THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 17, pp. 11606-11614, April 25, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Human Cytidine Deaminase APOBEC3H Restricts

HIV-1 Replication™

Received for publication, September 11, 2007, and in revised form, February 22,2008 Published, JBC Papers in Press, February 25, 2008, DOI 10.1074/jbc.M707586200

Ying Dang®, Lai Mun Siew®, Xiaojun Wang*, Yanxing Han", Russell Lampen®, and Yong-Hui Zheng"'

From the *Department of Microbiology & Molecular Genetics and the SDivision of Infectious Diseases, College of
Osteopathic Medicine, Michigan State University, East Lansing, Michigan 48824-4320

The human genome encodes seven APOBEC3 (A3) cytidine
deaminases with potential antiretroviral activity: A3A, A3B,
A3C, A3DE, A3F, A3G, and A3H. A3G was the first identified to
block replication of human immunodeficiency virus type 1
(HIV-1) and many other retroviruses. A3F, A3B, and A3DE were
shown later to have similar activities. HIV-1 produces a protein
called Vif that is able to neutralize the antiretroviral activities of
A3DE, A3F, and A3G, but not A3B. Only the antiretroviral activ-
ity of A3H remains to be defined due to its poor expression in
cell culture. Here, we studied the mechanism impairing A3H
expression. When primate A3H sequences were compared, a
premature termination codon was identified on the fifth exon of
the human and chimpanzee A3H genes, which significantly
decreased their protein expression. It causes a 29-residue dele-
tion from the C terminus, and this truncation did not reduce
human A3H protein stability. However, the mRNA levels of the
truncated gene were significantly decreased. Human A3H pro-
tein expression could be restored to a normal level either by
repairing this truncation or through expression from a vector
containing an intron from human cytomegalovirus. Once
expression was optimized, human A3H could reduce HIV-1
infectivity up to 150-fold. Importantly, HIV-1 Vif failed to neu-
tralize A3H activity. Nevertheless, extensive sequence analysis
could not detect any significant levels of G-to-A mutation in the
HIV-1 genome by human A3H. Thus, A3H inhibits HIV-1 rep-
lication potently by a cytidine deamination-independent mech-
anism, and optimizing A3H expression iz vivo should represent
a novel therapeutic strategy for HIV-1 treatment.

Human chromosome 22 contains a cluster of APOBEC3
(A3)* genes encoding seven potential antiretroviral proteins:
A3A, A3B, A3C, A3DE, A3F, A3G, and A3H. They are members
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of the cytidine deaminase family (APOBEC) that have one or
two copies of the cytidine deaminase domain (CDD) (1). All the
A3 proteins, with the exception of A3H, have been shown to
inhibit the replication of various retroviruses. In particular,
A3B, A3DE, A3F, and A3G block HIV-1 replication (2-38).
Within these, A3G has the most powerful anti-HIV-1 activity
(6). A3A and A3C block the replication of the endogenous ret-
rotransposons with or without long terminal repeat, whereas
A3A additionally blocks replication of the adenovirus-associ-
ated virus (9, 10). Previously, it was reported that human A3H is
poorly expressed in cell culture, and its antiviral activity is not
yet determined (11).

Initially, it was thought that A3 proteins inhibit retroviral
replication via a catalytic mechanism. They could deaminate
deoxycytidine to form deoxyuridine on nascent viral cDNAs
during viral reverse transcription, resulting in G-to-A muta-
tions in the plus-strand DNA leading to abortive replication
(12-15). Later, a noncatalytic mechanism was reported
through functional analysis of A3G deaminase active site
mutants (16). This cytidine deamination-independent mecha-
nism has been observed in many different viruses by various A3
proteins. For example, the inhibition of adenovirus-associated
virus, human T-cell lymphotrophic virus type 1, and retrotrans-
poson replication by A3A, A3B, A3F, or A3G could occur in the
absence of G-to-A mutation (9, 17-20). Further investigations
demonstrated that A3G could interrupt viral reverse transcrip-
tion by reducing the efficiency of tRNALY® priming to the viral
RNA template, elongation, and DNA strand transfer (21-24).
In addition, it could also block viral cDNA integration (24, 25).
Nevertheless, HIV-1 is able to elude this defense mechanism
and cause disease in humans. HIV-1 produces the viral infec-
tivity factor Vif, which binds to and mediates the destruction
of A3DE, A3F, and A3G (3, 7, 26 -28) via recruitment of the
Cullin-5 ubiquitin-protein isopeptide ligase (29). As a conse-
quence, these A3 proteins are polyubiquitylated and directed to
26 S proteasomes for degradation (8, 26 —28, 30). Additionally, a
degradation-independent mechanism was also reported to
inactivate A3G protein (31).

In this work, we studied the gene expression and antiretrovi-
ral activity of human A3H. We confirmed previous observa-
tions that human A3H was poorly expressed in cell culture and
demonstrated that its poor expression was due to a premature
termination codon (PTC) on its fifth exon, which severely
impaired its mRNA expression. Once its expression was opti-
mized, human A3H indeed blocked replication of both HIV-1
and SIV. Moreover, its antiretroviral activity was not countered
by HIV-1 Vif. Our results shed light on the unique feature of the

VOLUME 283+NUMBER 17+APRIL 25, 2008



human A3H gene for its anti-HIV potential, which can be
explored for future anti-HIV therapy.

