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Lys to Arg substitution mutations conferring A3G resistance to HIV-1 Vif-dependent degradation. (A) WT A3G and mutants. Numbers 1 to 14, shown

above the diagram, refer to the 14 Lys residues illustrated in Fig. S2 [i.e., at positions 63, 76, 79, 99, 113, 141, 180, 249, 270, 297, 301, 303, 334, and 344 (K1-14),
respectively (position numbers indicated below the figure)]. Five mutants have Arg substitutions in K1-9, 1-4, 5-9, 8-14, and 10-14 and were designated as K
(1-9)R, K(1-4)R, K (5-9)R, K(8-14)R, and K(10-14)R, respectively. (B) and (C) Vif-dependent degradation of A3G mutants. 293T cells were transfected with or
without pcDNA-HVIf plus the indicated A3G expression plasmid. The amounts of cellular A3G from cells transfected with or without the Vif-expressing plasmid
were compared by Western blot analysis using anti-A3G antibody. in (B), D128K, a defective A3G that does not bind Vif, was used as a positive control. (D) Effect
of increasing levels of Vif expression on degradation of WT A3G and A3G mutant K(10, 11, 12, 13)R. Two micrograms of each A3G expression plasmid was used.
For Vif expression, pcDNA-HVif/pcDNA 3.1 (-) plasmids (8 1.g) were used at the following ratios: 8:0 (lanes 1, 8, 15); 1:1 (lanes 2 and 9); 3:5 (lanes 3 and 10); 1:3
(lanes 4 and 11); 1:15 (lanes 5 and 12); 1:79 (lanes 6 and 13); and 0:8 (lanes 7 and 14). Anti-B-tubulin antibody was used as a control.

The information available thus far concerning the interaction
between Vif and A3G in the Ub ligase complex suggests that
there may be a specific mechanism for Ub conjugation of the
A3G protein. Yet, despite our knowledge that the participants
interact with each other in the EloB/C-Cul5-Vif-A3G complex,
the details of how the complex dictates A3G polyubiquitination
and subsequent degradation remain unclear. In part, this is due
to the lack of complete structural information about the A3G
and Vif proteins and the complex they form. Our approach to
this problem was to construct a structural model of hA3G for
testing which Lys residues may serve as targets for ubiquitina-
tion. Based on the structural model we selected 14 surface-
exposed Lys and established that only four of these residues
(Lys-297, 301, 303, and 334) in the C-terminal domain (CTD) are
essential for Vif-induced degradation of A3G. In addition, we
demonstrated that a “super” A3G (S-A3G) with all of these four
residues mutated to Arg was resistant to degradation by Vif and
was able to block replication of WT HIV-1. Taken together, our
results provide insights into the determinants governing Vif-
mediated A3G inactivation and should stimulate and aid efforts
to develop antiviral strategies that focus on disruption of the
Vif-A3G interaction.

Results

The A3G Model Shows 14 Lys Residues with Substantially Exposed
e-Amino Groups. The goal of the present study was to identify Lys
residues in hA3G that become ubiquitinated in a Vif-dependent
manner, resulting in subsequent degradation by the proteasome
pathway. In general, during polyubiquitination, the first ubig-
uitin is typically conjugated to an g-amino group of an exposed
Lys within the target protein (16). For hA3G, the amino acid
sequence contains 20 Lys residues (Fig. S1), 14 of which are
completely accessible on the surface in a model structure (Fig.
S2). Our model structure was based on the X-ray structures of
the A3G catalytic domain (32) and the related homodimeric A2
protein (33) and was generated to guide our selection of the most
solvent accessible Lys residues. Homology models for the NTD
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and CTD were generated using the program Modeller (http://
salilab.org/modeller) (34) and the relative positioning of the
domains in the A3G model was based on the arrangement of the
monomeric A2 proteins in the homodimer. The most exposed
Lys residues were found at positions 63, 76, 79, 99, 113, 141, 180,
249, 270, 297, 301, 303, 334, and 344, and are highlighted in blue
in the amino acid sequence of hA3G (Fig. S1). In the following
discussion they are designated as K1-14, respectively.

Arg Substitutions for Lys-297, 301, 303, and 334 Render A3G Resistant
to Vif-Mediated Degradation. In an effort to identify which Lys
residue(s) may be responsible for A3G ubiquitination, Arg
substitutions were made at the selected 14 positions in A3G and
mutants were assayed for intracellular degradation. In particu-
lar, we tested whether HIV-1 Vif enhanced degradation (“Vif
sensitivity””) of A3G was affected. Initially, 14 point mutants
were constructed and each mutant remained Vif-sensitive (Fig.
$3). This suggested that most likely, more than one residue might
be required for conversion to a Vif-resistant phenotype.

