each
aliquot was layered on top of a step gradient consisting of 1 ml 10% sucrose–PBS
over 1 ml 30% sucrose–PBS; in one of each pair of tubes, the 10% sucrose–PBS
layer contained 0.1% Igepal CA-630 (Sigma). Samples were centrifuged in an
SW50 rotor at 30,000 rpm for 90 min at 4°C. Pellets were then dissolved in
loading buffer and analyzed by immunoblotting.

RT activity. In some experiments, amounts of virus were compared with
reverse transcriptase (RT) activity as a quantitative measurement of virus par-
ticle levels. Two methods were used for RT assays. In one, viruses were pelleted
by ultracentrifugation and resuspended in an assay buffer containing 65 mM Tris
(pH 8.0), 65 mM KCl, 0.65 mM MnCl2, 10 mM dithiothreitol, and 0.65% NP-40
together with 0.5 �Ci [3H]TTP and primer/template-conjugated scintillation
proximity assay beads from the Quan-T-RT [3H] Reverse Transcriptase Enzyme
Assay Kit (GE Healthcare). After 3 h at 37°C, beads were processed according
to the manufacturer’s instructions. The signal was linearly proportional to the
amount of sample assayed over at least a sevenfold range, and values were taken
from the middle of this range. Alternatively, samples were analyzed for RT
activity as previously described (15) following concentration with polyethylene
glycol (16). This assay is linear over a wide range (13).

Analysis of reverse transcription complexes: real-time PCR and large-scale
sequencing. The ability of MLV-derived virus particles to perform DNA synthe-
sis upon infecting new host cells was assayed as follows. Viruses were produced
by transient transfection of 293T cells that had previously been stably transfected
with pLXSH (36) and selected for hygromycin resistance. The virus particles
obtained following the transient transfection were then used to infect 293T cells
expressing mCAT1. Twenty-four hours later, the cells were lysed by the QIAamp
DNA Mini Kit (Qiagen) and the cell extracts were assayed for hygromycin
phosphotransferase (hph) DNA and two-long-terminal-repeat (2-LTR) circular
DNA by real-time PCR as previously described (21, 44). The results were nor-
malized for minor differences in the recovery of cellular DNA by comparing the
copy numbers of the cellular gene CCR5 (44, 48).

Real-time PCR enumeration of luciferase DNA copies following infection
with the HIV-1-derived luciferase vector was performed with Luc1006F (5�
ATCAGGCAAGGATATGGGCTCACT 3�) and Luc1130R (5� TCCAGATCC
ACAACCTTCGCTTCA 3�) for primers and Luc1079P (5� FAM-GCGCGGTC
GGTAAAGTTGTTCCATTT-TAMRA 3� [where FAM is 6-carboxyfluorescein
and TAMRA is 6-carboxytetramethylrhodamine]) for a probe. pBabe-Luc plas-
mid DNA (44) was used as a standard in these assays. Since these viruses were
collected �48 h after transient transfection with plasmids including the luciferase
vector, it was crucial to eliminate contaminating plasmid DNA from the virus
before infecting the target cells and analyzing the reverse transcription products.
Therefore, the virus-containing culture fluid was preincubated with 10 U/ml
bovine pancreatic DNase I (Sigma) and 4 mM MgCl2 for 1 h at 37°C. An aliquot
of the DNase-treated virus was inactivated by incubation at 68°C for 20 min.
Cells were then infected with these virus preparations. The effectiveness of the
DNase treatment was determined by measuring luciferase DNA sequences in the
cells “infected” with the heat-inactivated virus; in all cases, the number of
luciferase copies in these cells was �2% of that in the cells infected with active
virus.