EXPERIMENTAL PROCEDURES

Plasmids—HIV-1 proviral constructs pNL-Luc and pNL-
LucAVif and mammalian expression vectors for human A3G
were described previously (3, 8). The full-length macA3H
c¢DNA clone was provided by M. Emerman (Fred Hutchinson
Cancer Research Center), and the full-length agmA3H cDNA
was amplified from COS-7 cells by RT-PCR. They were both
cloned into pcDNA3.1D/V5-His-TOPO (Invitrogen). The
C-terminally truncated macA3H and agmA3H were created by
PCR and cloned into the same vector. The full-length huA3H
¢DNA with a PTC and C-terminally truncated huA3H were
cloned from human PBMCs by RT-PCR. The full-length clone
was then used as template to repair the PTC using a
QuikChange XL site-directed mutagenesis kit (Stratagene)
to express full-length huA3H protein. cpzA3H cDNA was
synthesized by overlapping 24 oligonucleotides with ~50
bases, covering the entire gene with the PTC repaired. The
C-terminally truncated cpzA3H gene was created by PCR.
These human and chimpanzee A3H genes were cloned into the
pcDNA3.1D/V5-His-TOPO vector. To create plasmids express-
ing A3H C-terminally fused with firefly luciferase (huA3H-
FLucand huA3H-L-FLuc), the firefly luciferase gene was ampli-
fied from pSP-/uc+NF (Promega) by PCR and inserted into the
pcDNA3-A3H expression vectors by NotI and Xbal digestion.
This cloning did not interfere with the expression of the C-ter-
minal V5 tag. To create plasmids expressing A3H N-terminally
fused with Renilla luciferase (RLuc-huA3H and RLuc-huA3H-
L), the Renilla luciferase gene was amplified from pRL-TK (Pro-
mega) by PCR with a FLAG-coding sequence embedded in the
sense primer and cloned into the pcDNA3.1D/V5-His-TOPO
vector. A3H genes were then inserted into this vector by NotI
and Xbal digestion. To create plasmids expressing A3H C-ter-
minally fused with a HA/FLAG tag, two oligonucleotides
encoding the sense HA/FLAG gene with a 5'-NotI cohesive end
or antisense HA/FLAG gene with a 5'-Xbal cohesive end were
synthesized. After annealing, they were inserted into these
A3H expression vectors by Notl and Xbal digestion. Various
APOBEC genes were also cloned into another mammalian
expression vector, VR (32). To create the VR-huA3H and
VR-huA3H-L expression vectors, the human A3H and A3H-L
genes were PCR-amplified with a forward primer, 5'-tgctctag-
aATGGCTCTGTTAACAGCCG-3’, and two different reverse
primers, 5'-gaagatctttaggcgtaatcgggeacgtegtaggggtactcgagGG-
ACTTTATCC-3' and 5'-gaagatctttaggcgtaatcgggeacgtegtagg-
ggtactcgagTCTTGAGTTGC-3', respectively. The forward
primer contains an Xbal site (lowercase, italicized), and the
reverse primers contain BglIl and Xhol sites (lowercase, itali-
cized) and a HA tag-coding sequence (lowercase, underlined).
These two fragments were then cloned into the VR-Cul5ANedd
expression vector obtained from B. Liu and X. F. Yu (Johns
Hopkins University) after removing the Cul5ANedd gene frag-
ment by Xbal and BglII digestion. The human A3A, A3DE, A3F,
and A3G and chimpanzee A3H genes were then cloned into this
vector by replacing the human A3H gene by Xbal and Xhol
digestion. The sequences of all these constructs were verified by
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nucleotide sequencing. SIV proviral clones SIVagm-Luc,
SIVagm-LucAVif, SIVmac-Luc, and SIVmac-LucAVif were
provided by N. Landau (New York University). pNL-A1, pNL-
A1AVif, pNL-AlagmVif, and pNL-AlmacVif were provided by
K. Strebel (NIAID, National Institutes of Health).

Viral Production and Infectivity Assay—HIV-1 and SIV viri-
ons were produced from 293T cells by standard calcium phos-
phate transfection. Both SIVagm and SIVmac were
pseudotyped with vesicular stomatitis virus glycoprotein
because they did not encode a functional envelope protein. The
production of HIV-1 was quantitated by p24S° capture
enzyme-linked immunosorbent assay and SIV by viral reverse
transcriptase assay with a reaction mixture that contained 50
mM Tris-HCI, pH 8.0, 75 mm KCl, 2 mm dithiothreitol, 24 ug/ml
poly(rA)/oligo(dT), 5 mm MgCl,, 1% Nonidet P-40, and 100
uCi/ml [*H]-dideoxythymidine 5'-triphosphate. Equal amounts
of viruses were used to infect GHOST-R3/X4/R5 cells. Thirty-six
hours later, cells were lysed in 25 mm Tris-HCl, pH 7.8, 2 mm
dithiothreitol, 2 mm DCTA, 10% glycerol, and 1% Triton X-100.
The cytosolic fraction was then used to determine the luciferase
activity using a luciferase assay kit (Promega).