To address this question (i.e., whether several Lys residues
may be involved), a series of mutants was constructed, each
containing changes for a number of Lys residues (Fig. 1). Five
mutants, K (1-9)R, K(1-4)R, K (5-9)R, K(8-14)R, and K(10-
14)R, with Arg substitutions at positions K1-9, 1-4, 5-9, 8-14,
and 10-14, respectively, were generated (Fig. 14) and the
presence of A3G was probed by Western blot analysis (see
legend to Fig. 1). As expected, WT A3G was not detectable when
co-expressed with HIV-1 Vif (Vif-sensitive), while the level of
the D128K A3G mutant protein that lacks the ability to bind
HIV-1 Vif (27-30) was unchanged in the presence of Vif
(Vif-resistant) (Fig. 1B). The K (1-9)R, K(1-4)R, and K(5-9)R
mutants were sensitive to Vif, i.e., they behaved like WT A3G in
this assay. In contrast, protein levels of the K(8-14)R and
K(10-14)R mutants were unaffected (i.e., Vif-resistant) (Fig.
1B). This suggested that all five Lys residues from 10 through 14,
or a subset thereof, were critical for mediation of Vif-dependent
ubiquitination.
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Fig. 2. Effect of a MycHIS tag at the C-terminal end of A3G. WT A3G (W) or
S-A3G (S) without a tag (No), with a MycHIS tag or the Lys-free MycHIS tag
were expressed in the presence or absence of Vif in 2937 cells. A3G was
detected by Western blot with anti-A3G antibody (Anti-A3G), anti-Myc tag
monoclonal antibody (Anti-Myc), or anti-(Hisg) tag antibody (Anti-HIS).

To resolve this point, a second series of A3G mutants with
different permutations of the four substitutions in residues
10-14 was evaluated. Only K(10, 11, 12, 13)R was completely
Vif-resistant, although K(10, 12, 13, 14)R and K(10, 11, 13, 14)R
were partially resistant (Fig. 1C). This result demonstrated that
Lys residues 10, 11, 12, and 13 are critical determinants of HI'V-1
Vif-dependent ubiquitination of A3G, since Arg substitutions in
these residues abolished Vif sensitivity, Furthermore, three
substitutions within the four residues conferred varying degrees
of A3G sensitivity to Vif. To corroborate these conclusions, we
compared the amounts of A3G WT and K(10-13)R proteins for
varying ratios of pcDNA-HVif/pcDNA 3.1 (-). While significant
WT A3G protein was present at low Vif concentrations (Fig. 1D,
lanes 4-6), no difference in protein amounts was observed for
the K(10-13)R mutant at every concentration of Vif that was
tested (Fig. 1D, lanes 8-13). Thus, K(10-13)R is resistant to
Vif-mediated degradation and we will refer to mutant K(10-
13)R as “super” A3G (S-A3G) below. We also observed S-A3G
Vif resistance in nonpermissive SupTl T-cell lymphocytes
(Fig. S4).

The Additional C-Terminal Tag of A3G Can Mediate Ubiquitination-
Induced Proteasomal Degradation. In an initial phase of this study,
quite unexpectedly, we found that an A3G mutant with all 14 Lys
residues changed to Arg and also having a C-terminal tag was
sensitive to Vif-dependent degradation. This surprising resuit
prompted us to test whether the two Lys residues in the
C-terminal A3G tag (MycHIS) might become ubiquitinated. We
therefore constructed A3G expression plasmids with a Lys-free
MycHIS tag and compared the Vif sensitivity of this construct
with that of untagged and conventional MycHIS tagged WT and
S-A3G plasmids. As clearly seen in Fig. 2, S-A3G protein levels
were similar in the absence or presence of HIV-1 Vif. In contrast,
the addition of the C-terminal MycHIS tag rendered S-A3G (S)
susceptible to the presence of Vif, exhibiting behavior very
similar to that of WT A3G. This was reversed when the Lys-free
MycHIS version of S-A3G was used. In this case, complete
resistance to Vif-dependent A3G degradation was noted. These
findings demonstrated that the two Lys in the C-terminal tag can
serve as ubiquitination sites. Note that identical protein levels
were detected irrespective of the type of antibodies (anti-A3G,
anti-Myc or anti-HIS antibodies) used for detection (Fig. 2).
The dependence of A3G polyubiquitination on Vif was inves-
tigated by expressing the Lys-free MycHIS tagged A3G in 293T
cells. The results showed that no polyubiquitinated S-A3G was
detectable, whereas Vif-dependent WT A3G polyubiquitination
was clearly observed (Fig. S5). This demonstrates that S-A3G’s
resistance to Vif-dependent degradation was due to its inability
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Fig.3. Effect of incorporation of the K(10, 11, 12, 13)R mutant (5-A3G) into
WT or vif-deficient virions on infectivity in a single-cycle replication assay. (A)
2937 cells were cotransfected with pcDNA-HVif and either empty (), WT (W),
or S-A3G (S) plasmids having the Lys-free MycHIS tag, using the procedures
described in Materials and Methods. The MycHIS-tagged proteins were ana-
lyzed either directly (Left) as “Total Cell Lysate” or following pull-down
{binding of the HIS tag to TALON resin) (Right) by immunoblotting with the
indicated antibodies. (B) Virus infectivity; 2937 cells were cotransfected with
() pNL4~-3 and either WT (A) or S-A3G (®) expression plasmids or (ii) pNL4-
3vif(-) and either WT (H) or S-A3G (crosses) expression plasmids, using 0, 0.1,
1, or 2 ug of DNA. Where appropriate, the amounts of DNA added for each of
the expression plasmids were adjusted with empty vector pcDNA 3.1 (-) to a
total of 2 ug. Infectivity values are given relative to the values for 0 ug of the
expression plasmids and were set at 100%. (C) Analysis of intracellular expres-
sion (Cell) and incorporation of WT and $-A3G into virions (Virus) by Western
blot. Virions were produced by transfection of pNL4-3 WT/pNL4-3vif(-) plus
either A3GWT, S-A3G expression plasmid or pcDNA 3.1(-) (shown as “no”). The
ratios of pNL4-3 WT to pNL4-3vif(-) were as follows. 1:0 (lanes 1, 2 and 8), 1:1
(lanes 3 and 9), 1:3 (lanes 4 and 10), 1:7 (lanes 5 and 11), 1:79 (lanes 6 and 12),
and 1:0 (lanes 7 and 13). The intracellular levels of g-tubulin and Vif and the
CA level in virions were detected by anti-g-tubulin, anti-vif, and anti-CA
antibodies, respectively.

