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The APOBECS3 genes encode cytidine deaminases that act as components of an intrinsic immune defense that
have potent activity against a variety of retroelements. This family of genes has undergone a rapid expansion
from one or two genes in nonprimate mammals to at least seven members in primates. Here we describe the
evolution and function of an uncharacterized antiviral effector, APOBEC3H, which represents the most
evolutionarily divergent APOBEC3 gene found in primates. We found that APOBEC3H has undergone signif-
icant adaptive evolution in primates. Consistent with our previous findings implicating adaptively evolving
APOBEC3 genes as antiviral effectors, APOBEC3H from Old World monkeys (OWMs) has efficient antiviral
activity against primate lentiviruses, is sensitive to inactivation by the simian immunodeficiency virus Vif
protein, and is capable of hypermutating retroviral genomes. In contrast, human APOBEC3H is inherently
poorly expressed in primate cells and is ineffective at inhibiting retroviral replication. Both OWM and human
APOBEC3H proteins can be expressed in bacteria, where they display significant DNA mutator activity. Thus,
humans have retained an APOBEC3H gene that encodes a functional, but poorly expressed, cytidine deaminase
with no apparent antiviral activity. The consequences of the lack of antiviral activity of human APOBEC3H are

likely to be relevant to the current-day abilities of humans to combat retroviral challenges.

The members of the APOBEC3 family of proteins are ef-
fectors of an antiviral defense that may play an important role
in protecting primates and other mammals from a variety of
genomic invasions (reviewed in reference 1). While only a
single APOBEC3 gene has been found in rodents, this gene
family has undergone a large expansion and diversification in
primates and consists of a cluster of at least seven genes on
chromosome 22 in humans (5, 14, 37). APOBEC3G, the first
member of the family to be identified because it is the target of
the human immunodeficiency virus type 1 (HIV-1) Vif protein
(31), has been shown to inhibit the replication of a diverse
array of retroviral elements, including lentiviruses (15) (43),
gammaretroviruses (7), deltaretroviruses (27), and spumaret-
roviruses (17, 26), as well as murine endogenous retroviruses
(9) and yeast retrotransposons (8, 30). Although APOBEC3G
is the most well-characterized member of the family, other
primate APOBECS3 genes, including APOBEC3B, APOBEC3C,
and APOBEC3F, have also been shown to possess antiviral
activities (38, 43). The ability of APOBEC3G and other
APOBEC family members to inhibit retroviral replication is
at least partially due to their cytidine deaminase activity,
causing hypermutation and degradation of invading retrovi-
ral genomes. To successfully infect APOBEC-expressing
cells, retroviruses must be able to counteract this host bar-
rier. In the case of primate lentiviruses, this is achieved by
the Vif protein, which causes the degradation of APOBEC
proteins via the proteasome, thereby allowing efficient viral
replication (21, 31, 45).
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Positive selection is often observed for host proteins that are
directly involved in pathogen defense. This type of genetic
conflict between host and pathogen drives rapid change in
interacting host and pathogen proteins as they attempt to in-
crease or decrease interactions with one another in the battle
for dominance. Such conflict has been proposed for the APO
BEC3 genes found in primates and can be observed in the large
expansion of this gene family in primates and the rapid evolu-
tion of several APOBEC3 family members that must keep pace
with rapidly evolving pathogens (28).

APOBEC3H, which lies distal to APOBEC3G on chromo-
some 22, was not identified as a member of the APOBEC3
family until the human genome project was completed (5, 37)
and therefore was not examined in our genetic study (28) or in
other functional studies (2). The evolutionary history of
APOBEC3H differs from that of the other APOBEC3 genes
known to exist in primates as it is derived from an ancestral
cytidine deaminase domain that is evolutionarily distinct (5).
Despite its unique evolutionary history, the presence of a con-
served cytidine deaminase domain encoded by APOBEC3H
and its close chromosomal proximity to the other known anti-
viral APOBEC3 tamily members suggested that APOBEC3H
may also play a role in genome defense.

In this study, we found that an APOBEC3H-like gene has
been conserved throughout mammalian evolution, implying
that APOBEC3H is likely to mediate an important function
that predates primate evolution. APOBEC3H, like most other
primate APOBEC3 genes, has been subject to episodes of positive
selection for at least 33 million years of primate evolution. Fur-
ther, the evolutionary divergence of the APOBEC3H gene
from Old World monkeys (OWMSs) to humans has profoundly
altered the ability of this protein to be expressed and, poten-
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tially, the function of the protein in these primates. Thus, while
OWM APOBEC3H is a potent antiviral effector that still par-
ticipates in these primates’ arsenal of antiretroviral defense,
humans appear to have lost the services of this important
retroviral defense gene.

MATERIALS AND METHODS

APOBEC3H sequences. Genomic DNA was obtained from Coriell (Camden,
New Jersey), with the exception of the sooty mangabey sample, which was a
kind gift from Cristian Apetrei (Tulane National Primate Research Center).
Exons were amplified from genomic DNA with PCR Supermix High Fidelity
(Invitrogen), and PCR products were either sequenced directly or cloned into
TA vector (Invitrogen), in which case multiple clones were sequenced. The
human APOBEC3H sequence was obtained from the Ensembl database
(ENSG00000100298) and from cDNA clones. Exon-intron boundaries are con-
served across the species that we sampled. Primers were designed by using
alignments of human and rhesus monkey (Macaca mulatta) genomic sequences
obtained from a BLASTN search of the National Center for Biotechnology
Information Trace Archive sequences. Individual exons were amplified from the
various primate genomic DNAs with the following primers: exon 2 (first coding
exon), forward primer 5'-GAAACACGATGGCTCTGTTAACAG or 5'-TGA
GCTGAGATCGGGAGAATGAG and reverse primer 5'-CAAGCACCCGCT
TCCTGCC; exons 3 and 4, forward primer 5'-GAAGTGGGTGCTTGCC
AGGC and reverse primer 5'-GGGTTGAAAAACTACCTATTGGGTG; exon
5, forward primer 5'-AGCACCCAATAGGTAGTTTTTCAACCC and reverse
primer 5'-GGCAACTGACATGCCCCAGGG. For most primate genomes, we
only obtained sequences from exons 2 through 4, which cover all except the last
two codons (including termination) of the human APOBEC3H gene. Sequences
of other APOBEC3 family members were obtained from GenBank and by
searching expressed sequence tag and genomic databases with TBLASTN
searches.