Bulk sequencing of reverse transcription products. The hph DNA synthesized
upon infection with MLV stocks that included the pLXSH vector was sequenced
as follows. Cells were lysed as described above. The hph sequences from pLXSH
were amplified from 0.5 to 2 �l of the lysate with primers hph 2050F (5�
AAAGCCTGAACTCACCGCGACGTC 3�) and hph 3030R (5� CACGAGTG
CTGGGGCGTCGGTTTC 3�) by using Pfu Turbo polymerase (Stratagene) for
20 to 30 cycles under the following PCR conditions: 95°C, 30 s; 67.5°C, 1 min; and
72°C, 1 min. Typically, the PCR products were fractionated by agarose gel
electrophoresis in an �1.5% agarose gel. The �1-kb PCR product was then
eluted and purified with a QIAquick gel extraction kit (Qiagen). Alternatively, it
was purified away from small nonspecific PCR products with a mini Quick Spin
column (Roche) and then ethanol precipitated. In either case, the purified DNA
was then ligated into PCR Blunt II-TOPO (Invitrogen) and transformed into
Top 10 cells (Invitrogen) and then colonies were selected by growth on kana-
mycin-containing medium. In order to minimize repeated amplification and
cloning of the same DNA, transformed bacteria were only grown for 20 to 35 min
before plating. Selected colonies were grown in 1 ml Terrific Broth in 96-well
plates, and DNA was purified with the Qiagen Biorobot 3000. Fifteen microliters
of the purified DNAs (representing �15% of the DNA) was sequenced with the
SP6 primer.
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DNA synthesized by viruses carrying the HIV-1-derived luciferase reporter
vector was analyzed as follows. DNA was isolated from the infected cells as
described above, and luciferase sequences were amplified with primers Luc 34F
(5� GCGCCATTCTATCCGCTGGAAGAT 3�) and Luc 1525R (5� CGGTTG
TTACTTGACTGGCGACGT 3�). The amplification included an initial treat-
ment at 95°C for 1 min, followed by 30 cycles of 95°C, 30 s; 55°C, 30 s; and 72°C,
2 min; and finally 5 min at 72°C. The products were then cloned, sequenced, and
analyzed as for the hph DNA.

Sequence data were analyzed for mutations by trimming all sequences to the
same length and aligning them with Clustal W (EMBL-EBI at http://www.ebi.ac
.uk/clustalw/#) (7) and Jalview. Typically, each clone yielded at least 800 nucle-
otides of sequence information, but only 750 nucleotides were used for analysis.

RESULTS

Effect of mA3 on MLV infectivity. To assess the effects of
mA3 and hA3G on MLV infectivity, we transiently transfected
293T cells (which do not express detectable APOBEC3G) with
a mixture of an infectious wild-type clone of Moloney MLV,
the reporter plasmid pBABE-Luc, and various amounts of the
APO-expressing plasmids. We harvested the supernatants
from the transfected cultures at �48 h after transfection and
measured the levels of infectious virus capable of infecting
293T-mCAT1 cells and expressing the luciferase reporter.
Thus, the particles analyzed here were composed of viral pro-
teins encoded by the MLV helper plasmid, but some of the

particles contained the pBABE-Luc vector genome. Typical
results are shown in Fig. 1. It can be seen that increasing
amounts of the mA3 plasmid in the transfection mixture
caused a progressive decrease in the level of luciferase produc-
tion in the infected cells. Figure 1 also shows that hA3G pro-
duced a significantly larger reduction in luciferase expression
than mA3; for example, 10 �g of the hA3G plasmid reduced
the luciferase level �300-fold, while the same level of the mA3
plasmid only resulted in an �15-fold decrease.

It was conceivable that this effect of mA3 and hA3G on virus
infectivity was specific to the pBABE-Luc vector. To test the
generality of the phenomenon, we cotransfected the MLV
plasmid together with pBABE-Luc and the APO expression
plasmids into 293T cells which had previously been stably
transfected with another MLV-derived vector, i.e., pLXSH.
Culture fluids harvested from the transfected cells were then
assayed for luciferase-inducing activity as described in the leg-
end to Fig. 1. In addition, they were assayed on NIH 3T3 cells
for the ability to induce hygromycin resistance (a measurement
of pLXSH infectivity) and on S� L� cells (3) for infectious,
replication-competent MLV produced from the wild-type
MLV plasmid that rescued pBABE-Luc and pLXSH. The re-
sults of these assays are shown in Fig. 2. It is evident that the
effects of hA3G (panel A) and mA3 (panel B) on pLXSH and
MLV are quantitatively similar to their respective effects on
pBABE-Luc. These results suggest that mA3 is capable of
inactivating any MLV-derived virus, although its effects are
considerably less severe than those of hA3G.

The stronger effect of hA3G than mA3 on the MLV-derived
viruses (Fig. 1 and 2) might simply indicate that hA3G is a
more potent general inhibitor of retroviral infections than
mA3. Alternatively, MLV may exhibit specific partial resis-
tance to mA3. To distinguish between these possibilities, we
compared the two APOs with respect to their effects on an
HIV-1 vector encoding luciferase. The HIV-1 packaging plas-
mid used here did not encode Vif, which normally protects
wild-type HIV-1 against hA3G. As shown in Fig. 3A, the two
APOs were roughly equivalent in the ability to inactivate an
HIV-1-derived vector; in fact, the extent of inactivation by
mA3 was consistently slightly greater than that of inactivation
by hA3G. Thus, the mA3 encoded by the expression plasmid
used here is not deficient with respect to overall antiretroviral
activity.