to be polyubiquitinated, presumably as a consequence of the four
Lys mutations.

S-A3G Displays Normal Vif Binding. Abrogation of Vif binding by
A3G could also confer resistance to Vif-dependent degradation,
as was observed for the D128K mutant (27-30). It therefore
seemed prudent to determine whether Arg substitutions at A3G
residues 297, 301, 303, and 334 would in any way interfere with
A3G’s ability to bind Vif. We expressed WT and S-A3G (bearing
the Lys-free MycHIS tag) in the presence of the proteasome
inhibitor MG132 (2 uM), with or without Vif. Intracellular
A3G-Vif complexes were pulled down with Talon beads via the
HIS portion of A3G’s C-terminal tag and the complexes were
detected by either anti-A3G or anti-Vif antibodies (Fig. 34).
Coprecipitated complexes of WT or S-A3G contained very
similar amounts of Vif, indicating that no impairment of Vif
binding resulted from the mutations in S-A3G. As expected, no
Vif was detected in the controls.

S-A3G Inhibits HIV-1 Infection. To assess the implications of
S-A3G’s resistance toward Vif-dependent proteasomal degra-
dation, we tested whether S-A3G exhibited any antiviral activity
against HIV-1. To this end, we compared the infectivity of WT
and vif-deficient HI'V-1 in the presence of WT or S-A3G in a
single-round replication assay. Since A3G expression levels and
the extent of the antiviral effect vary for different virus-producer
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cell lines (35, 36), we measured infectivity in this assay as a
function of the amount of transfected DNA. Comparing infec-
tivity for a given amount of A3G to infectivity in the absence of
A3G was termed “relative infectivity.” Interestingly, using 0.1
and 2.0 ug WT A3G DNA for transfection reduced the infec-
tivity of vif-deficient HIV-1 to 24 and 0.8%, respectively, while
only marginally affecting the infectivity of WT HIV-1 (95 and
71% with 0.1 and 2.0 pg, respectively) (Fig. 3B). In contrast,
S-A3G suppressed the infectivity of vif-deficient as well as WT
HIV-1 significantly, consistent with its Vif-resistant phenotype.
Furthermore, we could show that a deaminase-deficient version
(E259Q) of S-A3G had less antiviral activity than S-A3G against
WT and vif-deficient HIV-1 (Fig. S6). Note, too, that in the
absence of Vif, E259Q mutants derived from WT and S-A3G
had the same levels of inhibitory activity (Fig. S6B). Collectively
these results suggest that the catalytic activity and the antiviral
function of S-A3G and WT A3G are equivalent.

To determine whether the inhibitory effect of S-A3G on WT
HIV-1 infectivity is correlated with a defect in efficient incor-
poration of S-A3G into virus particles, we analyzed the amounts
of intracellular A3G and A3G packaged into virions as a function
of Vif expression (i.e., by transfecting different ratios of pNL4-
3/pNL4-3 vif(-) together with either WT A3G or S-A3G) (Fig.
3C). As Vif expression was increased, the steady state levels of
intracellular WT A3G were decreased (Cell, lanes 2-6), while
the levels of S-A3G protein were not affected (Cell, lanes 8-12).
Concomitant with the decrease in protein levels of intracellular
WT A3G, its incorporation into virions was also reduced (Virus,
lanes 2-6), while under identical experimental conditions,
S-A3G packaging was not significantly affected (Virus, lanes
8-12). These findings demonstrate that S-A3G incorporation
into HIV-1 virions is independent of Vif. Therefore, efficient
packaging of S-A3G into HIV-1 virus particles occurs and allows
S-A3G to exert its inhibitory effect on viral infectivity.

