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Human APOBEC3G (hA3G) is a cytidine deaminase active on
HIV single-stranded DNA. Small angle x-ray scattering and
molecular envelope restorations predicted a C-terminal dimeric
model for RNA-depleted hA3G in solution. Each subunit was
elongated, suggesting that individual domains of hA3G are sol-
vent-exposed and therefore may interact with other macromol-
ecules even as isolated substructures. In this study, co-immuno-
precipitation and in-cell quenched fluorescence resonance
energy transfer assays reveal that hA3G forms RNA-independ-
ent oligomers through interactions within its C terminus. Resi-
dues 209 -336 were necessary and sufficient for homoligomer-
ization. N-terminal domains of hA3G were unable to
multimerize but remained functional for Gag and viral infectiv-
ity factor (Vif) interactions when expressed apart from the C
terminus. These findings corroborate the small angle x-ray scat-
tering structural model and are instructive for development of
high throughput screens that target specific domains and their
functions to identify HIV/AIDS therapeutics.

Human APOBEC3G (hA3G)* is a cytidine deaminase that
catalyzes the deamination of cytidine to uridine in the context
of single-stranded (ss) DNA (1-3). This activity is critical to the
function of hA3G as a host defense factor against HIV infection
(4). When HIV replicates in cells, it expresses its own protein
defense against hA3G known as viral infectivity factor or Vif.
The N terminus of Vif interacts with the N terminus of hA3G
(5-10), thereby promoting hA3G degradation via the ubiquitin-
dependent proteasomal pathway and mitigating hA3G host
defense (11-14).
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In the absence of functional Vif, hA3G hypermutates proviral
DNA during HIV replication (15-21). In resting CD4+ T cells,
hA3G attacks incoming virions as a low molecular mass com-
plex (21). However, once activated, CD4+ T cells suppress
hA3G antiviral activity through the formation of high molecu-
lar mass complexes bridged by RNA (21, 22). Newly translated
hA3G can exert its antiviral activity but only by assembling with
viral particles (21, 22). This encapsidation enables hA3G imme-
diate access to viral replication complexes and leads to inhibi-
tion of reverse transcription and hypermutation of minus-
strand HIV DNA in the target cell (15-20). Viral particle
assembly involves hA3G interaction with RNA and the nucle-
ocapsid portion of HIV Gag during the viral assembly process
(23-33). An N-terminal region of 50 amino acids following the
first zinc-dependent deaminase (ZDD) motif (2, 34) within
hA3G is necessary for its incorporation into virus-like particles
(29, 30). There is no consensus on whether the hA3G and Gag
interaction is a direct protein-protein interaction or whether it
is mediated by a short RNA bridge (23-33).

Small angle x-ray scattering (SAXS) and advanced envelope
restoration methods revealed the shape of full-length and cat-
alytically active hA3G in solution (35). The resulting molecular
envelope suggested that the native conformation of hA3G is
minimally a dimer with subunit contacts through the C termini.
The protein has an elongated morphology and substantially
exposed surface area along the contour length of the dimer.
This structural model predicted a limited contact between
hA3G subunits but did not have resolution sufficient to identify
the residues involved in dimerization. In support of these pre-
dictions, the crystal structure of human APOBEC?2 also had an
elongated shape comprised of dimers with subunit contacts
through the N termini and C-terminal contacts between
dimers, reminiscent of a dimer of dimers (36).

In contrast to these structural models, an NMR study dem-
onstrated that a fragment of hA3G containing the C-terminal
catalytic domain was a monomer and retained deaminase activ-
ity in an Escherichia coli reporter system (37). These findings
bring into question the biological relevance of multimeric ver-
sus monomeric structural models for hA3G. In the current
study, we demonstrate through in vitro and in-cell studies that
hA3G forms multimers through protein-protein contacts
within the ZDD domain of the C terminus. Consistent with our
previous SAXS model, domains within the N terminus of hA3G
did not form protein-protein multimers (35). The proposed
elongated conformation of hA3G was further supported by the
finding that domains retained their unique attributes of known
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functions and interactions when expressed as individual mono-
meric domains.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Full-length hA3G and domains
ACD1, C1/2,N1/2, CD1, CD2, NCD1, and NCD2 were cloned
into the pIRES-P (38) mammalian expression vector with
EGFP-HA, EGFP-V5, REACh2-HA, HA, or V5 tags in the N or
C terminus. HIV-1 expression construct pDHIV3-GFP is a
pNL4-3-derived vector that contains a deletion of the env gene
and in which the zef gene is replaced with EGFP. The Avif
HIV-1 expression construct pDHIV3-GFP/Avif contains a
12-bp insert containing two termination codons that reside
near residue 89 of Vif, thereby leading to the production of a
truncated and non-functional vif gene product (both HIV con-
structs were gifts from Prof. Baek Kim, Dept. of Immunology
and Microbiology, University of Rochester). The vif gene was
also PCR-amplified from pDHIV3-GFP and inserted into the
pIRES-P vector containing an N-terminal EGFP-HA tag.

