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Figure 4. Suppression of the engraftment of EBV-infected T and NK cells by the OKT-4 antibody. PBMC (5x10° cells) isolated from the
CAEBV patient 3 (CD8 type) or 8 (NK type) were injected intravenously to NOG mice. The OKT-4 antibody (100 pg/mouse) was administered
intravenously on the same day of transplantation and the following three consecutive days. As a control, isotype-matched mouse IgG was injected. A.
Changes in the peripheral blood EBV DNA level in the recipient mice. Results with the mice transplanted with PBMC of the patient 3 (top) and of the
patient 8 (bottom) are shown. B. Photographs of the spleen of an OKT-4-treated mouse (top) and a control mouse (bottom) taken at autopsy.

doi:10.1371/journal.ppat.1002326.g004

II pattern of latent EBV gene expression after engraftment in
NOG mice. Similar analyses with NOG mice engrafted with EBV-
infected NK cells also showed the latency II type of EBV gene
expression (data not shown).

NOG mice engrafted with EBV-infected T or NK cells
produce high levels of human cytokines

In patients with CAEBV, high levels of cytokines have been
detected in the peripheral blood and are thought to play important
roles in the pathogenesis [20,39,40]. To test whether this hypercy-
tokinemia is reproduced in NOG mice, we examined the levels of
various human cytokines in the sera of transplanted mice using
ELISA kits that can quantify human cytokines specifically. The results
are shown in Figure 5B and indicate that the mice transplanted with
PBMC of the patient 3 (CD8 type) or the patient 8 (NK type)
contained high levels of RANTES, IFN-vy, and IL.-8 in their sera.

Engraftment of EBV-infected T and B cells derived from
patients with EBV-HLH in NOG mice

To extend the findings obtained from the CAEBV xenograft
model to another disease with EBV" T/NK lymphoproliferation,
we transplanted NOG mice with PBMC isolated from patients
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with EBV-HLH. Characteristics of the four EBV-HLH patients
examined in this study and the results of transplantation with their
PBMC are summarized in Table 1. EBV DNA was detected in the
peripheral blood three to four weeks post-transplantation and
rapidly reached the levels of 1x10* to 1x10° copies/ug DNA
(results of typical experiments are shown in Figure 6A). Similar to
the findings in CAEBV, EBV DNA was not detected in the
recipient mice, when CD4" cell fraction was removed from PBMC
(Figure 6A). Immunophenotypic analyses on the peripheral blood
lymphocytes isolated from EBV-HLH patients and corresponding
recipient mice revealed that cells of an identical immunophe-
notype (CD3*CD8"CD45RO*CD197CD4 " CD45RA™CDI16™ -
CD567) were present and contained EBV DNA in both the
patients and corresponding mice (Figure 6C and data not shown).
The EBV DNA load observed in individual lymphocyte subsets in
the patient 10 and a mouse that received his PBMC is shown as
supporting data (Table S2). General condition of the recipient
mice deteriorated consistently more quickly, with the loss of body
weight (Figure S1), ruffling of hair, and general inactivity, than
those mice engrafted with EBV-infected T or NK cells derived
from CAEBV. The mice were sacrificed around four weeks post-
transplantation for pathological analyses. Macroscopical observa-
tion revealed moderate to severe splenomegaly (Figure 6D) in the
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Figure 5. Analyses on the latent EBV gene expression and cytokine production in NOG mice transplanted with PBMC of CAEBV
patients. A. EBV gene expression. Total RNA was purified from the spleen and liver of a mouse that received PBMC from the patient 3 (CD8 type) and
applied for RT-PCR assay to detect transcripts from the indicated genes. RNA samples from an EBV-transformed B-lymphoblastoid cell line (LCL) and
from EBV-negative Akata cell line were used as positive and negative controls, respectively. The primers used in the experiments are shown in
Materials and Methods. B. Quantification of plasma levels of human cytokines in patients with CAEBV and corresponding recipient mice. PBMC were
isolated from the patients 3 (CD8 type) and 8 (NK type) in two occasions and transplanted to NOG mice. Plasma cytokine levels of the patients were
determined when their PBMC were isolated. Plasma cytokine levels of the corresponding recipient mice, prepared on each occasion of PBMC
collection, were determined when they were sacrificed. Concentration of human IL-8, IFN-y, and RANTES were measured by appropriate ELISA kits

following the instruction provided by the manufacturer. Plasma samples from healthy adults were used as a control. The bars represent mean values
and standard errors from triplicate measurements.