Sequencing of Newly Synthesized Viral cDNA—GHOST-R3/
X4/R5 cells were infected with HIV-1 viruses produced from
293T cells in the presence of various A3 proteins after being
treated with RQ1 RNase-free DNase (Promega) to remove any
plasmid DNA contamination. Eight hours later, cellular DNAs
were extracted by the DNeasy tissue kit (Qiagen). A 420-bp
fragment was PCR-amplified by a previously described primer
pair (8) and cloned into the pCR4-TOPO vector (Invitrogen).
Multiple clones were selected and sequenced by the flanking T3
and T7 primers.

Measurement of Human A3G and A3H mRNAs and A3SH
Genomic DNA by Real-time PCR—293 cell lines stably trans-
fected with the huA3H-FLuc or huA3H-L-FLuc expression
vector were generated by G418 selection. Total cellular DNAs
were extracted by the DNeasy tissue kit, and total cellular RNAs
were extracted by TRIzol (Invitrogen) from these two cell lines.
To measure A3H mRNA levels in these stable cell lines, 1 ug of
total RNA was subjected to reverse transcription using Super-
scriptase Il reverse transcriptase and oligo(dT),,_;5 as a primer
(Invitrogen). Synthesized cDNAs were then subjected to the
real-time PCR using the TagMan® Master Mix gene expression
kit (Applied Biosystems). The forward primer was huA3H-
183.txt-100F (5'-ctgacgccgcagaatgg-3'), the reverse primer was
huA3H-183.txt-226R (5'-cttggtagcactgcgtttcg-3'), and the
probe was huA3H-183.txt-139T (5’-6-carboxy-fluorescein-ttt-
gaaaacaagaaaaagtgccatgcagaaa-6-carboxy-tetramethyl-rhoda-
mine-3"). After initial incubation at 50 °C for 2 min and 95 °C
for 10 min, 40 cycles of amplification were carried out for 15 s at
95 °C followed by 1 min at 60 °C. Reactions were analyzed using
the 7900HT system (Applied Biosystems). To measure the inte-
grated A3H DNA levels in these 293 cell lines, 1 ug of total
cellular DNA was subjected to real-time PCR similarly. In addi-
tion, the levels of human A3G and A3H in PBMCs were also
quantitated by the SYBR Green® PCR Master Mix kit (Applied
Biosystems). The total RNA of human PBMCs was purchased
from Clontech. After reverse transcription, transcripts were
quantitated by this real-time PCR kit using A3H- or A3G-spe-
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cific primers. The same primer pair was used for A3H amplifi-
cation. The A3G primer pair was 5'-GAACCTTGGGTCAGA-
GGA-3" and 5'-GACATCTTCCTTGATCAT-3". In all these
measurements, A3H and A3G mRNA levels were finally nor-
malized to the levels of hypoxanthine-guanine phosphoribosyl-
transferase mRNA, which were determined by the SYBR
Green® PCR Master Mix kit using primers 5'-AGATGGTCA-
AGGTCGCAAGC-3" and 5'-GGACTCCAGATGTTTCCAA-
ACTCAAC-3'". DNA levels were normalized to the amounts of
input DNA.

Immunoprecipitation Assay—To determine A3H and Vif
interaction, 293T cells were transfected with vectors expressing
Vif and HA/FLAG-tagged A3H proteins and lysed with radio-
immune precipitation assay buffer (50 mm Tris-HCl, pH 7.4,
150 mm NacCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 1 mm phenylmethylsulfonyl fluoride, 1 mm EDTA, 5
wg/mlaprotinin, and 5 ug/mlleupeptin). The cytosolic fraction
was precleared with Sepharose 4B beads and then rocked with
anti-FLAG antibody M2-conjugated beads (Sigma) for 4 h at
4 °C. After extensive washing with phosphate-buffered saline,
bead-associated proteins were detected by Western blotting
using a polyclonal anti-HIV-1 Vif antibody (catalog no. 2221).

Detection of Protein Expression—Protein expression was
directly determined by Western blotting. HIV-1 Gag and Vif
proteins were detected by antibodies from the National Insti-
tutes of Health AIDS Research and Reference Reagent Program
(catalog nos. 3537, 6459, and 2221). Commercial antibodies
were horseradish peroxidase-conjugated anti-V5 antibody
(Invitrogen), horseradish peroxidase-conjugated anti-HA anti-
body (Roche Applied Science), anti-actin polyclonal antibody
(C-11; Santa Cruz Biotechnology), and horseradish peroxidase-
conjugated anti-rabbit or mouse IgG secondary antibodies
(Pierce). Detection of the horseradish peroxidase-conjugated
antibody was performed using the SuperSignal West Pico
chemiluminescence substrate kit (Pierce). In addition, the
expression of various A3H proteins was also determined by
luciferase assay. The A3H-Luc fusion expression vectors were
cotransfected into 293T cells with the Vif expression vector or
its control plus the pRL-TK vector expressing Renilla lucifer-
ase. Twenty-four hours later, cells were lysed, and cytosolic
fractions were used to determine the cellular luciferase activi-
ties using the Dual-Luciferase assay kit (Promega). Luciferase
activity was then determined by a Veritas™ microplate lumi-
nometer (Turner Biosystems). The firefly luciferase activity is
presented as a relative value after being normalized to the
Renillaluciferase activity. The RLuc-A3H series reporter assays
were performed similarly. In some experiments, cells were
treated with 40 mm NH,CI (J. T. Baker Inc.), 0.4 um bafilomycin
(Sigma), 20 um MG132 (Sigma), and 100 nM wortmannin
(Sigma) for 16 h before the detection of protein expression.