Co-immunoprecipitation Analysis—Various combinations
of alternatively tagged hA3G domains, HIV-1 expression con-
structs, and EGFP-HA-Vif were transfected into 293T cells
with FUGENE® 6 (Roche Applied Science). Twenty-four hours
after transfection, cell extracts were harvested in Nonidet P-40
lysis buffer (50 mm Tris, pH 7.4, 150 mm NaCl, 0.1% Nonidet
P-40) with Complete® Mini EDTA free protease inhibitors
(Roche Applied Science). Cell extracts were treated with 0, 40,
or 400 pg/ml RNase A for 30 min at 37 °C and subsequently
precleared with protein A-agarose beads (Roche Applied Sci-
ence) tumbling for 1 hat4 °C. The precleared extracts were split
and added to a protein A bead slurry = V5 (Invitrogen) or GEP
(Clontech) antibodies for immunoprecipitation by tumbling
overnight at 4 °C. The beads were washed three times with
Nonidet P-40 lysis buffer and eluted three times with 1X Treat
(50 mm Tris, pH 7.4, 10 mMm dithiothreitol, 0.1% SDS). Elutions
were acetone-precipitated and resuspended in SDS-PAGE gel
loading buffer and separated by 10.5% SDS-PAGE. The protein
was transferred to nitrocellulose (Bio-Rad) and Western blot-
ted with V5 (Invitrogen), HA (Covance), GFP (Clontech), or
p24 (antibody number 3537, National Institutes of Health AIDS
Research and Reference Reagent Program) (39) antibodies.
Trueblot™ ULTRA anti-mouse secondary antibody (eBio-
science), which does not bind to unfolded antibody, was used to
prevent immunoglobulin heavy chain from being detected on
Western blots.

RNA UV Cross-linking—To evaluate hA3G non-selective
RNA binding activity, a 448-nucleotide transcript of apoB RNA
was in vitro transcribed with **P-radiolabeled ATP and CTP
(PerkinElmer Life Sciences) using T7 polymerase (Promega).
The radiolabeled RNA was gel-isolated and added to 500 ul of
cell extracts made from 293T cells expressing V5-tagged hA3G
or EGFP-V5-CD2 for 30 min at 30 °C. The RNA was UV cross-
linked to the proteins in the cell extract using short wave UV
light in quartz cuvettes at 4 °C for 7 min as described previously
(40). Immediately after UV cross-linking, cell extracts were
treated with 5 ug/ml each of RNases T1 and A for 1 h at 37 °C
followed by preclearing and immunoprecipitation as described
above. The nitrocellulose transferred protein was exposed to
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Biomax XAR film (Eastman Kodak Co.) to identify radiolabeled
bands from nucleotides covalently cross-linked to hA3G or
CD2. The nitrocellulose was subsequently Western blotted
with V5 antibody (Invitrogen) to overlay with the radiolabeled
band.

In Vivo FQRET—EGFP served as donor whose fluorescence
signal was quenched by the resonance energy-accepting chro-
moprotein 2 (REACh2). In this fluorescence-quenched reso-
nance energy transfer (FQRET) assay, REACh?2 (a variant of yel-
low fluorescent protein) absorbs light at the emission
wavelength of EGFP but has no fluorescence emission itself
(41).

EGFP-V5-tagged N1/2, C1/2, and CD2 were co-transfected
with REACh2-HA-tagged N1/2, C1/2, and CD2 or empty vec-
tor at a 1:8 ug ratio of cDNA for EGFP to REACh?2 into 293T
cells. In co-transfected cells, the EGFP chimera fluorescence
signal will be quenched only if the REACh2 chimera is within
close proximity (i.e. due to the interaction between hA3G
domains).