The Critical Residues Involved in Vif-Mediated A3G Degradation
Cluster at the C Terminus of the Protein. Identification of the Lys
residues crucial for Vif-mediated A3G degradation in conjunc-
tion with the molecular model for the protein allowed us to
determine their location. All 14 candidate Lys are displayed on
the model in Fig. 4. As can be readily observed, the critical
residues involved in ubiquitination and proteasomal degradation
of A3G (i.e., Lys 297, 301, 303, and 334) cluster in one region of
the molecule. This area is located at the opposite end of the
known interaction region with Vif (D128, P129, and D130) (31).
Interestingly, the critical Lys residues are also close to the C
terminus of the polypeptide chain, with K334 located within
approximately 13A. Note that this model also positions the Lys
residues of the MycHIS tag in the same general area (Fig. 44,
green), possibly explaining our findings regarding Vif-sensitivity
of MycHIS tagged S-A3G.

Discussion

The goal of the present study was to provide information about
HIV-1 Vif-induced degradation of hA3G, in particular the initial
polyubiquitination step (i.e., conjugation of Ub to Lys residues
in A3G). Using structure-based mutagenesis as our experimental
approach, we identified four Lys residues at positions 297, 301,
303, and 334 in the CTD of A3G that are critical for Vif-
dependent degradation. Mutation of these residues to Arg
generated a protein, S-A3G, which is resistant to intracellular
degradation mediated by HIV-1 Vif. Importantly, the interac-
tion between WT A3G and S-A3G with Vif is very similar and
S-A3G is incorporated into WT and vif-deficient viral particles
to the same extent. In addition, S-A3G dramatically reduces the
infectivity of both WT and vif-deficient HI'V-1 (Fig. 3).

To evaluate ubiquitination of A3G at the structural level, we
constructed a model of full-length A3G (Fig. S2) based on the
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Fig. 4. Region of A3G involved in ubiquitination around Lys residues 297,
301, 303, and 334 and Vif binding mapped onto the structural model. (A) Side
and 90°-rotated (counterclockwise or clockwise) views of the model in surface
representation. Lys residues 297, 301, 303, and 334 are shown in blue, all of the
other Lysin cyan, the C-terminal end of A3G ingreen, and residues D128, P129,
and D130 responsible for Vif-binding in red. (B) Cartoon illustration of the
A3G/Vif/ElonginB/C/Cul-5/Rbx2/E2 complex. The ubiquitination sites on the
A3G substrate are marked in blue and the Vif binding site in orange.

crystal structures of the A3G catalytic domain (32) and A2 (33),
yielding a domain arrangement of N- and C-terminal domains
similar to the individual subunits in homodimeric A2. The
structures of the individual domains are very similar to those of
other cytidine deaminases and are characterized by a five-
stranded mixed beta sheet and five alpha helices. The current
CTD of our model is not substantially different from the CTD
structures that were recently determined by X-ray crystallogra-
phy and NMR (32, 37-39). Since we created and used our
homology model to guide the current mutagenesis, several other
models of A3G have become available (40, 41). Most exhibit a
domain disposition similar to the one shown here. Very recently
a divergent model has been proposed in which the domains are
rotated and the B-sheet arrangement seen in A2 is not retained
(39). Although in this model the details in location of Lys
residues will vary, the fact that the Vif interaction site and the
critical C-terminal Lys cluster are found at opposite ends of the
molecule is still valid.

Even though mutation of these four Lys to Arg residues is the
minimum requirement for blocking ubiquitination of A3G, it is
of interest to evaluate whether any of these four residues is more
favored than others as targets for modification. Both A3G
mutants K(10, -, 12, 13, 14)R and K(10, 11, -, 13, 14)R are only
partially resistant to ubiquitination compared with A3G K(10,
11, 12, 13, -)R, the molecule termed S-A3G (Fig. 1C). This
suggests that Lys-301 and Lys-303 (K11 and K12, respectively)
are used to a lesser extent than Lys-297 and Lys-334 (K10 and
K13, respectively) for ubiquitination. Indeed, it is entirely pos-
sible that Lys-297 and Lys-334 represent the two required Lys for
Vif-induced A3G degradation and that the two Lys that follow
Lys 297, Lys 301 one turn further down the helix and Lys-303 in
the following helix, may be able to partially substitute as targets
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(Fig. S1). Interestingly, Lys-297 and 334, the most sensitive of the
four residues, are highly conserved among primate A3Gs com-
pared with Lys-301 and 303 (Fig. S7).

Surprisingly, in a mutagenesis study similar to the work
reported here, Dang et al. found that mutation of all 20 Lys
residues in A3G to Arg had no effect on Vif-induced degradation
of A3G (42). In an additional test of our model, we also mutated
all 20 Lys in A3G (A3G 20K/R) and assayed Vif sensitivity, as
well as antiviral activity. Our data showed that like K(1-14)R
(the mutant in which all surface-exposed Lys were changed to
Arg), A3G 20K/R, 19K/R, and 17K/R were also resistant to
Vif-dependent degradation (Fig. S84). Moreover, the results
indicated that A3G 20K/R, like S-A3G, can suppress virus
infectivity even in the presence of Vif (Fig. S8B). These findings
differ from the report by Dang et al. (42), but the reasons for the
apparent discrepancy between our results and those published
previously are not clear.