Pulse-Chase Radiolabeling—293T cells were transfected
with the VR vector expressing the huA3H or huA3H-L protein.
The transfected cells were preincubated for 1 h in labeling
medium (Dulbecco’s modified Eagle’s medium without methi-
onine and cysteine (Cellgro) plus 10% dialyzed fetal bovine
serum). Each sample was subsequently pulse-labeled for 30 min
with 250 uCi of EasyTag Express®®S protein labeling mixture
(PerkinElmer Life Sciences). The initial pulse-labeled (¢ = 0)
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samples were harvested. The remaining radiolabeled samples
were incubated with normal Dulbecco’s modified Eagle’s
medium plus 10% fetal bovine serum and harvested at various
time points. The harvested cell pellets were lysed in radioim-
mune precipitation assay buffer for 15 min on ice and clarified
at 14,000 X g at 4 °C for 10 min. Human A3H proteins were
then immunoprecipitated by anti-HA antibody-conjugated
beads (Roche Applied Science). After washing, the samples
were analyzed by SDS-PAGE. The gels were scanned by
Typhoon 9200, and the images were quantified using Image-
Quant TL software (Amersham Biosciences).

RESULTS

A 29-Amino Acid C-terminal Deletion Disrupts Human but
Not Simian A3H Gene Expression—To study the antiretroviral
mechanism of human A3H, the mechanism impairing its gene
expression was investigated. First, primate A3H RNA and protein
sequences were compared (Fig. 1A4). huA3H, cpzA3H, and
macA3H sequences were downloaded from the Ensembl Genome
Browser, and their Ensembl IDs are ENSGO00000100298,
ENSPTRG00000014390, and ENSMMUG00000001016, respec-
tively. The agmA3H gene was cloned from COS-7 cells by RT-PCR
and sequenced. The Ensembl Database shows that primate A3H
proteins are transcribed from five exons. When their RNA
sequences were aligned, a PTC was found in the huA3H and
cpzA3H mRNA genes at the last exon, which causes a 29-amino
acid deletion. Second, to understand the functional consequence
of this deletion, wild-type huA3H, which has a 29-amino acid
C-terminal deletion, as well as the wild-type macA3H and
agmA3H genes were cloned into the pcDNA3 vector. Three addi-
tional A3H mutants were created: 1) huA3H-L, which expresses
the full-length 210-amino acid human A3H protein, and 2)
agmA3H-S and 3) macA3H-S, which express the truncated 182-
amino acid simian proteins (Fig. 1B). When their expressions were
compared, macA3H, macA3H-S, agmA3H, agmA3H-S, and
huA3H-L were expressed equally well, whereas the expression of
wild-type huA3H was almost undetectable (Fig. 1C). These results
confirm the previous observation that the wild-type human A3H
gene, which has a 29-amino acid deletion, is poorly expressed (11).
In addition, they demonstrate that although this deletion impairs
human A3H gene expression, it has no effect on simian A3H genes.

Human A3H Antiretroviral Activity and Susceptibility to
Vif—Because we were able to express the human A3H gene, we
next determined its antiretroviral activity against HIV-1 and
two different SIV strains, SIVagm and SIVmac. To determine
whether the C-terminal 29 residues affect A3H antiviral activ-
ity, the other simian A3H proteins were also included. In addi-
tion, huA3G was used as a positive control. As presented in Fig.
2A, huA3G had the most powerful activity and reduced vif-
defective HIV-1, SIVagm, and SIVmac infectivity by 1000-,
100-, and 1000-fold, respectively. As reported before, huA3G
also decreased the infectivity of wild-type SIVagm, but not
HIV-1 and SIVmac, confirming that SIVagm Vif could not neu-
tralize huA3G (33). huA3H-L reduced vif-defective HIV-1,
SIVagm, and SIVmac infectivity by 8-, 12.5-, and 10-fold,
respectively, and it also reduced the wild-type HIV-1 infectivity.
This result demonstrates that although it is lower than A3G,
huA3H-L has antiretroviral activity, and this activity could be
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FIGURE 1.Primate A3H proteins. A, RNA and amino acid sequence alignment of primate A3H proteins. The macA3H sequence s listed on the top. Dots indicate
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determined by Western blotting with antibodies against V5 and cellular protein actin.

neutralized only by SIV Vif, but not by HIV-1 Vif. As reported
previously, wild-type macA3H reduced the infectivity of HIV-1
and SIVagm by 25-fold, and its activity was only neutralized by
Vif from SIVagm, but not from HIV-1 (11). In addition, wild-
type macA3H reduced the vif-defective SIVmac infectivity by
50-fold, and it was neutralized by SIVmac Vif. Wild-type
agmA3H reduced the vif-defective HIV-1, SIVagm, and
SIVmac infectivity by 16-, 10-, and 7-fold, respectively, and it
was neutralized by Vif from SIVagm, but not from HIV-1 and
SIVmac. The truncated simian proteins agmA3H-S and
macA3H-S had almost the same levels of antiretroviral activity
as their wild-type proteins (only slight lower in the case of HIV-
1), and their sensitivity to different Vif proteins was completely
the same. Thus, human A3H has antiretroviral activity, which is
not neutralized by HIV-1 Vif. In addition, the C-terminal 29
residues of simian A3H proteins should not have influence on
their antiretroviral activity and sensitivity to Vif.