Twenty-four hours after transfection, a 10 um final concen-
tration of Hoechst 33342 (Anaspec Inc., San Jose, CA) was
added to the cell culture media, and cells were imaged at
500-ms exposures by a QICIM-IR fast 12 bit monochrome
camera viewed by Q capture software (Q-Imaging) through a
X20 Olympus objective with an Olympus IX 70 inverted fluo-
rescence microscope and label-specific chrome filters. The gray
value for each cell in three separate fields was determined with
the Image] software (National Institutes of Health). A linear
regression model was used to specify the relationship between
the measure of fluorescence intensity (gray value) for the EGFP-
tagged domains in the presence and absence of REACh2-tagged
domains. x> tests were performed to evaluate each domain
comparison of interest at & = 0.05. All analyses were performed
using SAS 9.1 (SAS Institute Inc., Cary, NC) on a Windows XP
platform.

RESULTS

Rationale Guiding the Selection of hA3G Domains—SAXS
analysis revealed the nm-resolution structure of catalytically
active hA3G in solution. The size and mass suggested a dimer
comprising four discrete, relatively large volumes arranged in
an elongated and linear manner (Fig. 1B) (35). Each large vol-
ume of the molecular envelope accommodates the approximate
volume of a representative ZDD domain (Fig. 1, Band C). Based
on this distribution of ZDD domains within the SAXS envelope
as well as the location of each ZDD motif in a single polypeptide
(Fig. 1A), it was posited that hA3G subunits dimerize via the
C-terminal domain (1, 35). Gel filtration of RNase-digested,
recombinant full-length hA3G purified from baculovirus-in-
fected Sf9 cells also supported a dimeric mass with an elution
time corresponding to 95 kDa (35). Such a mass was consistent
with a dimeric peak in other chromatography studies (21, 42,
43). However, the SAXS model does not have the resolution to
determine exactly where within the C-terminal half-multimer-
ization occurs, thus prompting a more comprehensive analysis
in this study.

Alternatively tagged (HA and V5) forms of hA3G and
domain combinations were expressed in 293T cells to probe for
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Multimerization Occurs via the
C-terminal Half of hA3G—Cell
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extracts were prepared and ana-
lyzed by co-immunoprecipitation
(co-IP). Extracts were treated with
40 pg/ml RNase A prior to co-IP to
assuage interactions due to RNA
bridging. All constructs were well
expressed (Fig. 2, lanes 1 and 4), and
each was recovered by IP utilizing
the V5 tag (Fig. 2, lane 2). IPs per-

subunit 2

subunit 1

FIGURE 1. Schematic diagram of hA3G domain boundaries. A, hA3G primary structure showing residues of
CD1 (red), NCD1 (blue), CD2 (orange), and NCD2 (violet) with the consensus ZDD motif shown within CD1 and
CD2. N, N terminus; C, C terminus. B, the molecular envelope of the tail-to-tail dimer of hA3G based on SAXS
analysis with docked CD domains indicated within the model. C, the relation between the hA3G volumes and
the minimal catalytic domain from a related crystal structure. Dashed red boxes (B) show how volumes in the
SAXS envelope accommodate a representative CD domain located by computational analysis in our previous

publication (35).
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FIGURE 2. Co-IPs of alternatively tagged hA3G and hA3G halves. A-D, the
hA3G constructs co-transfected into 293T cells are represented in the left
column with a * indicating the location of the tags (N- or C-terminal HA or V5)
for each construct. Lanes 1 and 4 are blots showing the expression of each
transfected protein in whole cell extracts. Lanes 2 and 5 are blots showing
immunoprecipitated and co-immunoprecipitated proteins; all immunopre-
cipitations were performed with V5 antibody. Lanes 3 and 6 are controls for
nonspecific binding to protein A beads. The antibody used for Western blot-
ting (WB) is indicated on the bottom left for Western blots.

the existence of specific protein-protein interactions. With an
initial emphasis on regions composed of a minimal ZDD fold
found in all APOBEC related proteins (1), catalytic domain 1
(CD1, residues 1-143) and catalytic domain 2 (CD2, residues
209 -336) were expressed. Subdomains adjacent to CD1 and
CD2 were also expressed; these regions were called non-cata-
lytic domain 1 (NCD1, 144 —208) and non-catalytic domain 2
(NCD2, 337-384) (Fig. 1, A and B). Constructs containing two
or more predicted domains were expressed that incorporated
CD1-NCD1 (N1/2,1-208),CD2-NCD2 (C1/2,209 -384),and a
C-terminal domain lacking only CD1 (ACD1, 144 -384).