In contrast to the residues that are involved in ubiquitination
of A3G, amino acids implicated in Vif binding are located in the
NTD (43) within the 123DPD13p motif (31, 43) that is embedded
in the 12,sFWDPDYQ;3; (25) sequence in a loop preceding helix
4, which protrudes out from the overall structure (Fig. S2).
Significantly, this motif resides on a site opposite to the location
of residues involved in ubiquitination in the overall structure
(Fig. 44). Consistent with the model, Vif binding by WT A3G
and S-A3G are similar, as evidenced by the coimmunoprecipi-
tation results (Fig. 34).

In the absence of an experimentally determined three-
dimensional structure of HIV-1 Vif, predictions about the
configuration of the A3G-Vif-ElonginB/C-Cullin-5 E3 Ub ligase
complex can only be speculative. Based on the Skpl-Cull-
Rbx1-F boxS%2 (SCF) structure (44) we propose the following
scenario for positioning A3G in the complex (Fig. 4B). It is
generally accepted that the cullins provide a rigid scaffold for
positioning donor and acceptor proteins in the ubiquitination
reaction catalyzed by E3. Indeed, mutants in Cul 1 that were
designed to eliminate the integrity of the scaffold are deficient
in Ub catalysis (44). Moreover, studies on the SCF complex
suggested that positioning can explain Lys specificity, i.e., which
Lys are the targets for ubiquitination. For example, IkB and
SnoN, which are among the few ubiquitinated proteins that have
been characterized in detail, are ubiquitinated at specific Lys
residues by the SCF and SCF-like complexes consistent with
their structural positioning (45, 46).

Similarly, our data suggest that Vif-dependent ubiquitination
of A3G in the context of a Cul5-based complex specifically
occurs on a site that is located at the end of the protein opposite
to the region involved in Vif binding. Thus, spatial constraints
imposed by the E3 Ub ligase complex involving Cul5 may be an
important determinant for Vif-dependent A3G ubiquitination.
It is of interest that HIV-2 and SIVy,, Vif proteins target the same
Lys residues in hA3G as HIV-1 Vif (Fig. S9). Thus, all three Vif
proteins might form complexes with similar structural constraints,

Based on the SCF structural data (45, 46), it seems reasonable
to assume that the distance between the E2 active-site Cys and
the Ub-modification site on the substrate also plays an important
role in activity (44, 47). The average distance in the SCF
complexes is approximately 60 A (44, 47). In the present A3G

1. Holmes RK, Malim MH, Bishop KN (2007) APOBEC-mediated viral restriction: Not simply
editing? Trends Biochem Sci 32:118-128,

2. Wedekind JE, Dance GS, Sowden MP, Smith HC (2003) Messenger RNA editing in
mammals: New members of the APOBEC family seeking roles in the family business,
Trends Genet 19:207-216.

. Sheehy AM, Gaddis NC, Choi JD, Malim MH (2002} Isolation of a human gene that
inhibits HIV-1 infection and is suppressed by the viral Vif protein, Nature 418:646-650.

4. Conticello SG, Harris RS, Neuberger MS (2003) The Vif protein of HiV triggers degra-

dation of the human antiretroviral DNA deaminase APOBEC3G. Curr Biol 13:2009~
2013.

w

Iwatani et al.

model, the distance between the ;,3DPDj3y cluster and the
critical Lys residues ranges from 454 to 604, very similar to the
distance between the E2 active-site Cys and the substrate-
binding site within the Cul 5-EloB/C-Vif-Rbx2-E2 complex.
Interestingly, in a recent study by Russell et al. on A3F, the Vif
binding region was identified as amino acids 283 to 300 (25).
Reference to the A3G structural model suggests that the A3F
Vif-binding site corresponds to the A3G ubiquitination region
where Lys-297, 301, and 303 are located.

In summary, using model-guided mutagenesis, we have iden-
tified four Lys residues in the CTD of A3G that are required for
Vif-mediated polyubiquitination and degradation. We show that
substitution of four critical Lys to Arg (S-A3G) confers Vif-
resistance to A3G and restores A3G’s antiviral activity irrespec-
tive of Vif, At present, since no polymorphisms at these residues
have been reported for hA3G, the natural appearance of A3G
variants such as S-A3G is highly unlikely. However, identification
of a specific target molecule that removes Vif’s inhibitory effect
on A3G could advance efforts to develop anti-HIV-1 drugs.
Similarly, efforts to design specific screening assays for anti-Vif
compounds in vitro will benefit from further characterization of
the Vif-A3G interplay with respect to proteasomal degradation.

Materials and Methods

Construction of A3G Structure Model. A homology model of A3G was created
based on sequence alignment (automated and adjusted by hand) and subse-
quent use of the program Modeller (http:/salilab.org/modeller) (34) with the
crystal structure of the A3G catalyticdomain (32) (PDB accession code 3E1U) as
the template for the individual NTD and CTD domains. The relative position-
ing of the NTD and CTD of the template was carried out by superimposing the
separated domains onto the crystal structure of A2 (33) (PDB accession code
2NYT). The choice of interface between the two halves of A3G was guided by
energy considerations of the final models. The current model in which the
beta strands form the dimer interface is energetically more favorable than an
alternative one with an alpha helical domain interface.