doi:10.137 1/journal.ppat.1002326.g005

majority of recipient mice, and slight hepatomegaly in a limited that were not seen in the mice transplanted with CAEBV-derived
fraction of them. A finding characteristic to these mice were PBMC (Figure 6D and data not shown). These hemorrhagic
massive hemorrhages in the abdominal and/or thoracic cavities, lesions may reflect coagulation abnormalities characteristic to
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HLH. Histopathological analyses revealed a number of EBER*
cells in the spleen and the liver (Figure 6E) and quantification of
EBV DNA in these tissues revealed 1.4x10' to 2.4 x10? copies/ug
of EBV DNA. When the tissues were examined by immunostain-
ing and EBER ISH, the EBER™ cells were shown unexpectedly to
be mostly CD45RO”™ and CD20* in all five transplantation
experiments with four different patients, indicating that the
majority of EBV-infected cells in these tissues are of the B-cell
lineage (Figure 6E and data not shown). EBER" large B cells were
seen scattered among numerous reactive small T cells, most of
which are CD8%, in the tissues of the spleen, liver, lungs and
kidneys. A number of macrophages were also seen in these tissues.
Fractionation of mononuclear cells obtained from the liver of a
mouse transplanted with PBMC of the EBV-HLH patient 10,
followed by real-time PCR, detected EBV DNA (1.4x10" copies/
ug DNA) only in the CD19* B-cell fraction. In addition, an EBV-
infected B lymphoblastoid cell line, but not an EBV-positive T
cell line, could be established from this liver. Thus the presence of
EBV in B cells were demonstrated by three independent methods
in the tissues of EBV-HLH mice. Enzyme-linked immunosorbent
assay revealed extremely high levels of human cytokines,
including IL-8, IFN-y, and RANTES, in the sera of both the
original patients and the recipient mice (Figure 6B). The levels of
IL-8 and IFN-y were much higher than those observed in the
peripheral blood of patients with GAEBV and mice that received
their PBMC. Thus, NOG mice transplanted with EBV-HLH-
derived PBMC are distinct from those transplanted with CAEBV-
derived PBMC in the aggressive time course of the disease, internal
hemorrhagic lesions, extremely high levels of IL-8 and IFN-y in the
peripheral blood, and the presence of EBV-infected B cells in
lymphoid tissues.

Discussion

The mouse xenograft models of CAEBV and EBV-HLH
developed here represent the first recapitulation of EBV-associated
T/NK lymphoproliferation in experimental animals. Previously,
Hayashi and others inoculated rabbits with Herpesvirus papio and
succeeded in the generation of T-cell lymphoproliferative disorder
with pathological findings suggestive of EBV-HLH [41]. This
model, however, is based on an EBV-related virus and not EBV
itself, and therefore may contain features irrelevant to the original
human disease. Although the CAEBV and EBV-HLH models
described here exhibited some common features, including the
abundant presence of EBV-infected T or NK cells in the
peripheral blood, there were some critical differences between
the two models, probably reflecting the divergence of the
pathophysiology of the original diseases. First of all, in the EBV-
HLH model mouse, EBV was detected mainly in B cells in the
spleen and the liver, while it was found mainly in T cells in the
peripheral blood. This makes an obvious contrast with the
CAEBV model mouse, where EBV was detected in T or NK
cells in both the peripheral blood and lymphoid tissues. We do not
have an explanation for the apparent discrepancy in the host cell
type of EBV infection between the peripheral blood and lymphoid
tissues of the EBV-HLH model. It should be, however, noted that
histopathology of EBV-HLH tissues has not been fully investigated
and therefore it is still possible that significant number of EBV-
infected B cells are present in the lymphoid tissues of EBV-HLH
patients, Other differences between the two models include much
higher plasma levels of IL-8 and IFN-y more aggressive and fatal
outcome, and internal hemorrhagic lesions in EBV-HLH model
mice, probably reflecting the differences in the pathophysiology of
the original diseases.