AV ON
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formed with protein A beads alone
indicated that none of the proteins
associated non-specifically with
protein A (Fig. 2, lanes 3 and 6).
Co-IP analysis of N-terminal tagged
hA3G and its half-domains revealed
that full-length hA3G and the C1/2
domain were co-immunoprecipi-
tated (Fig. 2, A and B), but there was
no interaction in the N1/2 domain
(Fig. 2C), consistent with predic-
tions from the SAXS molecular
envelope (Fig. 1). The lack of N-ter-
minal interactions was confirmed
using C-terminal HA- and V5-tagged constructs and co-IP
analysis (Fig. 2D).

Although the N1/2 domain was incapable of homoligomer-
ization, it was fully competent for its established interactions
with Gag and Vif. N1/2 domain, including CD1-NCD1, was
required for viral encapsidation and Gag binding (supplemental
Fig. S1, A and B), whereas the CD1 domain alone was capable of
interaction with Vif (supplemental Fig. S1C). These data were
consistent with the literature (5-10, 23-33) and established
that these autonomously expressed domains maintained fold
and functionality, although they did not multimerize.

CD2 Is Necessary and Sufficient for hA3G Multimerization—
The interaction of domains was further evaluated using smaller
domains tagged with EGFP-V5 and EGFP-HA to increase their
mass and thereby facilitate their analysis by SDS-PAGE. EGFP-
V5-hA3G did not co-IP EGFP and therefore did not influence
the analyses (Fig. 3A4).

Co-IP analysis of hA3G domains revealed that ACD1, C1/2,
and CD2 co-immunoprecipitated their alternatively tagged
versions (Fig. 3, B-D), but NCD2 did not interact with itself
(Fig. 3E). Combinations of N1/2 with C1/2, CD1 with CD2, and
NCD1 with NCD2 were also unable to co-IP (supplemental Fig.
S2). The data suggested that CD2 was necessary and sufficient
for hA3G multimerization.

To strengthen our assertion that CD2 interacted via a pro-
tein-protein interaction and not an RNA bridge protected from
RNase digestion, we analyzed the HA epitope to V5 epitope
signal ratio by blotting EGFP-HA-CD2 co-immunoprecipi-
tated by EGFP-V5-CD2 from cell extracts treated with 0, 40,
and 400 pg/ml of RNase A. The V5:HA signal ratio was 1.5, 2.1,
and 1.3 for the treatments, respectively (Fig. 44), consistent
with hA3G dimerization independent of an RNA bridge.
Although the signal varied among treatments, the recovery of
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FIGURE 3. Self-association of C-terminal domains of hA3G. In A-£, the
hA3G domains co-transfected into 293T cells are represented in the left col-
umn as horizontal gray bars for CD1, NCD1, CD2, and NCD2 with symbols for
EGFP, HA, and V5 tags. On the right, lanes are depicted as in Fig. 2. A, negative
control for EGFP and EGFP-V5-hA3G. N, N terminus; C, C terminus. B-E, co-IPs
of alternatively tagged hA3G domains with conditions in which co-immuno-
precipitation was successful indicated by *. WB, Western blotting.
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FIGURE 4. Evidence for protein-protein self-association within CD2. A, co-
immunoprecipitations of CD2 domain with increasing amounts of RNase A (0,
40, and 400 pg/ml). The ratio of V5 and HA Western signals from the same
exposure for each condition is indicated below each immunoprecipitation
lane with densitometry of each band determined using ImageJ software
(National Institutes of Health). WB, Western blotting. B, 3*P-radiolabeled RNA
was analyzed for UV cross-linking to V5-hA3G or EGFP-V5-CD2 in cell extracts
followed by RNase digestion and immunoprecipitation, as described under
“Experimental Procedures.” On the left are V5 blots detecting the full-length
hA3G and the CD2 domain after immunoprecipitation. On the right, the auto-
rad lane reveals the presence or absence of radioactivity associated with the
matched Western band. The results are indicative of low or no RNA binding
for CD2 relative to intact hA3G.