Plasmids and Antibodies. The plasmids and antibodies used in this work are
described in the S/ Text.

Coimmunoprecipitation Assays. To assess Vif-A3G interaction in vivo, a assay
was performed. Briefly, 293T cells were cotransfected with an A3G plasmid
having a Lys-free MycHIS tag and with pcDNA-HVif. Thirty-six hours post
transfection, the cells were incubated for 12 h with 2 uM MG132, a protea-
some inhibitor (Sigma). The presence of MG132 makes it possible to detect WT
A3G binding to Vif, since the usual proteasomal degradation is blocked. The
cells were harvested and then lysed in lysis buffer (150 mM NaCl, 1 mM EDTA,
PBS, 1% Triton X-100, 10 ug/mL of RNase A) plus a protease inhibitor mixture
(Sigma). TALON beads (Clontech), which bind His, were used to pull down
tagged A3G and were washed with lysis buffer. The complex was analyzed by
Western blot with anti-A3G rabbit serum or anti-Vif antibody.

Assays for Vif-Dependent Degradation of A3G, Infectivity in LuSIV Cells and
Incorporation of A3G Into Viriens. These experiments were performed as
reported previously (48).
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SI Text

Plasmids and Antibodies. A3G expression plasmids were con-
structed using pcDNA-A3G that contains a C-terminal MycHIS
tag (consisting of Myc and (His)s (HIS) epitopes) (1, 2). Arg
substitutions for A3G Lys residues and the two Lys residues in
the C-terminal tag (Lys-free MycHIS tag), as well as Gin
substitution for Glu-259 at the A3G catalytic center were
introduced into pcDNA-A3G by using the QuikChange XL Site
Directed Mutagenesis Kit (Stratagene). For all mutants, the
nucleotide sequences of both the insert and the boundary regions
were verified by DNA sequencing. pcDNA-HVif, a human
codon-optimized clone used for Vif expression (3), was a gen-
erous gift from Dr. Klaus Strebel (NIAID, NIH).

A3G’s sensitivity toward HIV-2 and SIVp, Vif was tested
using the appropriate expression plasmids: vif(+) plasmids,
pGH-123 (4) and pMA239 (5), respectively; and vif(-) control
plasmids, pGH-Xb (4) and pMA-Sc (5), respectively (generously
provided by Dr. Akio Adachi, University of Tokushima). In
connection with construction of a SupT1 cell line that stably
expresses A3G (see below), A3G cDNA fragments were inserted
into the plasmid, pRetroX-Tight-Pur (Clontech) using NotI and
Miul restriction sites. The resulting plasmids that express A3G
WT, S-A3G, and A3G D128K (without a tag), were designated
as pRetroX A3G WT, pRetroX S-A3G, and pRetroX A3G
D128K, respectively. To produce virus that can be pseudotyped
with the Vesicular Stomatitis virus env gene (VSV-G), the clone
pNLucvif(-) was constructed using the luciferase-expressing,
HIV-1 env-negative pNL4-3 derivative, pNLuc (generous gift
from Dr. Eric O. Freed, NIH, NCI-Frederick) (6), and pNL4~
3vif(-).

A peptide antibody (C-17 rabbit serum) against human A3G,
anti-Vif antibody, and anti-p24 (CA) rabbit serum were obtained
from the AIDS Research and Reference Reagent Program,
catalog no. 10082, 2221, and 4250, respectively. Anti-Myc tag
mAb (9B11, Cell Signaling Technology), anti-HIS tag rabbit
serum (Medical & Biological Laboratories Co.), and B-tubulin
rabbit polyclonal antibody (Abcam) were purchased from the
respective companies.

Preparation of SupT1 Cells Stably Expressing A3G. For efficient
expression of A3G in T-cell lymphocytes, it was necessary to
construct SupT1 cells that stably express A3G. These cells were
generated using the retroviral gene transfer system “Retro-X
Tet-Off Advanced inducible Expression System” (Clontech),
following the manufacturer’s protocol. Briefly, retroviral vectors
were produced by cotransfection of 293T cells with pVSV-G
(Clontech), the murine leukemia virus Gag/Pol expression plas-
mid pMLVg/p (7), and pRetroX-Tight-Pur vector-based A3G
expression plasmids or the empty vector. In addition, a retroviral
vector for expression of Tet-Off transactivator was prepared by
cotransfection of 293T cells with pVSV-G, pMLVg/p, and
pRetro-X-Tet-Off Advanced (Clontech). SupT1 cells were se-
rially infected with the retroviral vector for the Tet-Off trans-
activator and subsequently, with the A3G vector. Cells that were
resistant to both G418 (500 ng/mL) (Roche) and Puromycin (1

1. lwatani Y, Takeuchi H, Strebel K, Levin JG (2006) Biochemical activities of highly
purified, catalytically active human APOBEC3G: Correlation with antiviral effect. S Virol
80:5992-6002.

2. Kao S, et al. (2003) The human immunodeficiency virus type 1 Vif protein reduces
intracellular expression and inhibits packaging of APOBEC3G (CEM15), a cellular
inhibitor of virus infectivity. J Virol 77:11398-11407.
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mg/mL) were selected and doubly transfected stable cell lines
expressing no A3G, A3G WT, A3G D128K, and S-A3G were
designated as SupTetOff, SupTetOff A3G WT, SupTetOff A3G
D128K, and SupTetOff S-A3G, respectively.