To further confirm these observations, we determined how
these primate A3H proteins are packaged into HIV virions.
Wild-type or vif-deficient HIV-1 virions were produced from
293T cells in the presence of huA3H-L, agmA3H-S, macA3H-S,
agmA3H, macA3H, or huA3G. As reported, huA3G was effi-
ciently encapsidated by the vif-deficient virus, but not by the
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wild-type virus (Fig. 2B, lanes 11 and 12). All primate A3H
proteins tested here were efficiently encapsidated by both wild-
type and vif-deficient viruses (Fig. 2B, lanes 1-10). Thus, these
results confirmed their anti-HIV activity and insensitivity to
HIV-1 Vif.

To further compare the susceptibility of these A3H proteins
with different Vif proteins, a FLuc-based Vif reporter assay was
utilized (3). Primate A3H-Luc fusion proteins were coex-
pressed with HIV-1 or SIV Vif proteins, and cellular luciferase
activities were determined. Human A3C was included as a pos-
itive control. As presented in Fig. 2C, HIV-1 Vif, SIVagm Vif,
and SIVmac Vif significantly reduced huA3C expression (10—
15-fold); HIV-1 Vif had little activity against any of the primate
A3H proteins; SIVagm Vif could effectively reduce all these
A3H protein expressions; and SIVmac Vif more effectively
reduced human and rhesus monkey A3H protein expressions.
These results are very consistent with the infectivity data in Fig.
2A, which further confirmed that HIV-1 Vif cannot neutralize
huA3H-L.

To understand why HIV-1 Vif failed to neutralize huA3H-L,
we determined the interactions of HIV-1 Vif with these differ-
ent primate A3H proteins. We wanted to know whether there
was a correlation between binding ability and susceptibility to
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and cellular luciferase activity was determined. Data are presented as a relative value, where its parallel control transfected with a Vif deletion vector
(PNL-ATAVif) is set as 100. D, interactions of HIV-1 Vif with primate A3H proteins. A3 proteins were C-terminally fused to a HA/FLAG tag and then
coexpressed in 293T cells with HIV-1 Vif. Proteins were pulled down by Sepharose beads conjugated with anti-FLAG antibody and determined by
Western blotting with anti-HA antibody for A3 proteins and anti-Vif antibody. Error bars in A and C represent S.D. in at least three independent

experiments. huA2, human APOBEC2.

Vif. These A3 proteins were C-terminally fused to a HA/FLAG
tag and then coexpressed with HIV-1 Vif in 293T cells. When
these fusion proteins were pulled down by Sepharose beads
conjugated with anti-FLAG antibody, Vif was copurified with
macA3H, macA3H-S, agmA3H, agmA3H-S, and huA3H-L
with a similar efficiency as huA3G (Fig. 2D, lanes 1-6) and was
not copurified with human APOBEC2 (lane 7). These results
indicate that HIV-1 Vifbinds to these A3H proteins, although it
could not neutralize these proteins, suggesting that binding to
Vif cannot be used as an indicator for the sensitivity to Vif-
triggered degradation.

Wild-type Human A3H Expression—We next investigated
the mechanism that leads to the poor expression of wild-type
human A3H protein. We have already demonstrated that a
PTC impairs the expression of human A3H (Fig. 1C). Two types
of reporter systems were generated to address this question.
First, the RLuc containing an N-terminal FLAG tag was fused to
the N terminus of the full-length human A3H protein contain-
inga PTC at amino acid 182 and a C-terminal V5 tag (RLuc-
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huA3H) (Fig. 34, top left). This PTC was then repaired by
site-directed mutagenesis to express the full-length A3H
protein (RLuc-huA3H-L). As expected, Western blotting
using anti-V5 antibody could detect the expression of only
RLuc-huA3H-L, but not RLuc-huA3H (Fig. 3A, middle
panel, lanes 3 and 4). However, if anti-FLAG antibody was
used, the expression of both proteins could be detected, and
the expression of the full-length protein was much higher
compared with the truncated protein (Fig. 3A, top panel,
lanes 3 and 4). Consistently, RLuc-huA3H-L produced
3-fold higher luciferase activity compared with RLuc-
huA3H (Fig. 34, lanes 1 and 2). Second, the firefly luciferase
containing a C-terminal V5 tag was fused to the C terminus
of the full-length human A3H protein (huA3H-L-FLuc) (Fig.
3A, top right). To generate a truncated version of this pro-
tein, the A3H-coding sequence from amino acids 183 to 210
was completely removed (huA3H-FLuc). Because this is an
in-frame deletion, huA3H-FLuc should be detected by West-
ern blotting with anti-V5 antibody. However, only huA3H-
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FIGURE 3. Human A3H expression. A, comparison of huA3H and huA3H-L expressions by luciferase
reporter systems. Full-length and truncated human A3H proteins were fused to RLuc or FLuc at the N or C
terminus, respectively. Proteins were expressed in 293T cells, and cellular luciferase activities were deter-
mined. The same cell lysates were also subject to Western blotting with antibodies against FLAG, V5, or
actin. B, rescue of huA3H expression by various inhibitors. 293T cells were transfected with either FLuc
fusion or non-fusion expression vectors and then treated with 40 mm NH,Cl, 0.4 um bafilomycin, 20 um
MG132, or 100 nm wortmannin for 16 h. Human A3H protein expression was determined by measuring
cellular luciferase activity or by Western blotting. DMSO, Me,SO. C, quantitation of A3H genes in vivo. Two
293 cell-derived cell lines stably expressing huA3H-FLuc or huA3H-L-FLuc were created by G418 selection.
The levels of A3H mRNA and genomic DNA in these cell lines were determined by TagMan® real-time PCR.
In addition, the mRNA levels of A3G and A3H in human PBMCs were determined by SYBR Green® real-time
PCR. mRNA levels were normalized to hypoxanthine-guanine phosphoribosyltransferase mRNA, and DNA
levels were normalized to the amounts of DNA input. Error bars represent S.D. in at least three independ-
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L-FLuc was detected (Fig. 3A4,
lanes 7 and 8). Consistently,
huA3H-L-FLuc produced at least
20-fold higher luciferase activity
compared with huA3H-FLuc (Fig.
3A, lanes 5 and 6). Thus, these
results confirm that the C-termi-
nal truncation causes the poor
expression of human A3H.