the HA epitope with the V5 pull-down remained strong, indi-
cating that most of the interaction between CD2 domains
depended on protein-protein contacts. In agreement with this
proposal, EGFP-V5-CD2 did not UV cross-link to radiolabeled
RNA (Fig. 4B). In contrast, full-length V5-hA3G did UV cross-
link (Fig. 4B). This was consistent with the ability of full-length
hA3G to bind RNA in the literature (25, 44, 45) and in our
recent report showing that only full-length hA3G UV cross-
linked RNA, whereas N1/2 and C1/2 could not (46).
RNase-digested extracts of transfected 293T cells expressing
EGFP-C1/2, EGFP-CD2, and EGFP were also analyzed by gel
filtration for evidence that hA3G is multimeric and not mono-
meric. Fractions were collected and blotted with anti-GFP anti-
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bodies. EGFP eluted from the column as a monomer with a
peak fraction corresponding to 27 kDa (supplemental Fig. S3).
No significant protein was observed in fractions corresponding
to monomers of EGFP-C1/2 or EGFP-CD2 (46 and 41 kDa,
respectively), but significant protein appeared in fractions cor-
responding to dimers as well as higher order complexes (sup-
plemental Fig. S3). Although RNase-digested, recombinant
hA3G purified from Sf9 cells was clearly a dimer (35), higher
molecular mass hA3G complexes in gel filtration of cell extracts
have been described by several laboratories (42, 44, 45) and
could be due to interactions with other proteins in the extract,
multimerization of a higher order than dimers, or aggregation
formed in cell extracts due to RNase digestion. As both the
co-IP and the gel filtration analyses involved cell extracts, we
utilized an additional approach of in vivo FqQRET to confirm an
interaction in the hA3G C terminus within living cells.

Interaction within C-terminal Domains Is Observed in
Vivo by FgRET—EGFP is a FqQRET donor, and REACh2 is a
non-fluorescent FqRET acceptor (41). The non-fluorescent
REACHh?2 is able to quench EGFP signal in a distance-depend-
ent manner when they are linked to interacting domains.
However, if there is no interaction, and EGFP and REACh2
are not proximal, quenching will not occur.

293T cells were co-transfected with EGFP-V5- and REACh2-
HA-tagged versions of N1/2, C1/2, or CD2. EGFP-V5-tagged
domains and an empty vector were also imaged to compare
EGEFP signals in the presence or absence of REACh2 to test
protein-protein interactions in live cells.

As expected, cells expressing the N1/2 domain showed no
significant difference in fluorescence intensity with and with-
out REACh2 yielding a p value equal to 0.135 (Fig. 5, A and B,
lanes 1 and 2), suggesting no interaction in vivo. Western blot-
ting for V5 and HA confirmed good expression of full-length
EGEFP and REACh2 chimeras (Fig. 5C, lanes 1 and 2). On the
other hand, EGFP signal was quenched by 25% when linked to
C1/2 or CD2 co-expressed with the REACh2-tagged C1/2 or
CD2 counterparts relative to signal in the absence of the
REACh2 linked domains (Fig. 5, A and B, lanes 3—6). p values of
<0.0001 for both C1/2 and CD2 suggested that the difference in
mean gray values were highly statistically significant (Fig. 5A4).
Comparisons between domains (adjusting for REACh2 expres-
sion) revealed highly significant differences for C1/2 and CD2
when compared with N1/2 (p < 0.0001) but not for the C1/2
versus CD2 comparison (p = 0.9457), suggesting that both
domains quenched equivalently and that CD2 alone was suffi-
cient for dimerization.