@ PLoS Pathogens | www.plospathogens.org

Mouse Xenograft Models for CAEBV and EBV-HLH

EBV-positive B-cell proliferation was not seen in CAEBV model
mice even in long-term observation beyond twelve weeks. This
seems puzzling since low but significant amount of EBV DNA was
found also in B19" B-cell fraction in most patients with CAEBV. It
should be noted that EBV-infected T or NK cell lines could be
established relatively easily from patients with CAEBV by adding
recombinant IL-2 in the medium. In contrast, establishment of
EBV-infected B LCLs from these patients has been extremely
difficult. In fact, we could establish B-LCLs from a few patients
with CAEBV only when their PBMC were cultured on feeder cells
expressing CD40 ligand. Therefore, we speculate that in the
particular context of CAEBV, both in the patient and the model
mouse, proliferation of EBV-infected B cells are somehow
inhibited by an unknown mechanism.

Analysis on the conditions of engraftment of EBV-infected T/
NK cells using these new xenograft models revealed that EBV-
infected T and NK cells of the CD8™ T, TCRy8T and CD56" NK
lineages and cell lines derived from them require GD4* T cells for
their engraftment in NOG mice. Only those EBV-infected cells
and cell lines of the CD4™ T lineage could engraft in NOG mice
on their own. These findings suggest that some factor(s) provided
by CD4" cells are essential for engraftment. Soluble factors
produced by CD4" T cells may be responsible for this function and
we are currently examining cytokines, including IL-2, for their
ability to support the engraftment of EBV-infected T and NK
cells. It is also possible that cell to cell contact involving CD4™ cells
is critical for engraftment. This dependence on CD4" cells
represents an interesting consistency with the previous finding
that engraftment of EBV-transformed B lymphoblastoid cells in
scid mice required the presence of CD4" cells [42,43]. It has been
speculated that T cells activated by an EBV-induced superantigen
may be involved in the engraftment of EBV-infected B
lymphoblastoid cells in scid mice [44]. Although a similar
superantigen-mediated mechanism might also be assumed in T-
and NK-cell lymphoproliferation in NOG mice, the data of TCR
repertoire analyses (Figure 1C and data not shown) show no
indication for clonal expansion of V13 T cells that are known to
be specifically activated by the EBV-induced superantigen HERV-
K18. It seems therefore unlikely that this superantigen is involved
in the CD4" T cell-dependent engraftment of EBV-infected T and
NK cells. We expect CD4" T cells and/or molecules produced by
them may be an excellent target in novel therapeutic strategies for
the treatment of CAEBV and EBV-HLH. In fact, administration
of the OKT-4 antibody that depletes CD4" cells in vivo efficiently
prevented the engraftment of EBV-infected T cells. As a next step,
we plan to test the effect of post-engraftment administration of
OKT-4.