To understand how huA3H pro-
tein expression is decreased, we first
determined whether the low levels
of A3H expression were due to pro-
tein degradation. The FLuc reporter
constructs were expressed in 293T
cells, which were then treated with
lysosomal inhibitors NH,CI and
bafilomycin. None of them could
increase the huA3H expression (Fig.
3B, left panel). Next, huA3H protein
was expressed in 293T cells, which
were then treated with the protea-
somal inhibitor MG123 or the phos-
phatidylinositol 3-kinase inhibitor
wortmannin as a control (Fig. 3B,
right panel). As reported previously
(11), MG132 only marginally
increased huA3H expression, but
the increased levels of expression
were still much lower than the levels
of huA3H-L expression. Thus, the
low expression of huA3H should
not be caused by protein degrada-
tion in cells.

We next determined the steady-
state levels of A3H mRNA by real-
time quantitative RT-PCR. We cre-
ated two 293 cell-derived cell lines
stably expressing the huA3H or
huA3H-L gene by G418 selection.
Although both cell lines had similar
levels of A3H genomic DNA, the
mRNA levels of huA3H-L were at
least 100-fold higher than those of
huA3H (Fig. 3C). In addition, we

measured A3H mRNA levels
directly in human PBMCs by
RT-PCR. Because A3G is well

expressed in vivo, its mRNA levels
were also determined for compari-
son. It was found that huA3H
mRNA levels were at least 80-fold
lower than huA3G mRNA levels
(Fig. 3C), providing more evidence
for low huA3H mRNA levels in vivo.
Thus, the low levels of A3H mRNA
could be responsible for the reduced
A3H protein expression.
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FIGURE 4. Wild-type human and chimpanzee A3H anti-HIV-1 activity. A, stable expression of the wild-type
huA3H and cpzA3H genes from the VR vector. The huA3H, huA3H-L, cpzA3H, and cpzA3H-L genes were cloned
into the VR vector containing a C-terminal HA tag. Their expressions were then compared with those from the
pcDNA3.1 vector by Western blotting after transfection into 293T cells. B, comparison of huA3H and huA3H-L
expressions from the VR vector. 293T cells were transfected with the VR vector expressing huA3H or huA3H-L,
and cell lysates were prepared. The huA3H-L cell lysates were serially diluted, and the levels of huA3H-L in these
samples were then compared with the levels of undiluted huA3H sample by Western blotting. C, pulse-chase
radiolabeling of human A3H protein. 293T cells were transiently transfected with the VR vector expressing
huA3H or huA3H-L protein. Cells were pulse-labeled for 30 min and then incubated for the indicated time
points. After immunoprecipitation of lysates with anti-HA antibody, proteins were separated by SDS-PAGE,
and the gels were subjected to autoradiography. The relative intensity of the bands was quantified, normalized
to 100, and graphed. D, anti-HIV activity. The VR vectors expressing huA3A, huA3DE, huA3F, huA3G, huA3H,
huA3H-L, cpzA3H, and cpzA3H-L were cotransfected with either wild-type or vif-deficient HIV-1 luciferase
reporter proviral clone into 293T cells ata 1:9 ratio (0.6 g of the A3H expression vector plus 5.4 ug of the HIV-1
proviral vector). HIV-1 infectivity was determined as before. Error bars represent S.D. in at least three independ-

in the VR vector (Fig. 4B, lanes 6 and
7). Thus, a similar mechanism
might be shared by human and
chimpanzee. In addition, it implies
that the cytomegalovirus intron A
has an unknown function to
increase A3H mRNA expression.
The expression of wild-type
human A3H from the VR vector
made it possible to measure its pro-
tein stability by pulse-chase radiola-
beling. 293T cells were transfected
with the VR vector expressing either
wild-type or full-length A3H pro-
tein. After a 30-min pulse with *>S-
labeled Met/Cys, cultures were
chased for 8 h. A3H proteins were
then immunoprecipitated from cell
lysates harvested at different time
points to determine how proteins
were rapidly degraded. Both wild-
type and full-length A3H proteins
lost about half of the *S label in the
first hour, followed by very marginal
loss over the next 7 h (Fig. 4C), indi-
cating that they should have a simi-
lar stability in vivo. Thus, we finally
proved that the poor expression of
the wild-type human A3H protein is
not due to protein instability.
Up-regulation of wild-type huA3H

ent experiments. Ctrl, control.