In the original study that identified the REACh2 protein,
REACh1 (a variant of REACh2 with similar properties)
quenched GFP signal by about 50% when covalently attached to
GFP (41). Similarly, in our hands, transfection into 293T cells of
a covalently tethered construct of EGFP-HA-REACh2 had a
fluorescence signal that was about 50% quenched when com-
pared with EGFP-HA-EGFP (data not shown). However, when
the two FqRET proteins are expressed separately in the cell,
there are three possible interactions if multimerization is
occurring, which are: EGFP to EGFP, REACh2 to REACh2, and
EGEFP to REACh2 (quenching). Given that 50% quenching is the
maximal anticipated result for end-to-end tethered donor and
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FIGURE 5. In vivo FQRET of hA3G domains. A, as a measure of fluorescence intensity, the gray values from individual cells (number (N) indicated) in three
separate fields were determined using ImageJ software (National Institutes of Health). The mean gray value is shown = the S.E. The p values were determined
by a linear regression model used to specify the relationship between the measure of fluorescence intensity in the presence and absence of REACh2-tagged
domains as described under “Experimental Procedures.” The percentage of quench was measured as the difference in mean gray values of EGFP-tagged
domains without and with REACh2, divided by the mean gray value for EGFP-tagged domains when expressed alone for C1/2 and CD2 domains. A quench
value was not applicable (n.a.) for N1/2 because its p value revealed no significant difference (p > 0.05) with and without REACh2, suggesting that no
quenching occurred. B, representative fields from images used to calculate fluorescence in A. EGFP fluorescence is shown above with Hoechst staining of the
same field shown below representing live cell nuclei. C, Westerns with V5 and HA antibodies show relative tagged protein abundance for the transfected
constructs, and the Western blot (WB) with B-actin antibody shows an equivalent load of cell extract for each condition. The transfected constructs indicated
above B are the same for the lanes in Band C.

acceptor, 25% quenching of hA3G C-terminal domains is con-
sistent with homoligomerization.

The intracellular distribution of EGFP-tagged domains sug-
gested that the proteins were appropriately expressed in cells
and not aggregated. In our previous study, we demonstrated a
cytoplasmic retention signal in the N1/2 of hA3G (46). Thus the
cytoplasmic fluorescence of EGFP-V5-N1/2 is consistent with a
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functionally folded chimera (Fig. 5B, lanes I and 2). On the
other hand, there is no cytoplasmic retention signal in the C1/2
domain (46); therefore fluorescence throughout the cells for the
C1/2 and CD2 domain chimeras is anticipated for non-aggre-
gated proteins (Fig. 5B, lanes 3-6).

It is also important to note that the relative expression of
each chimeric protein (as revealed by Western blotting, Fig. 5C)
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demonstrated that the reduction in fluorescence was due to
quenching and not due to lower abundance of EGFP-tagged
proteins. In fact EGFP-tagged C1/2 and CD2 were higher in
abundance when their REACh2 counterparts were co-ex-
pressed when compared to when each was expressed alone (Fig.
5C, compare lane 3 with lane 4 and lane 5 with lane 6). Taken
together, the data strongly support that hA3G is a multimer in
vivo and that the intersubunit interaction predicted by the
SAXS model occurs via RNA-independent interactions involv-
ing amino acid residues within CD2.

DISCUSSION

The SAXS molecular envelope represents the only experi-
mentally derived structural model for full-length and catalyti-
cally active hA3G (35). The model predicted an elongated tail-
to-tail dimer with a sparse amount of buried surface area. As
such, the functional domains of hA3G were exposed along the
length of each subunit with the exception of a C-terminal
domain that formed intersubunit contacts. Although the nm-
resolution of SAXS revealed that the interaction was likely to
involve the C terminus, the domain or domains responsible for
this interaction could not be determined given resolution lim-
itations of the SAXS model.

In this study, we tested the predictions from SAXS by evalu-
ating which domain in the C terminus of hA3G formed mul-
timers and whether individual domains of hA3G expressed as
monomers retained their function. We tested the domain orga-
nization using multiple methods to predict domain boundaries.
We then evaluated interactions and functions of expressed
domains using known functional interactions established for
residues within these domains.

An important conclusion from this investigation is that
domains of hA3G could be expressed individually as soluble
proteins that retained many of their functional characteristics
outside of the context of the full-length protein. This finding
confirmed the prediction of an elongated structure of hA3G
suggested by SAXS. The data also revealed that CD2 was suffi-
cient for hA3G subunit multimerization.

Extensive RNase digestion did not disrupt CD2 subunit
interactions. Most notably, under similar conditions of RNase
digestion and immunoprecipitation, all other domains or com-
binations of domains lacking CD2 showed no capability to mul-
timerize. Although we cannot rule out that a protected RNA
fragment facilitated bridging between CD2 subunits, the
immunoprecipitation data were consistent with dimerization
of hA3G through what may be predominantly protein-protein
interactions.