The dependence of EBV-infected T and NK cells on CD4™ T
cells for their engraftment in NOG mice suggests the possibility
that these cells are not capable of autonomous proliferation.
Consistent with this notion, EBV-infected T and NK cell lines,
including that of the CD4" lineage, are dependent on IL-2 for
their in vitro growth and do not engraft in either nude mice or scid
mice when transplanted either s.c. or i.v (Shimizu, N., unpublished
results). Clinically, CAEBYV is a disease of chronic time course and
patients carrying monoclonal EBV-infected T or NK cell
population may live for many years without progression of the
disease [15]. Overt malignant T or NK lymphoma usually
develops only after a long course of the disease. Taking all these
findings in consideration, we suppose that EBV-infected cells are
not truly malignant at least in the early phase of the disease, even
when they appear monoclonal. Because infection of EBV in T or
NK cells is not unique to CAEBV and has been recognized also in
infectious mononucleosis [45,46], the critical deficiency in
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Figure 6. Engraftment of EBV-infected T and B cells in NOG mice transplanted with PBMC of patients with EBV-HLH. A. Peripheral
blood EBV DNA load. Following transplantation with PBMC or PBMC devoid of CD4* cells of the patient 11, EBV DNA was measured weekly by real-
time PCR. Results of two mice prepared in an experiment are shown, B. Cytokine levels in the peripheral blood of the patient 12 and a mouse that
received his PBMC. The levels of IL-8, IFN-y, and RANTES were measured by ELISA in triplicates and the means and the standard errors are shown. A
plasma sample of healthy person was used as a control. C. Immunophenotypic analyses on the peripheral blood lymphocytes of the EBV-HLH patient
10 (a) and a mouse that received his PBMC (b). Lymphocytes were gated by the pattern of the side scatter and the expression of human CD45, and
analyzed for the expression of the indicated markers. The circles indicate the fractions that contained EBV DNA. D. Photograph of a mouse showing
splenomegaly (red arrow) and hemorrhagic lesions (yellow arrow). Spleens excised from this mouse and a control mouse are shown at the bottom. E.
Photomicrographs of the tissues of mice transplanted with EBV-HLH-derived PBMC. Liver and spleen tissues of a mouse transplanted with PBMC of
the patient 11 were examined by EBER-ISH (left), double staining with an anti-human CD20 monoclonal antibody and EBER-ISH (middle), and double
staining with an anti-human CD45RO monoclonal antibody and EBER-ISH (right). Original magnification x600.
doi:10.1371/journal.ppat.1002326.g006
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CAEBV may be its inability to immunologically remove EBV-
infected T and NK cells. In this context, it should be emphasized
that EBV-infected T or NK cells usually exhibit the latency II
pattern of EBV gene expression and do not express EBNA3s, that
possess immuno-dominant epitopes recognized by EBV-specific T
cells [47]. EBV-infected T and NK cells are thus not likely to be
removed by cytotoxic T cells as efficiently as EBV-infected B cells
that express EBNA3s. The reported lack of cytotoxic T cells
specific to LMP2A [17], one of the few immuno-dominant EBV
proteins expressed in the virus-infected T and NK cells, may
therefore seriously affect the host’s capacity to control their
proliferation. A genetic defect in the perforin gene was recently
identified in a patient with clinical and pathological features
resembling CAEBV, suggesting that defects in genes involved in
immune responses can result in clinical conditions similar to
CAEBV [48].

Engraftment of EBV-infected T and NK cells in NOG mice was
in most cases accompanied by co-engraftment of un-infected cell
populations. These un-infected cells might have been maintained
and induced to proliferate by certain factors produced by EBV-
infected T or NK cells. Abundant cytokines produced by these
cells may be responsible for this activity. It is also possible that the
proliferation of these un-infected cells represents immune
responses. Experiments are underway to test whether these un-
infected T cells contain EBV-specific cells. These un-infected T
cells might also be reacting to host murine tissues. Intravenous
injection of PBMC obtained from normal humans to immunode-
ficient mice including NOG mice has been shown to induce acute
or chronic graft versus host disease (GVHD) [49,50]. However,
because much less PBMC were injected to mice in the present
study as compared to those previous studies, it is not likely that
major GVHD was induced in NOG mice transplanted with
PBMC of patients with CAEBV or EBV-HLH.

CAEBV has been treated by a variety of regimens, including
antiviral, cytocidal, and immunomodulating agents with more or
less unsatisfactory results. Although hematopoietic stem cell
transplantation, especially that with reduced intensity conditioning
can give complete remission in a substantial number of patients
[51,52], it is still desirable to develop safer and more effective
treatment, possibly with pharmaceutical agents. The xenograft
model of CAEBV generated in this study may be an excellent
animal model to test novel experimental therapies for the disease.
In fact, the OKT-4 antibody that depletes CD4" T cells in vivo
gave a promising result implying its effectiveness as a therapeutic
to CAEBV.

Materials and Methods

Ethics statement

Protocols of the experiments with materials obtained from
patients with CAEBV and EBV-HLH and from control persons
have been reviewed and approved by the Institutional Review
Boards of the National Center for Child Health and Development
and of the National Institute of Infectious diseases (NIID). Blood
samples of the patients and control persons were collected after
obtaining written informed consent. Protocols of the experiments
with NOG mice are in accordance with the Guidelines for Animal
Experimentation of the Japanese Association for Laboratory
Animal Science and were approved by the Institutional Animal
Care and Use Committee of NIID.

Patients with CAEBV and EBV-HLH

Characteristics of the nine patients with CAEBV and the four
patients with EBV-HLH examined in this study are summarized
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in Table 1. Diagnosis of CAEBV and EBV-HLH was made on the
basis of the published guidelines [19,53] and confirmed by
identification of EBV-infected T or NK cells in their peripheral
blood by flow cytometry and real-time PCR.