FIG. 1. Effects of hA3G and mA3 on the infectivity of an MLV-
derived luciferase vector. 293T cells were transiently transfected with
an infectious MLV clone, the pBABE-Luc plasmid, and different doses
of expression plasmids for hA3G or mA3. 293T-mCAT1 cells were
then infected with culture fluids from the transfectants, and lysates of
these cells were assayed for luciferase activity. The error bars show the
standard deviations of the luciferase assay results.

FIG. 2. Comparison of the effects of hA3G and mA3 on the infectivity of a luciferase vector, an hph vector, and MLV itself. 293T cells that
had been stably transfected with pLXSH were transiently transfected as described in the legend to Fig. 1. The culture fluids from the transfectants
were then assayed for pBABE-Luc infectivity, pLXSH infectivity, and MLV infectivity as described in Materials and Methods. Hygro, hygromycin.
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It is important to note that the inactivation of MLV and
MLV-derived vectors by both mA3 and hA3G showed a linear
dose-response relationship on the semilogarithmic plots in Fig.
1, 2, and 3B, indicating an exponential inactivation pattern. In
other words, all of the data could be fitted to the expression
e�kx, where x is the micrograms of APO plasmid transfected
into the culture. In Fig. 1, k � 0.622 for hA3G and 0.287 for
mA3. This feature of these experiments was extremely repro-
ducible; over nine titrations comparing the effects of hA3G and
mA3 upon luciferase activity, the means of the R2 values for
the fits of the hA3G and mA3 curves to the e�kx expression
were 0.9878 and 0.9825, respectively. The average ratio of the
hA3G exponent to the mA3 exponent was 2.41 � 0.176
(mean � standard deviation). The implications of the single-
hit exponential character of these dose-response curves are
considered in the Discussion.

mA3 exists in two isoforms that differ by the presence or
absence of exon 5 (29, 33). We compared the anti-MLV effi-
cacies of these isoforms. As shown in Fig. 4, their effects on the
infectivity of MLV appeared to be very similar.

Packaging of APO proteins in MLV particles. One possible
explanation for the stronger anti-MLV effects of hA3G relative

to mA3 is that the former protein is more efficiently incorpo-
rated into MLV particles during virus assembly. As both pro-
teins were tagged with the HA epitope, we were able to com-
pare their levels in MLV virions by immunoblotting with an
anti-HA monoclonal antibody. We compared the packaging of
hA3G and mA3 into MLV particles as follows. Cultures of
293T cells were transfected with 3 or 10 �g of either the hA3G
or mA3 expression plasmid (as well as the MLV plasmid).
Following harvest of the culture fluid, the cells were lysed for
comparison of their APO levels. As shown in Fig. 5A (middle),
the steady-state levels of hA3G and mA3 were similar in the
cultures transfected with equivalent amounts of plasmid and
were considerably higher in the cultures transfected with 10 �g
than in those receiving only 3 �g of plasmid. As shown at the
top, similar relationships were observed in the viral samples as
well. These results show that the level of APO encapsidation is,
under our experimental conditions, roughly proportional to
the level of APO in the virus-producing cells and that the
efficiencies of encapsidation of hA3G and mA3 are very similar
to each other. In contrast, Fig. 5B confirms that encapsidated
hA3G and mA3 are drastically different in their abilities to
interfere with MLV infectivity, in agreement with the other
results in this report.

The viral pellets analyzed in Fig. 5 were purified only by
centrifugation through a layer of 20% sucrose. It seemed pos-
sible that the APO proteins detected in these pellets were not
really contained within virions; for example, they could have
been released from the cells in association with large cellular
debris. They might also be in the viral pellets simply because
they adhere to virus particles. To critically test these possibil-
ities, we compared the viral pellets with “mock” viral pellets,
which were transfected with the APO expression plasmids but
with an empty plasmid vector rather than MLV; in addition, we
treated the pellets with subtilisin (43) to eliminate proteins that
were not sequestered within particles.

The results of this experiment are shown in Fig. 6. There was
no APO protein detectable in the mock viral pellets (lanes 4
and 5 and lanes 10 and 11, panel C); thus, cells expressing APO
did not release it in pelletable form unless they were also
producing virus particles. Aliquots of the subtilisin-digested
and the mock-digested pellets were tested by immunoblotting
with anti-p30CA and anti-gp70SU, as well as anti-HA, antisera
in order to monitor the effects of subtilisin digestion. Compar-

FIG. 3. Comparison of the effects of hA3G and mA3 on the infectivity of HIV-1-derived and MLV-derived luciferase vectors. A, HIV-1 vector;
B, MLV vector.