Assay of Vif-Dependent Degradation of A3G. A3G or mutant A3G
expression plasmids (2 pg) and pcDNA-HVif or pcDNA 3.1 (-)
control (i.e.,, empty) vector (4 pg) were cotransfected into
Human Embryonic Kidney cells (293T) in 6-well plates, using
FuGENE HD (Roche). Forty-eight hours post transfection, cell
lysates were prepared in Laemmli buffer (Bio-Rad) containing
2.5% 2-mercaptoethanol (ME). Cell lysates were subjected to
SDS/PAGE and the proteins were transferred to Immobilon-P
membranes (Millipore). The membranes were first incubated
with appropriate antibodies, as specified, and were then incu-
bated with horseradish peroxidase-conjugated secondary anti-
bodies (Pierce). Proteins were visualized by enhanced chemilu-
minescence, using SuperSignal West Dura (Pierce).

For Vif-dependent degradation of A3G in T-lymphocytes,
SupTetOff cells expressing A3G (1 X 10° cells) were infected
with VSV-G pseudotyped viruses (200 ng); NL4-3 WT or
NL4-3 vif(-) were produced by cotransfection of 293T cells with
pVSV-G and either pNLuc or pNLuc vif(-). At 72 h post
infection, cell lysates were prepared and A3G expression was
evaluated by Western blot analysis.

Detection of Polyubiquitinated A3G. 293T cells were cotransfected
with A3G expression plasmid (Lys-free MycHIS tag) and
pcDNA-HVif, plus either myc-tagged ubiquitin (Ub) or the
mutant K48R (Arg substitution at Ub residue Lys-48) (8).
Forty-eight hours post transfection, cells were lysed with 6M
urea in PBS, the expressed A3G was pulled-down using TALON
resin (Clontech) and proteins were detected by Western blot
analysis using anti-A3G antibody.

Infectivity Assays Using LuSIV Cells. Virus production and analysis
of virus infectivity were performed as reported previously (1).
Briefly, to obtain virus particles, 293T cells were cotransfected
with 4 pg of pNL4-3 WT and/or pNL4-3vif(-) (ratios as
described in the main text) plus 2 pg of pcDNA-A3G or pcDNA
3.1 (-) (vector control). Virus infectivity was determined by
single-cycle replication assays with LuSIV cells (9), obtained
from the AIDS Research and Reference Reagent Program,
NIAID, NIH (cells originally from Drs. J. W. Roos and J. E.
Clements). Infectivity was calculated by normalizing for the
amount of input CA, determined as p24 antigen by ELISA
(ZeptoMetrix).

Incorporation of A3G into Virions. Cell-free-filtered supernatants
from transfected 293T cells were pelleted (75 min, 151,000 X g)
through a 20% sucrose cushion in an SW41 rotor, as previously
described (1). The concentrated virus pellet was lysed in 1X
Laemmli buffer containing 2-ME. Proteins were separated by
SDS/PAGE (10% polyacrylamide gel) and were detected by
immunoblotting with the appropriate antibodies.

3. Nguyen KL, et al. (2004) Codon optimization of the HIV-1 vpu and vif genes stabilizes
thelr mRNA and allows for highly efficient Rev-independent expression. Virology
319:163-175.