NOD/Shi-scid/IL2Ry™" (NOG) mice

Mice of the NOD/Shi-scid/IL-2Ry™" (NOG) strain [22] were
obtained from the Central Institute for Experimental Animals
(Kawasaki, Japan) and maintained under specific pathogen free
(SFF) conditions in the animal facility of NIID, as described [22].

Transplantation of PBMC or their subfractions to NOG
mice

PBMCG were isolated by centrifugation on Lymphosepar I
(Immuno-Biological Laboratories (IBL)) and injected intravenously
to the tail vein of NOG mice at the age of 6-8 weeks. Depending on
the recovery of PBMC, 1-4x10° cells were injected to 2 to 4 mice in
a typical experiment with a blood sample. For transplantation with
individual cellular fractions containing EBV DNA, CD4™ T cells,
CD8" T cells, and GD56" NK cells were separated with the IMag
Cell Separation Systems (BD Pharmingen) following the protocol
supplied by the manufacturer. To isolate y8T cells, CD19%, CD4",
CD8", CD56%, and CD14* cells were serially removed from PBMC
by the IMag Cell Separation Systems. From the remaining
CD197CD47CD8 CD56~CD14™ population, CD3* cells were
positively selected by the same kit and defined as the y8T cell
fraction. To transplant PBMC lacking individual immunopheno-
typic subsets, CD19™ CD4*, CD8*, CD36" or CD14" cells were
removed from PBMC by the IMag Cell Separation Systems and the
remaining cells were injected to mice. To prepare PBMC lacking
v8T cells, CD19", CD4*, CD8*, CD56%, and CD14" cells isolated
from PBMC in the process of obtaining y8T cell fraction (see above)
were pooled and mixed with the CD197CD4~CD8 CD56 -
CDI47 cells that did not react with anti-CD3 antibody. For
complementation experiments, an EBV-containing cell fraction and
the CD4" cell fraction were isolated from a sample of PBMC as
described above and the mixture of these two fractions were injected
to NOG mice. The approximate numbers of injected cells are shown
in Table 2.

Analysis of immunophenotypes and TCR repertoire
expression by flow cytometry

PBMC isolated from the patients and the recipient NOG mice as
described above were incubated for 30 min on ice with a mixture of
appropriate combinations of fluorescently labeled monoclonal
antibodies. After washing, five-color flow-cytometric analysis was
carried out with the Cytomics FC500 analyzer (Beckman Coulter).
The following directly labeled antibodies were used: phycoerythrin
(PE)-conjugated antibodies to CD3, CD8, and TCRa/B, fluores-
cein isothiocyanate (FITC)-conjugated antibodies to CD3, CD4,
CD8, CD19, TCRVY9, TCRV32, and TCRY/8, and Phycoery-
thrin Texas Red (ECD)-conjugated antibody to CD45RO from
Beckman Coulter; PE-conjugated antibodies to CD16, CD40, and
CD40L, and FITC-conjugated antibody to CD56 from BD
Pharmingen. TCR VP repertoire analysis was performed with the
Multi-analysis TCR Vf antibodies Kit (Beckman Coulter) accord-
ing to the procedure recommended by the manufacturer.

Treatment of mice with the OKT-4 antibody

NOG mice were injected intravenously with 5x10° PBMC
isolated from the CAEBV patient 3 (CD8 type) or 8 (NK type) and
were subsequently injected intravenously with 100 pg of the
OKT-4 antibody on the same day of transplantation. Additional
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administration of the antibody was carried out by the same dose
and route for the following three consecutive days. Peripheral
blood EBV DNA load was then monitored every week. Mice were
finally sacrificed four weeks post-transplantation and applied for
pathological and virological analyses.

Quantification of EBY DNA by real time PCR and analysis
of EBV gene expression by RT-PCR