FIG. 4. Comparison of the effects of mA3 isoforms with and with-
out exon 5 on the infectivity of an MLV-derived luciferase vector.
Virions were produced as in the experiment shown in Fig. 1, with
plasmids encoding mA3 lacking exon 5 (as in all of the other experi-
ments described in this report), mA3 containing exon 5, or hA3G. The
graph shows the luciferase-inducing activity divided by the virus par-
ticle concentration (as determined by RT activity following polyethyl-
ene glycol precipitation), so that the data represent the specific infec-
tivity of the samples.
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ison of lanes 7 to 9 with lanes 1 to 3 of panels A and B shows
that the subtilisin treatment eliminated the gp70, but not the
p30CA, from the pellets. This result demonstrates both the
structural integrity of the particles and the efficacy of the di-
gestion, as gp70 is exposed on the surface of intact virions while
p30 is an internal viral protein. Finally, as shown in panel C
(lanes 1 and 2 and lanes 7 and 8), the digestion also had no
effect on the hA3G or mA3 band. Taken together, these results
confirm that the APO proteins in the viral pellets are contained
within virions.

It was also possible that mA3 has lower efficacy against MLV
than hA3G because, while it is within the virions (Fig. 6), it is
excluded from the nucleoprotein core of the mature particle.
To explore this possibility, we fractionated virions containing
mA3 and hA3G by centrifuging them through a solution of
0.1% Igepal. This treatment will remove the lipid bilayer, ma-

trix protein, and surface glycoprotein from the particles while
preserving the viral core; the resulting pellet should then con-
tain the CA and NC proteins but not the MA or Env protein.
As shown in Fig. 7, the pellets in the detergent-treated samples
(lanes 2, 4, and 6) lacked MA and gp70SU (second and third
panels) but contained CA (top panel), as expected. Immuno-
blotting with the anti-HA antiserum (top panel) showed that
when virions were produced in cells expressing mA3 or hA3G,
these proteins were also present in the pellets. Thus, this ex-
periment did not suggest any difference in the location of mA3
and hA3G within MLV particles.

MLV reverse transcription: comparison of mA3 and hA3G
effects. The antiviral effects of hA3G have been characterized
in considerable detail. They include, but may not be limited to,
the deamination of cytidine residues in minus-strand DNA,
leading to G-to-A mutations in the provirus. It was obviously of

FIG. 5. Comparison of the encapsidation of mA3 and hA3G in
MLV virions. Virus particles were produced by transient transfection
in the presence of either 3 or 10 �g of either mA3 or hA3G expression
plasmid or in the presence of an empty vector (lane �). Virions were
assayed for RT activity following precipitation from the culture fluids
with polyethylene glycol. (A) Equal amounts of virus were loaded into
the five lanes and analyzed by immunoblotting with antiserum against
the HA epitope tag on the APO proteins. The cells were also lysed,
and equal amounts of lysate (as determined by protein concentration)
were analyzed by immunoblotting with the anti-HA antiserum. As an
additional loading control, equal amounts of the lysates were also
analyzed by immunoblotting with anti-�-actin antiserum. The sample
in lane 1 was produced without an APOBEC expression plasmid; those
in lanes 2 and 3 were produced with 3 and 10 �g of mA3 plasmid,
respectively; and those in lanes 4 and 5 were produced with 3 and 10
�g of hA3G plasmid. In addition to autoradiography, the chemilumi-
nescence of the immunoblots of the viral samples was measured on an
Alpha Innotech ChemiImager 5500. Two different exposures were
analyzed in this way, and the percent integrated density values of the
viral samples (means � standard deviations) were as follows: 3 �g
mA3, 13.6 � 1.2; 10 �g mA3, 32.1 � 1.0; 3 �g hA3G, 11.4 � 2.8; 10
�g hA3G, 43.0 � 3.0. (B) The infectivity of the viruses shown in panel
A was analyzed by luciferase assays. The graph shows the luciferase-
inducing activity divided by the virus particle concentration, and thus,
the data represent the specific infectivity of the samples.

FIG. 6. Subtilisin resistance of mA3 in MLV virions. MLV particles
produced in the presence of hA3G or mA3 plasmids were subjected to
subtilisin (SUB) digestion as described in Materials and Methods and
then analyzed by immunoblotting for intact p30CA (A), gp70SU (B), or
HA-tagged APO (C) protein. Lanes: 1 and 7, virions produced by cells
expressing MLV and hA3G; 2 and 8, virions produced by cells express-
ing MLV and mA3; 3 and 9, virions produced by cells expressing MLV;
4 and 10, “virions” produced by cells expressing hA3G; 5 and 11,
“virions” produced by cells expressing mA3. The samples in lanes 7 to
11 were digested with subtilisin before immunoblotting.