These findings compelled us to ask whether hA3G multim-
erization could be demonstrated in living cells. To this end, a
FqRET assay was established using EGFP chimeras as fluores-
cence donors and REACh2 chimeras as fluorescence energy
acceptors and quenchers. Quenching of fluorescence requires
close proximity of EGFP and REACh2, making FqRET and flu-
orescence microscopy ideally suited for evaluating the ability of
domains of hA3G to multimerize.

Consistent with the immunoprecipitation data, co-expres-
sion of the EGFP-hA3G N-terminal half with the REACh2-
hA3G N-terminal half did not result in fluorescence quenching.
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In contrast, co-expression of the EGFP-hA3G C-terminal half
with the REACh2-hA3G C-terminal half resulted in statistically
significant fluorescence quenching. Co-expression of EGFP
and REACh2 CD2 chimeras was also equally sufficient to
induce fluorescence quenching. This report along with prior
studies has shown that only full-length hA3G could bind to
RNA (46). Therefore the quenched fluorescence of the C-ter-
minal half of hA3G and CD2 was most likely due to protein-
protein homoligomerization within CD2 rather than an indi-
rect association through RNA bridging and ribonucleoprotein
particle formation. Further fine structure mapping and high
resolution structural analysis will be necessary to identify the
residues involved in multimerization.

Catalytically active enzymes that target cytidine in nucleic
acid substrates demonstrated modest site selectivity as evi-
denced by differences in their nearest neighbor preferences
(47-49). RNA is the preferred substrate of APOBEC1, whereas
ssDNA is the only known substrate for activation induced
deaminase (AID), hA3G, and APOBEC3F (1-3). Moreover, the
ZDD motif of APOBEC2 and the N termini of hA3G and
APOBEC3F were determined to be catalytically inactive (49 —
51). The absence of deaminase activity may be a result of their
inability to form catalytically productive protein-protein con-
tacts. This is a likely hypothesis because trans-complementa-
tion of subunits is a characteristic of the cytidine deaminase
active site architecture (1).

Biochemical and genetic studies suggested that APOBEC1
was a dimer (52-54) and that dimerization was required for
RNA editing activity in vivo (55). Crystal structures for adeno-
sine deaminases active on tRNA (ADAT) revealed dimeric
interfaces as well (56, 57). More controversial is whether AID
dimerization is required for class switch recombination and
somatic hypermutation of immunoglobulin genes (58, 59).

The ZDD motif (H/CXEX ,5_3,,PCXXC) has been character-
ized in crystal structures of E. coli cytidine deaminase (60), the
yeast enzyme Cdd1 (34), and APOBEC2 (34, 36). Several pro-
posals have been made for the hA3G fold (2, 10, 61, 62). Higher
order multimers of hA3G have been proposed as being func-
tionally required for deaminase activity on ssDNA based on
biochemical assays and atomic force microscopy (63). In con-
trast, mutagenesis of a C-terminal fragment of hA3G (amino
acids 198 —384) enabled this domain to be expressed as a solu-
ble, monomeric protein that retained its ability to bind ssDNA
and exhibited deaminase activity in E. coli when fused to GST
(37). This finding indicated that there were conditions that may
affect the ability of the C terminus to multimerize but begged
the question of whether monomers of full-length hA3G were
sufficient for catalytic and antiviral activities.

Biochemical studies have suggested that hA3G deaminase
activity involved a protein dimer in RNA-depleted cell extracts
(21). Chelico et al. (42) showed that the peak of hA3G deami-
nase activity corresponded to an RNA-depleted dimer by gel
filtration and that the processive nature of the deaminase could
be explained if two active sites are joined as a dimer. The Good-
man laboratory (63) has predicted that hA3G monomers may
lack the processivity of dC to dU deamination on HIV ssDNA
that was a characteristic of hA3G activity in vivo. A recent
report revealed that a dimer or monomer of hA3G was capable
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of deaminase activity; however, the most abundant form of the
protein analyzed by fast protein liquid chromatography was
clearly dimeric or in a deaminase inactive multimeric form with
monomers nearly undetectable by Western blot (43). The
authors concluded, however, that the full-length monomeric
hA3G had a higher specific activity than dimeric hA3G. It was
suggested that hA3G is multimeric in cells but is reduced to
monomers in viral particles in which hA3G abundance is low
(43). A focus for future studies is to gain clarity as to the role
hA3G multimerization plays in antiviral activity in cells and
viral particles.