Quantification of EBV DNA was carried out by real-time
quantitative PCR assay based on the TagMan system (Applied
Biosystems), as described [54]. Analysis of EBV gene expression by
RT-PCR was carried out as previously described with the following
primers [55]. EBNAL: sense, gatgagcgttigggagagetgatictgea; anti-
sense, tcctegtecatggttatcac. EBNA2: sense, agaggaggtggtaagegglic;
antisense, tgacgggtttccaagactatce. LMPL: sense, ctetcettetectectcttg;
antisense, caggagggtgatcatcagta. LMP2A: sense, atgactcatctcaaca-
cata; antisense, catgttaggcaaattgcaaa. LMP2B: sense, cagtgtaatctg-
cacaaaga; antisense, calgttaggcaaattgcaaa. EBER1: sense, agcacc-
tacgctgeectaga;  antisense, aaaacatgcggaccaccage. Cp-EBNAL:
sense,cactacaagacctacgecteteeatteate; anti sense, ttcggtctececta-
gegcectg. Wp/Cp-EBNAL: sense, tcagagegeeaggagtecacacaaat; an-
tisense, ttcggtctccectaggeectg. Qp-EBNAL: sense, aggegeggga-
tagcglgegetaccgga; antisense, tcctegtecatggttatcac. RT-PCR prim-
ers for P-actin were purchased from Takara (Osaka, Japan).

Histopathology, EBER ISH, and immunohistochemistry

Tissue samples were fixed in 10% buffered formalin, embedded
in paraffin, and stained with hematoxylin and eosin. For
phenotypic analysis of engrafted lymphocytes, immunostaining
for CD3, CD8 (Nichirei), CD45RO, and CD20 (DAKO) was
performed on paraffin sections. EBV was detected by in situ
hybridization (ISH) with EBV small RNA (EBER) probe.
Immunohistochemistry and ISH were performed on an automated
stainer (BENCHMARK XT, Ventana Medical Systems) accord-
ing to the manufacturer’s recommendations. To determine the cell
lincage of EBV infected cells, paraffin sections were applied to
double staining with EBER ISH and immunohistochemistry.
Immediately following EBER ISH, immunostaining for CD45RO
or CD20 was performed. Photomicrographs was acquired with a
OLYMPUS BX51 microscope equipped with 40x/0.75 and 20x/
0.50 Uplan Fl objective lens, a Pixera Penguin 600CL digital
camera (Pixera), and Viewfinder 3.01 (Pixera) for white balance,
contrast, and brightness correction.

Quantification of cytokines

The levels of human IL-8, IFN-y, and RANTES in plasma
samples were measured with the Enzyme-linked immunosorbent
assay (ELISA) kit provided by R&D Systems following instructions
provided by the manufacturer.
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Supporting Information

Figure S1 Changes in the body weight of NOG mice
transplanted with PBMG derived from patients with CAEBV or
EBV-HLH. Body weight of the five CAEBV mice shown in
Figure 1A (transplanted with PBMC from the patient 1, 3, 5, and
9, and with the CD4" fraction from the patient 1, respectively) and
two EBV-HLH mice shown in Figure 6A (both transplanted with
PBMC from the patient 11) were recorded weekly.

(TTF)

Figure $2 Histopathological analysis of a control NOG mouse. A. a
NOG mouse without xenograft. A 20-week old female NOG mouse
was sacrificed and examined as a reference. No human cells are
identified in these tissues. Upper panels: liver tissue was stained with
hematoxylin-eosin (HE), antibodies specific to human CD3 or CD20,
or by ISH with an EBER probe; the rightmost panel is a double
staining with EBER and human CD45RO. Bottom panels: EBER
ISH in the spleen, kidney, and small intestine. B. a NOG mouse
transplanted with PBMC of a healthy EBV carrier. A six-week old
female NOG mouse was transplanted with 5%10° PBMG isolated
from a normal EBV-seropositive person and sacrificed at eight weeks
post-transplantation for histological analysis. Liver and Spleen tissues
were stained with HE, antibodies specific to human CD3 or CD20, or
by ISH with an EBER probe. No EBER-positive cells were identified
in these tissues.Original magnification is x200 for both A and B.
(TIF)

Table S1 EBV DNA load in lymphocyte subsets of a patient
with CAEBV and a corresponding mouse derived from her
PBMC.