Wild-type Human A3H Anti-HIV Activity—After determin-
ing the low levels of the wild-type human A3H mRNA, an
increase in A3H protein expression was attempted through a
different expression vector system. The eukaryotic expression
vector VR has been successfully employed for gene delivery in
vivo (32). It contains a cytomegalovirus immediate early gene
promoter, enhancer, and intron A. When the human A3H pro-
teins were expressed from this system, the expression of wild-
type human A3H was significantly increased (Fig. 44, lane 2),
which was comparable with full-length huA3H-L expressed
from the pcDNA3 vector (lane I). However, this level of expres-
sion was still lower than that of full-length protein expressed
from the same VR vector (Fig. 44, lane 3). To compare this
difference, we made dilution series of the huA3H-L protein
sample, which were then compared with the wild-type protein.
As presented in Fig. 4B, huA3H-L proteins were expressed
2—4-fold higher than huA3H proteins.

We have shown that the cpzA3H gene contains a similar PTC
(Fig. 1A). To understand the influence of C-terminal deletion
on cpzA3H expression, the full-length (cpzA3H-L) and trun-
cated (cpzA3H) genes were cloned into the pcDNA3 or VR
expression vector. It was found that this deletion also impaired
cpzA3H gene expression in the pcDNA3 vector (Fig. 44, lanes 4
and 5), and the expressional difference between the wild-type
and full-length cpzA3H genes could be completely suppressed
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and cpzA3H expression also made

it possible to test their anti-HIV-1
activity directly. As controls, human A3A, A3DE, A3F, and
A3G were cloned into the VR vector. To avoid overexpres-
sion, the ratio between the HIV-1 proviral construct and VR
expression vector was reduced to 9:1 for each transfection.
Under this condition, the full-length and truncated huA3H
proteins both reduced the infectivity of wild-type and vif-defec-
tive HIV-1 by 150-fold; the full-length and truncated cpzA3H
proteins reduced the infectivity of wild-type and vif-defective
HIV-1 by 10-fold; huA3A did not have any activity; and
huA3DE, huA3F, and huA3G reduced the vif-defective HIV-1
infectivity by 10-, 400-, and 2000-fold, respectively (Fig. 4D).
These results demonstrate that human A3H proteins have
potent anti-HIV-1 activity and that chimpanzee A3H pro-
teins are less effective in blocking HIV-1 replication. In addi-
tion, because huA3H and huA3H-L had equal anti-HIV-1
activity, although the expression of huA3H-L was higher, the
wild-type human A3H protein might have higher antiviral
activity than the full-length human A3H protein.

Levels of G-to-A Mutation in the HIV Genome—Having
detected the potent anti-HIV activity, we next determined
whether human A3H could introduce G-to-A hypermutations
to the HIV-1 genome. Wild-type or vif-deficient HIV-1 was
produced in the presence of huA3H or huA3H-L proteins
expressed from the VR vector. These viruses were used to infect
GHOST cells, and newly synthesized viral cDNAs were
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HIV-1 WT HIV-1AVif HIV-1 WT HIV-1AVif
Ctrl T A G c Ctrl T A G Cc agmA3H T A G C agmA3H T A G C
T - 0 0 1 T - 0 0 1 T - 0 0 3 T - 0 0 0
A 0 - 2 0 A 0 - 0 0 A 0 - 1 0 A 0 - 0 0
G 0 1 - 0 G 0 0 - 0 G 0 1 - 0 G 0 8 - 0
c 0 0 0 - c 1 0 0 - C 1 0 0 - C 1 0 0 -
N= 3600 N= 3600 N= 2880 N= 2880
huA3C T A G C huA3C T A G C agmA3H-S| T A G C agmA3H-S| T A G [}
T - 0 0 2 T - 0 0 0 T - 1 0 4 T - 3 0 2
A 0 - 0 0 A 0 - 2 0 A 0 - 1 0 A 2 - 8 0
G 0 1 - 0 G 0 0 - 0 G 0 28 - 0 G 0 9 - 0
c 0 0 0 - C 0 0 0 - C 0 0 0 - C 0 0 0 -
N= 9000 N= 1800 N= 9000 N= 12240
huA3G T A G c huA3G T A G Cc macA3H T A G C macA3H T A G C
T - 0 0 0 T - 1 0 3 T - 1 0 4 T - 1 0 0
A 0 - 2 0 A 1 - 1 0 A 1 - 4 1 A 0 - 3 0
G 0 0 - 0 G 1 51 - 0 G 0 13 - 0 G 0 1" - 0
C 0 0 0 - c 1 0 0 - 9] 3 0 0 - C 0 0 0 -
N= 1800 N= 4488 N= 7920 N= 4680
huA3H T A G Cc huA3H T A G Cc macA3H-S| T A G C macA3H-S| T A G C
T - 0 1 5 T - 2 0 1 T - 1 0 1 T - 0 0 1
A 0 - 2 0 A 0 - 1 0 A 0 - 4 0 A 0 - 1 0
G 0 0 - 0 G 0 0 - 0 G 0 7 - 0 G 0 15 - 0
c 2 0 0 - c 0 0 0 - C 0 0 0 - C 0 0 0 -
N= 3672 N= 2448 N= 13320 N= 6480
huA3H-L | T A G C huA3H-L | T A G C
T - 1 0 1 T - 0 0 1
A 0 - 2 0 A 0 - 2 0
G 0 0 - 0 G 0 1 - 0
c 3 0 0 - Cc 1 0 0 -
N= 2856 N= 4896