FIG. 7. Localization of APO proteins in the interior of MLV par-
ticles. MLV particles were prepared by transient transfection in the
presence of 10 �g of hA3G (lanes 1 and 2), mA3 (lanes 3 and 4), or
empty (lanes 5 and 6) expression plasmid. The virions in the culture
fluids were fractionated as described in Materials and Methods, and
the pellets were analyzed by immunoblotting against the HA epitope
tag or p30CA (top), gp70SU (middle), or p15MA (bottom). In lanes 1, 3,
and 5, the virions were sedimented with no detergent, while in lanes 2,
4, and 6, Igepal was present in the 10% sucrose layer during centrif-
ugation.
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interest to determine the mechanism of MLV inactivation
by mA3.

As a first step in the analysis of the block to MLV infection
by the APO proteins, we measured the level of reverse tran-
scription by the inactivated virions. 293T-mCAT1 cells were
infected with virus from the experiment described in Fig. 2.
Twenty-four hours after infection, the cells were lysed and
assayed for the hph DNA that was synthesized during reverse
transcription of the pLXSH particles (as described previously
[44], this experimental design eliminates the possibility that
plasmid molecules present in the inoculum will register in the
DNA assays). DNA recovery was monitored by simultaneously
measuring copies of the single-copy cellular gene CCR5. As
shown in Fig. 8, synthesis of viral DNA was reduced only about
3-fold in the presence of maximal levels of mA3 and hA3G
while infectivities were reduced �15-fold by mA3 and �1,000-
fold by hA3G. Thus, interference with viral DNA synthesis
may contribute to but does not seem to play a major role in
MLV inactivation by the APO proteins.

We also tested the effects of mA3 and hA3G upon the
formation of 2-LTR closed circular viral DNA. These mole-
cules, formed by ligation of the ends of the full-length viral
DNA, are often taken as an indicator of the entry of the viral
DNA into the nucleus of the newly infected cell. Figure 8
shows that the levels of 2-LTR circular DNA were not dra-
matically affected by either of the APO proteins tested here
(the copy numbers of 2-LTR circle junctions measured here
were 	1,000; this low level reduces the accuracy of these mea-

surements and is undoubtedly responsible for the “scatter” in
these titrations).

Sequence analysis of reverse transcription products. APO
proteins are cytidine deaminases and are known to induce
G-to-A hypermutation by deamination of C residues on the
minus strand during reverse transcription by HIV-1 (18, 32,
53). To determine whether this property was responsible for
inactivation of MLV, we also performed large-scale sequenc-
ing on a 750-nucleotide block of the hph DNA synthesized
upon infection with MLVs made as described above. The re-
sults are summarized in Table 1. We found that MLV inacti-
vated by hA3G (rows 4 and 5) had a G-to-A mutation fre-
quency �50-fold higher than that seen in MLV produced in
the absence of APO (row 2); the latter frequency was indistin-
guishable from that obtained by direct amplification and se-
quencing of pLXSH plasmid DNA (row 1). Interestingly, we
observed virtually identical G-to-A mutation frequencies in the
MLVs inactivated by the intermediate and maximal hA3G
doses (rows 4 and 5), despite the fact that the maximal dose
reduced virus-induced luciferase activity nearly 100-fold more
than the intermediate dose. In striking contrast, however,
MLV that had been inactivated by mA3 (row 3) did not show
any elevation of G-to-A mutation frequencies. It is important
to note that the relative infectivity of the mA3-inactivated
MLV sample analyzed here (as assessed by its luciferase titer)
was slightly lower than that of the sample inactivated with the
intermediate hA3G dose; thus, if G-to-A mutation were re-
sponsible for MLV inactivation by mA3, the mutations would

FIG. 8. DNA synthesis by APO-inactivated MLV. 293T-mCAT1 cells were infected with the culture fluids that were assayed for infectivity in
Fig. 2. They were lysed 24 h later and assayed by real-time PCR for hph DNA and 2-LTR circles as described in Materials and Methods. Values
are corrected for differences in CCR5 DNA copy numbers.