(DOC)

Table $2 EBV DNA load in lymphocyte subsets of a patient
with EBV-HLH and a corresponding mouse derived from his
PBMC.
DOC)
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During coevolution with the host, HIV-1 developed the ability to
hijack the cellular ubiquitin/proteasome degradation pathway to
counteract the antiviral activity of APOBEC3G (A3G), a host cytidine
deaminase that can block HIV-1 replication. Abrogation of A3G
function involves the HIV-1 Vif protein, which binds A3G and serves
as an adapter molecule to recruit A3G to a Cullin5-based E3
ubiquitin ligase complex. Structure-guided mutagenesis of A3G
focused on the 14 most surface-exposed Lys residues allowed us to
identify four Lys residues (Lys-297, 301, 303, and 334) that are
required for Vif-mediated A3G ubiquitination and degradation.
Substitution of Arg for these residues confers Vif resistance and
restores A3G's antiviral activity in the presence of Vif. In our model,
the critical four Lys residues cluster at the C terminus, opposite to
the known N-terminal Vif-interaction region in the protein. Thus,
spatial constraints imposed by the E3 ligase complex may be an
important determinant in Vif-dependent A3G ubiquitination.

structure model | deaminase | antiviral

H uman APOBEC3G (hA3G), is a host cytidine deaminase that
has two homologous Zn cluster (H/C)XE(X)23~28CXXC-
containing domains [reviewed in (1, 2)]. Sheehy et al. (3)
identified hA3G as the cellular factor that blocks HIV-1 repli-
cation in certain T cells (e.g., H9 or primary T-cell lymphocytes)
in the absence of the viral protein Vif. Cellular expression of
A3G results in its incorporation into vif-deficient HI'V-1 parti-
cles, whereas the presence of A3G in wild-type (WT) virions is
dramatically reduced by Vif-induced degradation via the ubig-
uitination-proteasome pathway before virion assembly and re-
lease (4-9). There is also evidence for other degradation-
independent mechanisms (10, 11 and references therein).

In the absence of Vif, virion-encapsidated A3G causes exten-
sive C-to-U mutations in synthesized minus-strand viral DNA
and also physically blocks reverse transcription, rendering the
virus noninfectious [(12-14) and reviewed in (11)]. Thus, given
Vif’s critical role in eliminating A3G function, it may be viewed
as one of the most attractive pharmacologic targets for an
anti-HIV drug aimed at restoring the activity of the intrinsic
antiviral factor A3G in the context of HIV-1 infection. Indeed,
such efforts have already begun. A recent report describes the
small molecule inhibitor (RN-18) that increases cellular levels of
A3G and incorporation of A3G into virions in a Vif-dependent
manner (15).

Ubiquitination is catalyzed by a complex cascade system
consisting of the ubiquitin (Ub)-activating (E1), Ub-conjugating
(E2), and Ub-ligating (E3) enzymes (16, 17). Among these
enzymes, the E3 class represents a diverse family of protein
complexes, responsible for the selection of the target proteins. In
particular, the Cullin-based E3 enzymes belong to the family of
RING E3 Ub ligases that contain three main components: a

www.pnas.org/cgi/doi/10.1073/pnas.0906652106

Cullin (Cull, 2, 3, 4a, 4b, 5, and 7), an adaptor, and a substrate
receptor (18). In the Vif-A3G system, these proteins are Culs,
elongin B/C (EloB/C), and Vif, respectively. Cullin functions as
a molecular scaffold on which the adaptor protein and receptor
assemble to bring a specific substrate in close proximity to the E2
Ub-conjugating enzyme. The substrate receptor determines the
specificity of the protein to be degraded and binds to Cullin
through the adaptor protein. The E2-conjugating enzyme trans-
fers multiple Ub molecules to the substrate, targeting it for
degradation by the proteasome.

In general, the first Ub is typically conjugated to an e-amino
group of an internal Lys in the substrate (in this case, A3G).
HIV-1 Vif, serving as the substrate receptor, facilitates ubig-
uitination of A3G by simultaneously binding to the Cul5-EloB/
EloC-Rbx-E2 complex, thereby mimicking the function of cel-
lular suppressor of cytokine signaling (SOCS) box proteins (9,
19-21). The SOCS box-like motif of Vif is highly conserved
among primate lentiviruses and contains a BC box, as well as a
Cullin box. The BC box motif creates a hydrophobic interface for
binding to EloC. The Cullin box has a specific site for binding to
Culs, which involves an interaction between the highly conserved
HCCH zinc-binding motif in Vif and the N-terminal domain
(NTD) of Cul5 (22, 23).