FIGURE 5. G-to-A hypermutations in the HIV-1 genome. Wild-type (WT) or vif-deficient HIV-1 was produced in the presence of various A3 proteins. huA3H,
hua3H-L, and huA3G were expressed from the VR vector. The other proteins were expressed from pcDNA3.1, which was also used as the control vector (Ctrl).
These viruses were used to infect GHOST-R3/X4/R5 cells. 8 h later, cellular DNAs were extracted from infected cells, and viral DNAs from nucleotides 5707 to
6066 were amplified by PCR. After cloning into TA cloning vector, viral DNAs were sequenced. The type of mutations is summarized in tabular forms, where the
original HIV-1 sequence is given at left, and the new sequence or positions from the mutated cytosine are given across the top. N at the lower right of each box

indicates the total numbers of bases sequenced.

sequenced. For comparison, huA3C, huA3G, and four different
simian A3H proteins were also included in this investigation.
As summarized in Fig. 5, viral genomes produced in the absence
of APOBEC protein or in the presence of huA3C that does not
block HIV replication contained only a small number of ran-
dom mutations, including one G-to-A mutation in each case. In
contrast, human A3G caused significant high levels of G-to-A
hypermutations in the vif-deficient HIV-1 genome (51 per
4486). As reported, macA3H-L could introduce certain levels of
G-to-A mutations in both the wild-type and vif-defective HIV
genomes (11), and similar levels of G-to-A mutation were also
detected in the case of macA3H, agmA3H-L, and agm-A3H. No
G-to-A mutation was detected in the case of huA3H, and only
one G-to-A mutation was detected in huA3H-L when similar
amount of nucleotides were sequenced. This single G-to-A
mutation should represent a random event because three other
mutations were also detected in the huA3H-L-derived sample.
Thus, although human A3H potently inhibited HIV-1 replica-
tion, it did not introduce G-to-A mutation, suggesting that
huA3H may employ a cytidine deamination-independent
mechanism for this inhibition.

DISCUSSION

In this study, we explored the mechanism impairing human
A3H gene expression and studied its antiretroviral activity in
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comparison with other primate homologues. We confirmed
previous observations that human A3H protein is poorly
expressed in cell culture and demonstrated that this is caused
by a C-terminal deletion that impairs its mRNA expression.
Once its expression is optimized, human A3H exhibited potent
antiretroviral activity against HIV-1. Importantly, HIV-1 Vif
cannot neutralize this protein.

The poor expression of the human A3H gene is caused by a
PTC, and a similar PTC also decreases chimpanzee A3H
expression. The presence of this PTC, which causes a 29-amino
acid C-terminal deletion, did not reduce protein stability. The
expression of truncated protein was not rescued by treatment
with lysosomal inhibitors and was increased marginally by
treatment with proteasomal inhibitor (Fig. 3B). Importantly,
the truncated protein was as stable as the full-length protein
(Fig. 4C). Interestingly, a significant decrease in A3H mRNA
levels was detected in cells expressing this truncated protein.
Thus, the mRNA of the truncated gene could be very unstable,
which decreases the steady-state levels of mRNA.

Human A3H potently inhibits HIV-1 replication once
expressed. Including A3H, five of seven human A3 proteins
have been shown to block HIV-1 replication. The activity of
A3H was lower than that of A3G but was comparable with that
of A3F (Fig. 4D). Notably, A3B, A3DE, A3F, and A3G all have
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two CDDs, whereas A3H has only one. In the process of block-
ing HIV-1 replication, the functions of these two CDDs are
divided into a catalytically active domain for cytidine deamina-
tion and a RNA-binding domain for substrate recognition (34).
How a single CDD achieves these different functions remains
unclear. In addition, our results indicate that human A3H anti-
viral activity is governed by a cytidine deamination-independ-
ent mechanism. After extensive sequence analysis, only back-
ground levels of G-to-A mutation were detected in the HIV-1
genome in the presence of human A3H (Fig. 5). Previously, a
similar observation was made in the case of huA3A, when it was
shown to inhibit the replication of adenovirus-associated virus
and retrotransposons, including MusD, IAP, and LINE-1 (9,
18). Because both A3A and A3H have a single CDD, they may
share a very similar antiviral mechanism.

Unlike A3DE, A3F, and A3G, human A3H is insensitive to
HIV-1 Vif. Interestingly, HIV-1 Vif still binds to human A3H
(Fig. 2D), suggesting that this protein is not a suitable substrate
for a HIV-1 Vif-triggered proteasomal degradation pathway.
Human A3B is also resistant to HIV-1 Vif, and it is poorly
expressed in vivo (4). However, because A3B could be easily
expressed in cell culture, a much more complicated mechanism
is involved for A3B gene regulation. In addition, the A3B gene is
completely deleted in certain human populations (35). It is
therefore apparent that human A3H is distinguishable from all
the other anti-HIV proteins in the A3 subfamily, and optimiz-
ing its expression in vivo may become a novel strategy for anti-
HIV therapy. Compared with using a viral protein as a drug
target, targeting A3H should have a much smaller likelihood of
inducing drug-resistant strains. Thus, our results shed light on
the unique candidacy of human A3H for the future of HIV-1
therapeutics.
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