TABLE 1. Induction of mutations by APO proteinsa

Source of DNA APOBEC treatment Relative titer No. of bases
sequenced

No. of G-to-A
mutations

No. of all other
mutations

Frequency of G-to-A
mutations

Plasmid pLXSH None NAb 5,746 1 0 1.74 
 10�4

MLV-infected cells None 1 56,481 8 22 1.42 
 10�4

MLV-infected cells 10 �g mA3 �0.08 43,556 6 8 1.32 
 10�4

MLV-infected cells 3 �g hA3G �0.17 22,176 165 5 7.44 
 10�3

MLV-infected cells 10 �g hA3G �0.0035 31,017 227 32 7.32 
 10�3

HIV-infected cells None 1 22,022 8 3.6 
 10�4

HIV-infected cells 3 �g mA3 0.008 25,304 209 8.3 
 10�3

a DNA was isolated from cells infected with MLV that had been produced by cotransfection with APO-expressing plasmids. hph DNA was amplified and sequenced
as described in Materials and Methods. A similar analysis was also performed directly on pLXSH plasmid DNA. DNA was also isolated from cells infected with �Vif
HIV, and luciferase-encoding DNA was similarly amplified and sequenced. “Relative titers” are approximate for MLV because samples from two experiments with very
similar results were analyzed and the results are pooled here. Mutations other than G-to-A transitions were not tabulated for the HIV samples.

b NA, not applicable.
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certainly have been detectable in the mA3-inactivated viral
DNA. Taken together, the results show that inactivation of
MLV by hA3G is accompanied by G-to-A mutation, but the
mutation frequency is evidently not proportional to the level of
viral inactivation. Inactivation of MLV by mA3 is not associ-
ated with detectable G-to-A mutations, at least within the
“body” of the viral genome.

We also tested the ability of mA3 to induce G-to-A mutation
in the �Vif HIV-1-derived vector. As shown in Table 1, row 7,
DNA synthesized by the HIV-derived particles carrying mA3
contained a very high G-to-A mutation level, in agreement
with previous reports (5, 29, 33, 51). Thus, the inability of mA3
to induce detectable G-to-A mutations (Table 1, row 3) ap-
pears to be specific to MLV.

We also determined the immediate sequence context of the
G-to-A mutations induced in MLV vectors by hA3G. At both
hA3G doses, �95% of the mutated residues were followed by
G while the remainder were followed by A, as expected for the
effects of hA3G, in which the preferred target is CC (data not
shown) (20, 51). In contrast, the great majority of the G-to-A
mutations that appeared in �Vif HIV-1 DNA synthesized in
the presence of mA3 were followed by either G or A; the “hot
spots” for G-to-A mutation nearly always contained an A res-
idue 2 bases 3� to the mutated G (data not shown), in excellent
agreement with previous work on mA3 showing that the pre-
ferred target is T T/C C (5, 28, 51). The simplicity of the target
sequences for both hA3G and mA3 means that the two DNA
sequences analyzed here, i.e., hph (in MLV) and luciferase (in
HIV-1), both contain many copies of each target sequence;
thus, the lack of mA3-induced mutations in hph is not due to
the absence of these targets.

Anti-MLV activities of mutant mA3 and hA3G molecules.
APO proteins have two zinc fingers, and in each finger a
glutamic acid residue is the putative active site of the cytidine

deaminase enzyme. In order to obtain some insight into the
possible role of deamination in anti-MLV activity, we mutated
these residues in hA3G and mA3 to glutamine and analyzed
the effects of these mutant proteins as in Fig. 1. In these
experiments, the level of virus in each sample was quantitated
by RT assays and the luciferase activity was normalized to the
level of virus. As shown in Fig. 9A, replacing either of the
catalytic-site glutamic acids in hA3G with glutamine greatly
reduced the ability of the protein to inhibit MLV infection; we
saw no significant difference in activity between the two single
mutants and the double mutant in which both glutamic acid
residues are replaced.

The anti-MLV activity of mA3 is, as described above, far
lower than that of hA3G. As shown in Fig. 9B, there was little
effect of the mutations upon the anti-MLV activity of mA3.

We also determined the efficiency with which the mutant
APO proteins were encapsidated into MLV virions. Figure 9
shows the results of immunoblotting for the HA tag in hA3
(panel C) and mA3 (panel D). It can be seen that replacements
of glutamic acid with glutamine had little effect on hA3G
packaging (panel C), but encapsidation of mA3 was signifi-
cantly reduced by the mutations.

DISCUSSION

Mammalian cells possess a number of defense mechanisms
that protect them from infection by retroviruses. These de-
fenses include the APOBEC3 family of proteins. The existence
of this cellular system was only recently discovered (45), and
many fundamental questions concerning its underlying mech-
anisms remain unanswered.