4. shibata R, et al. (1990) Mutational analysis of the human immunodeficiency virus type
2 {HIV-2) genome in relation to HIV-1 and simian immunodeficiency virus SIV (AGM).
1 Virol 64:742-7417.
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Fig. S1. Amino acid sequence of A3G. All 20 Lys residues are shown in blue, with the 14 most exposed amino acids in dark blue, The zinc-coordinating residues
are colored orange. Every tenth amino acid is numbered and secondary structure elements are depicted above the sequence, with a-helices as coils and g-strands
as arrows.
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Fig. 2. Model structure of A3G. Ribbon diagram of full-length A3G in two different orientations with the side chains of the 14 most surface-exposed Lys
depicted in stick representation (blue). The side chains of the Zn-coordinating residues in the NTD and CTD are also displayed and colored in orange and yellow,
respectively. Positions of the zinc atoms are labeled by red spheres.
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Fig. $3. Effect of single point mutations changing each of the 14 Lys residues to Arg on HIV-1 Vif sensitivity. Fourteen point mutants (K63R, K76R, K79R, K99R,
K113R, K141R, K180R, K249R, K270R, K297R, K301R, K303R, K334R, and K344R) were constructed and assayed for A3G expression in the presence (+) or absence
(—) of Vif, as described in the S/ Text.
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Fig. S4. Resistance of S-A3G to Vif-mediated degradation in SupT1 cells. SupT1 cells that stably express no A3G, A3G WT, 5-A3G, or A3G D128K (SupTetOff,
SupTetOff A3G WT, SupTetOff S-A3G, or SupTetOff A3G D128K, respectively) were prepared and infected with either VSV-G pseudotyped HIV-1 (+) or
vif-deficient HIV-1 (=) viruses, as described in the S/ Text. Protein expression in the absence or presence of Vif was assayed by Western blot analysis.
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Fig. S5, Polyubiquitination of A3G mutants. 293T cells were cotransfected with Vif and the indicated A3G expression plasmids (Lys-free MycHIS tagged versions)
plus either myc-tagged Ub (W) or the mutant K48R (K) expression plasmids. Ubiquitinated A3G proteins were pulled-down with TALON beads and detected by
Western blot analysis using anti-A3G antibody. The positions of ubiquitinated A3G are indicated by the arrow heads.
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Fig. $6. Antiviral activity of A3G and S-A3G active-site mutants. 2937 cells were cotransfected with (A) pNL4-3 and either A3G WT (A}, A3G E259Q (A), S-A3G
(®), 5-A3G E259Q (C) expression plasmids or (B) pNL4-3vif(-) and the indicated A3G expression plasmids, using 0.1, 1, or 2 ug of DNA. Amounts of added DNA
for each of the expression plasmids were adjusted with empty vector pcDNA 3.1 (-) to a total of 2 ug. Infectivity is expressed relative to the values for 0 ug of
the expression plasmids, set at 100%.
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297 301 363
Homo sapiens s M AIKIF I S|K|IN|K|H ~ - - G AlR|1 533
Pan troglodytes wsMalk|r 1 s|n|nlgle - - H - calk|T swe
N Pan paniscus 2sM AK|F I S|N|NIKIH - - - G A|E|I Sas
; Pan pygmaeus 205 M AIK{F I SIN|N|Q|H - ~ - E A I S
; Gorilla gorilla wsM AJK|F I s|N|k|k|H - - H -G AaR|T s
. Hylobates lar aom AlK|F I s|u|n|k|R - - - R AIX|I sant
Nomascus leucogenys 28 M AIKIF I S|NINIKIR ~ - - R A I S 38
Macaca fascicularis 25 M AIKIF I S|NIN|E|H - - - G AJK|T Aae
Macaca nemestrina wmalklr 1 sinfnleln - - - ¢ alx|T ase
Macaca nigra oM AlK|F I s|n|n|E]H - - -~ G AlK|T Aws
Macaca mulatta a3 M AIRIF I SIN|N|E|H - - ~ G A[K|I Auwa
Erythrocebus patas 24 M AR|F I S {] K[KIH - - - G AlR[T A
Papio anubis sab AlKIF I s[N[N[E[H - - H -6 akT A
Cercopithecus aethiops 24M A|RKIF T s|N|N|K|H -~ - - G AJ|K|I Ass
Symphalangus syndactylus 23M AIKIF I S|NINKIR - - - R AIX|T 4

Fig. 7. Amino acid sequence comparison around the four C-terminal Lys residues of primate A3G proteins. Sequences were aligned by using MacVector 7.0
(MacVector, Inc.) software and residues at positions 297, 301 303, and 334 are enclosed in blue boxes. Lys residues at these positions are shown in red. The genbank
accession numbers are: Homo sapiens (NP_068594); Pan troglodytes (AAT44392); Pan paniscus (AAT72156);, Pan pygmaeus (AAT44395), Gorilla gorilla
(AAT44394); Hylobates lar (ABB77894); Nomascus leucogenys (ABB77892); Macaca fascicularis (AAT44393); Macaca nemestrina (AAY99624); Macaca nigra
(AAT44391); Macaca mulatta (AAP85256); Erythrocebus patas (AAT44390); Papio anubis (AAT44398); Cercopithecus aethiops (AAP85254); and Symphalangus
syndactylus (ABB77893).
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Fig. $8. Vif-dependent degradation (A} and antiviral activity (8) for various Lys to Arg substitution mutants of A3G. Designations for the different mutants
are as follows: K(1-14)R at 63, 76, 79, 99, 113, 141, 180, 249, 270, 297, 301, 303, 334, and 344; 20K/R at 2, 40, 42, 52, 63, 76, 79, 99, 113, 141, 150, 163, 180, 249,
270, 297, 301, 303, 334, and 344; 19K/R at 40, 42, 52, 63, 76, 79, 99, 113, 141, 150, 163, 180, 249, 270, 297, 301, 303, 334, and 344; 17K/R at 40, 42, 52, 63, 76, 79,
99, 113, 141, 180, 249, 270, 297, 301, 303, 334, and 344. (B) 293T cells were cotransfected with 4 ug of either pNL4-3 (gray bar) or pNL4-3vif(-) (black bar), and
1 ug of the indicated A3G expression plasmid. Virus infectivity was measured using LuSIV cells, as described in the S/ Text. Infectivity values are given relative
to the value for the vector control, which was set at 100%.
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Fig. $9. A3G mutant sensitivity toward HIV-2 and SIVnac Vif proteins. Assays for Vif-dependent degradation were performed using HIV-2 and SIVpqac Vif
expression plasmids, pGH123 and pMAZ239, respectively. For the corresponding Vif-negative controls, pGH-Xb and pMA-Sc were used, respectively.
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