Host defense activity of hA3G has been linked to formation
of hA3G complexes consistent with dimerization, whereas
inactivation occurred through RNA-mediated tetramer forma-
tion (35) and high order multimerization (21, 35, 44, 65, 66).
Although these data strongly supported an RNA-independent,
protein-protein-mediated C-terminal multimerization of
hA3G (minimally a dimer) that can be compounded to higher
order multimers through RNA bridging, they did not exclude
the possibility that a small, protected segment of nucleic acid
contributed to the formation of a dimeric interface of hA3G
subunits, as noted previously (35).

The SAXS structural model also implied that hA3G dimers
had an extensive extended surface readily accessible for macro-
molecular interactions. Support for this hypothesis was
obtained in this study by expressing discrete hA3G domains
outside the context of full-length protein and demonstrating
that specific regions retained their biologically relevant interac-
tions. For example, N1/2 retained the ability to bind to Gag and
became encapsidated. The CD1 region was responsible for Vif
binding in the context of full-length hA3G (5-10) and retained
comparable binding activity when expressed alone. Given that
the N terminus could not multimerize, these functional end-
points implied that domains within the N terminus could func-
tion autonomously as monomers.

Validation of the hA3G SAXS model is relevant because
many investigators have considered modeling hA3G onto high
resolution crystal structures of other deaminases, many of
which are globular proteins (2, 10, 61, 62). However, it is antic-
ipated that subdomains expressed from a protein with a globu-
lar fold would be poorly soluble and inactive due to the expo-
sure of large numbers of hydrophobic residues that are
normally buried in the protein core. A comparison between the
experimentally measured x-ray scattering profile of dimeric
hA3G in solution and the comparable profiles derived from the
crystallographic coordinates of APOBEC family members
demonstrated that the structure of other deaminases were ill-
suited for comparative modeling to hA3G (supplemental Fig.
S4). This was because there is a topological restraint on the
orientation of the ZDD domains within intact hA3G, which
places the C terminus of N1/2 in close proximity to the N ter-
minus of C1/2. APOBEC2 does not have this covalent tether
because its polypeptide is half that of hA3G. Moreover, each
subunit of hA3G contains two non-identical ZDD motifs, one
in each half of the polypeptide chain (again unlike an APOBEC2
dimer). In addition, the amino acid sequence of hA3G is only
~30% identical to APOBEC2 and ~16% identical to yeast Cdd1
(1). From a functional perspective, the expected structure of a
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subunit of hA3G should be asymmetric because each of its
halves are known to confer distinct capacities for host defense
and viral protein interactions (24, 50, 51, 64).

The NMR structure of the C-terminal half of hA3G revisited
the structure of the deaminase domain and demonstrated
chemical shifts for those residues that bound ssDNA substrate
(37). The parallel organization of the last 3-strand in the NMR
structure of the C-terminal domain was comparable with that
of APOBEC?2 (36) but differed from E. coli cytidine deaminase
as well as yeast Cdd1 (reviewed in Ref. 1). The bulge between 32
and B2’ was an unexpected aspect of the structure that was
noted as a possible N1/2 to C1/2 protein interface (37). Unfor-
tunately, the NMR data only half-satisfied the requirements for
understanding the link between structure and function for the
full-length hA3G.

Through immunobiochemical techniques and live cell anal-
yses, we have evaluated the veracity of the molecular envelope
of hA3G determined by SAXS. We revealed that hA3G multim-
erizes through CD2 in the C terminus, thus extending our
structural understanding of the homoligomerization of hA3G
predicted by SAXS. We also corroborated the elongated nature
of the SAXS structure by showing that the N1/2 did not mul-
timerize, but it remained biologically competent in its known
interactions. An important goal for future research is to obtain
an atomic resolution crystal structure of full-length hA3G and
to use structural information to design experiments to test
whether dimerization of hA3G is crucial for deaminase and
antiviral functions. Answers to these questions will provide us
with a more complete understanding to create viable therapeu-
tics that allow hA3G to be fully functional as an antiviral factor.
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