Interestingly, it has been reported that Vif contains three
sequence motifs for binding to A3G: 1,QVDRMR;3;
wYRHHY 4; and 9YXXLy, (24-26). The region in A3G re-
sponsible for binding to HIV-1 Vif was initially identified by
comparative studies of the species specificity of A3G degrada-
tion by Vif. Thus, a single amino acid difference in hA3G, Asp
at position 128 versus Lys in the A3G of African green mornkeys
(A3G,gm), determines species specificity by influencing Vif-A3G
binding (27-30). Furthermore, extensive site-directed mutagen-
esis revealed that the 1,sDPD130 motif of A3G, located near the
first Zn cluster, is crucial for direct binding to HIV-1 Vif. It is
of interest that this motif is just downstream of residues
124YYFW,,7, which are involved in A3G’s ability to bind nucleic
acids (31).
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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 (8), 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 p1g) 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 e-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

19540 | www.pnas.org/cgi/doi/10.1073/pnas.0906652106

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.
S$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, §-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.

lwatani et al.
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Fig.2. Effect of a MycHIS tag at the C-terminal end of A3G. WT A3G (W) or
5-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 293T cells. A3G was
detected by Western blot with anti-A3G antibody (Anti-A3G), anti-Myc tag
monocional antibody (Anti-Myc), or anti-(Hise) 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, 14HR
were partially resistant (Fig. 1C). This result demonstrated that
Lys residues 10, 11, 12, and 13 are critical determinants of HIV-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 SupT1 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 result
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)
293T 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; 293T cells were cotransfected with
() pNL4-3 and either WT (A) or S-A3G (®) expression plasmids or (ii) pNL4-
3vif(-) and either WT (M) or S-A3G (crosses) expression plasmids, using 0, 0.1,
1, or 2 j1g 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 pg. Infectivity values are given relative to the values for 0 pg of the
expression plasmids and were set at 100%. (C) Analysis of intracellular expres-
sion (Cell) and incorporation of WT and S-A3G into virions (Virus) by Western
blot. Virions were produced by transfection of pNL4-3 WT/pNL4-3vif(-) plus
either A3G WT, 5-A3G expression plasmid or pcDNA3.1(-) (shown as 'no"’). The
ratios of pNL4-3 WT to pNL4-3vif(-) were as follows. 1:0 (lanes 1, 2and 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 B-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 HIV-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-1virus 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 HIV-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

19542 | www.pnas.org/cgi/doi/10.1073/pnas.0906652106

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. Lysresidues 297, 301, 303, and 334 are shown in blue, all of the
other Lysin cyan, the C-terminal end of A3G in green, and residues D128, P129,
and D130 responsible for Vif-binding in red. (8) 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 -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 126DPDj30 motif (31, 43) that is embedded
in the 12FWDPDYQ13, (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 boxSk? (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 SIV . 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
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. 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.
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model, the distance between the ;23DPDi3g cluster and the
critical Lys residues ranges from 45A 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, 2937 celis 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 MG 132 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 Virions. These experiments were performed as
reported previously (48).
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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 Gln
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 STV, 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-
3if(-)-

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. iwatani Y, Takeuchi H, Strebel K, Levin JG (2006) Biochemical activities of highly
purified, catalytically active human APOBEC3G: Correlation with antiviral effect. J Viro/
80:5992-6002.

. 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, SupTetOtf 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 Laemmii 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
their 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).
J Virol 64:742-747.
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in the human immunodeficiency virus type 1 life cycle. J Virol 72:4116-4126. 9. Roos JW, etal. (2000) LuSIV cells: A reporter cell line for the detection and quantitation
7. Abudu A, etal. (2006) Murine retrovirus escapes from murine APOBEC3 via two distinct

of a single cycle of HIV and SIV replication. Virology 273:307-315.
novel mechanisms. Curr Biol 16:1565-1570.
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5. Shibata R, et al. (1991) Generation of a chimeric human and simian immunodeficiency 8. Mehle A, et al. (2004) Vif overcomes the innate antiviral activity of APOBEC3G by
virus infectious to monkey peripheral blood mononuclear cells. J Virof 65:3514-3520. promoting its degradation in the ubiquitin-proteasome pathway. J Biol Chem
6. Kiernan RE, Ono A, Englund G, Freed EO (1998) Role of matrixin an early postentry step 279:7792-7798.
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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. S2. 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 5-A3G to Vif-mediated degradation in SupT1 cells. SupT1 cells that stably express no A3G, A3G WT, S-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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Anti-A3G

Fig.S5. Polyubiquitination of A3G mutants. 293T cells were cotransfected with Vifand 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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