We have investigated the effects of hA3G and mA3 upon
MLV and MLV-derived vectors. We found that mA3 blocks
infection by these viruses, although hA3G induces a signifi-

FIG. 9. Effects of mutants of hA3G and mA3 on the infectivity of an MLV-derived luciferase vector. Mutant and wild-type (WT) APO proteins
were assayed as described in the legend to Fig. 1, except that the luciferase activities were corrected for variations in the amount of virus, so that
the graphs represent the specific infectivities of the virus preparations. Virus preparations were also analyzed by immunoblotting against the HA
tag in the APO proteins. In panels C and D, lanes 1, 3, 5, and 7 are the samples transfected with 2.5 �g of APO plasmid; lanes 2, 4, 6, and 8 are
the samples produced with 7.5 �g; and lane 9 is the sample produced with no APO.
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cantly more severe inhibition. In contrast, mA3 was as potent
as hA3G as an inhibitor of infection by a �Vif HIV-1-derived
vector, in agreement with earlier work (18, 32). Thus, MLV
appears to be partially resistant to mA3.

In our experiments, inactivation of MLV by either mA3 or
hA3G always followed single-hit kinetics (Fig. 1, 2, 3B, and 5B).
This dose-response pattern suggests that a single APOBEC3 mol-
ecule (or oligomer, assuming that intracellular APOBEC3 con-
centrations are high enough to ensure efficient oligomerization) is
sufficient to inactivate an MLV particle. The ability of a single
APOBEC3 molecule or oligomer to inactivate a virion is quite
consistent with the results of Xu et al., who reported that HIV-1
particles produced in human peripheral blood mononuclear cells
contain only about seven hA3G molecules (50). (While the titra-
tion data imply that a single molecule or oligomer can inactivate
a virion, any number of APOBEC3 molecules might be present in
each particle without contributing to the inactivation.) The re-
spective slopes of the mA3 and hA3G titrations imply that, per
microgram of plasmid transfected, hA3G inactivates MLV �2.5
times more efficiently than mA3. As the hA3G and mA3 protein
levels in cells and virions are, for a given plasmid dose, similar to
each other (Fig. 5), the results suggest that a molecule of hA3G
blocks MLV infection �2.5 times as effectively as a molecule
of mA3.

The ability of mA3 to inhibit infection by MLV-related ge-
nomes is obviously significantly lower than that of hA3G, and
it might be suggested that this activity is only an artifact of the
high level of expression of mA3 in our transfected cells. How-
ever, the data are not consistent with this suggestion; rather,
the steady, progressive decline of infectivity with increasing
dose of mA3 plasmid (Fig. 1 to 5) shows that the inhibition is
not confined to cells with especially high mA3 concentrations,
even though it is most obvious in these cells.

It might be imagined that MLV exhibits partial resistance to
mA3 by partially excluding it from assembling virus particles.
In fact, both HIV-1 and HTLV-1 have mechanisms for exclud-
ing hA3G from progeny virions, although these mechanisms
are very different from each other; in HIV-1, resistance de-
pends upon the accessory protein Vif, but in HTLV-1, the
exclusion of both hA3G and mA3 involves the nucleocapsid
domain of Gag (9, 35, 52). However, immunoblotting with
anti-HA antibody (for detection of the HA-tagged APO pro-
teins) showed that mA3 was incorporated into MLV particles
as efficiently as hA3G (Fig. 5). Further analysis showed that
mA3, like hA3G, is within the detergent-resistant ribonucleo-
protein in the interior of MLV particles (Fig. 7).

Despite intensive investigations in a number of laboratories,
the mechanism by which APOBEC3 molecules inactivate ret-
roviruses is still not well understood. The cytidine deaminase
activity of hA3G is well documented (17, 25, 47), and it is very
clear that APOBEC3 proteins can induce G-to-A mutations in
retroviral genomes (18, 30, 32, 33, 53). However, several situ-
ations have been described in which this activity does not seem
sufficient to explain the inactivation (reviewed in reference 23).
Evidence has been presented for additional inactivation mech-
anisms, including interference with reverse transcription or
with the stability of the newly synthesized viral DNA (4, 23, 24,
31–34, 46, 49) and with integration of the viral DNA into
cellular DNA (23, 34), possibly by impairing the normal re-
moval of primer tRNA after the second-strand transfer step

during reverse transcription (34) or by interfering with the
function of a viral component such as IN or NC in the prein-
tegration complex (23).

In the present work, we also addressed the mechanism by
which mA3 and hA3G interfere with MLV infection. We
found a slight reduction in the production of viral DNA fol-
lowing infection with APOBEC3-inactivated MLV (Fig. 8), but
the magnitude of this effect was far too low to account for the
loss of infectivity (23, 34). There was no significant effect on the
formation of 2-LTR circular viral DNA (Fig. 8), implying that
transport to the nucleus was unimpaired.

Most interestingly, we found no G-to-A mutations in the
DNA synthesized upon infection with MLV inactivated by
mA3, while these mutations were readily detected if the MLV
contained hA3G, or in mA3-containing �Vif HIV-1-derived
vector particles (Table 1). The same frequency of G-to-A mu-
tations was observed in DNA from MLV generated with two
different doses of hA3G expression plasmid (3 and 10 �g,
Table 1), although the specific infectivities of these two virus
preparations differed by almost 100-fold. As 10 �g of mA3
plasmid inactivated the MLV as effectively as 3 �g of hA3G
plasmid, G-to-A mutations should have been detectable in the
former sample if virus inactivation proceeds via cytidine
deamination. Both the absence of the mutations in mA3 and
the discordance between mutation frequency and infectivity in
hA3G strongly suggest that cytidine deamination cannot fully
explain the inactivation of MLV by APOBEC3 proteins, as
previously proposed by others for HIV-1 (see above). In addi-
tion, we observed that each of the APO proteins inactivates
pLXSH and replication-competent MLV with similar efficien-
cies (Fig. 2); this is also difficult to reconcile with a simple
deamination mechanism, since the minus-strand DNA of the
latter virus would present a target for deamination roughly
twice the size of that of the former.

We also tested the anti-MLV activity of mutant hA3G and
mA3 molecules in which the glutamic acids at the deaminase
active sites are replaced with glutamines. In hA3G, it was clear
(Fig. 9A) that both glutamic acids are essential for the efficient
inactivation of MLV. In contrast, the relatively inefficient in-
activation of MLV induced by wild-type mA3 was only slightly
reduced by elimination of either or both of the glutamic acid
residues (Fig. 9B). We also noted that the mutations signifi-
cantly reduced the amount of mA3 protein packaged into
MLV (Fig. 9D). One explanation of these results might be that,
under our conditions, most of the wild-type mA3 molecules
packaged in virions are not participating in its antiviral activity.
However, it is also possible that the mutations do significantly
affect the antiviral activity of mA3 but that this effect is difficult
to detect because the activity of wild-type mA3 is relatively low.
In this case, the antiviral effects seen at the higher doses of the
mA3 mutants may represent artifacts of high expression levels.

In summary, our data indicate that MLV is partially resistant
to the antiviral effects of mA3 and completely resistant to the
G-to-A hypermutation seen with many other retrovirus-APO
combinations. Unlike the previously described resistance
mechanisms (9, 35, 52), the mechanism by which MLV resists
mA3 does not involve exclusion of the latter from the virion.
We have no direct information on the nature of this mecha-
nism; it seems possible that a constituent of MLV particles
specifically inhibits the enzymatic activity of mA3 or the access
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of the latter to intracellular structures, such as the replication
complex or the preintegration complex, that arise from the
viral core during infection. Exploration of these possibilities is
under way.

Other investigators have previously reported that MLV is
unaffected by mA3 (10, 29, 33). Some reports have also indi-
cated that mA3 is excluded from MLV particles (1, 10, 29). We
do not know why our results are different from those of these
other investigators. Nearly all of our experiments used the
mA3 isoform lacking exon 5, and it has been reported that
MLV is more resistant to mA3 containing this exon than to the
more spliced isoform, evidently because the exon contains a
site which is cleaved by MLV protease (1). However, MLV
appeared to exhibit similar resistance to both isoforms in our
experiments (Fig. 4). Further work is required to fully resolve
the differences between the various experimental systems used
to analyze mA3-MLV interactions.

Like MLV, mouse mammary tumor virus (MMTV) has been
grown for many years in mouse cells. It is interesting that the
recent report by Okeoma et al. (41) indicates that MMTV
replication is impaired, although not completely prevented, by
mA3 both in cultured cells and in mice. No G-to-A mutations
were detected in the DNA synthesized by the MMTV inacti-
vated by mA3. The similarity of these results and ours with
MLV presumably reflects the similarity in the selective pres-
sures to which the two viruses have been subjected. In contrast,
G-to-A mutations are present in the genomes of some endog-
enous MLVs but not in others (27). The mutations bear all of
the hallmarks of mA3 action. Thus, it appears that some, but
not all, of the gammaretroviruses that have infected the mouse
germ line were susceptible to deamination by mA3.
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ADDENDUM

While the manuscript was in revision, a paper by E. P.
Browne and D. R. Littman appeared, with results in general
agreement with ours (6a).
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