Alignments and sequence analysis. APOBECS3 protein sequences were aligned
with CLUSTAL_X (34), followed by a manual adjustment of some gaps, and a
neighbor-joining phylogeny was reconstructed (with bootstrapping analysis) by
ignoring all gapped positions in the PAUP* suite of programs (33). A Bayesian
phylogenetic analysis was done with the MrBayes program, version 3.1 (25).
Clade credibility was obtained from a consensus of 80,000 trees after a “burn-in”
period of 20,000 trees; these values were largely congruent with those obtained
by the neighbor-joining bootstrap analysis. Maximum-likelihood analysis was
performed with the PAML software package (41). Global dN/dS ratios for the
tree were calculated by a free-ratio model, which allows this parameter to vary
along different branches. To detect selection, the multiple alignments were fitted
to the F61 model of codon frequencies (the F3x4 model gave similar results). We
then compared the log-likelihood ratios of the data with different NSites mod-
els—model 1 (two states, neutral, dN/dS > 1 disallowed) to model 2 (similar to
model 1 but dN/dS > 1 allowed) and model 7 (fit to a beta distribution, dN/dS > 1
disallowed) to model 8 (similar to model 7 but dN/dS > 1 allowed). In both cases,
permitting sites to evolve under positive selection gave a much better fit to the
data (P < 0.0001) with a significant fraction of the sites (>25%) predicted to
evolve at average dN/dS ratios close to 5. A Bayes empirical Bayes analysis also
identified certain amino acid residues with high posterior probabilities (>0.95) of
having evolved under positive selection.

Cloning of APOBEC constructs. Human, rhesus macaque, and sooty mangabey
homologs of APOBEC3H were cloned by reverse transcription (RT)-PCR from
testis tissue, spleen tissue, and unstimulated peripheral blood lymphocytes
(PBLs), respectively. Each of the APOBEC3H genes was then transferred into
the same mammalian expression vector, which drives gene expression under the
control of the cytomegalovirus IE94 promoter. An identical hemagglutinin (HA)
epitope tag was added at the N terminus of each protein. The human
APOBEC3G construct was made by PCR amplification from CEM15HA (31).
All constructs were confirmed by sequencing. The human APOBEC3H clone
used in our studies matches the one in the National Center for Biotechnology
Information Consensus CDS database for human ARP10 (APOBEC3H), except
for a single amino acid change at position 140 from K to E. We changed this
amino acid back to the consensus and found no difference in function between
the two proteins as determined by Western blot analysis and a single-round
infectivity assay (data not shown).

Viral infectivity assays. Wild-type HIV (HIV-WT) and HIVAvif were ex-
pressed from the pLai3AenvLuc2 (40) and pLai3AenvLuc2Avif (constructed by
Ndel-Stul deletion in pLai3AenvLuc2) proviruses. These proviruses contain a
deletion in the env gene and have the firefly luciferase gene inserted into nef. The
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luciferase-expressing SIVagmTAN provirus was a gift from Ned Landau (20).
The vesicular stomatitis virus glycoprotein (VSV-G) was used for pseudotyping.
Viruses were produced through lipid transfection (Fugene; Roche) of 293T cells
plated in 1 ml in 12-well plates at 3.5 X 10° cells/ml 1 day prior. Cotransfections
consisted of 1 pg of total APOBEC plasmid or an empty expression plasmid, 0.5
pg of proviral plasmid, 0.25 pg of L-VSV-G, and 0.1 pg of HIV-1 Tat in 100 pl
of serum-free medium. Viral supernatants were harvested at 48 h and clarified by
centrifugation for 5 min at 1,000 X g, and the total amount of virus in superna-
tants was quantified by p24 gag (HIV-1) or p27 gag (SIVagm) enzyme-linked
immunosorbent assay (Coulter). Viral stocks were frozen at —80°C until use.
One nanogram of virus in 50 pl was used to infect 293T cells in a 96-well plate
that were plated at 1.5 X 10° cells/ml in 150 1 24 h prior to infection. Polybrene
at 5 pg/ml and spinoculation of plates at 1,000 X g for 1 h at 24°C were used to
increase levels of infection. After 48 h, cells from triplicate infections were lysed
in 80 pl of Cell Culture Lysis Reagent (Promega). Ten microliters of lysates was
used for quantitation of luciferase activity with the Luciferase Assay Kit (Pro-
mega) and read on a luminometer.

Protein and mRNA expression assays. For mRNA expression studies, a cDNA
panel (Primgen) consisting of 10 ng of first-strand cDNA from various human
tissues was screened with primers specific for human APOBEC3H or human
APOBEC3G (APOBEC3H, forward primer 5'-ATGGCTCTGTTAACAGCCG
AAACATTCCG-3' and reverse primer 5'-CTCTCAAGCCGTCGCTTTATGG
C-3'; APOBEC3G, forward primer 5'-ATGCGCTCCACCTCATAACACAG-3’
and reverse primer 5'-TGGAGCCCCTGCACAAAGTG-3"). For mammalian
protein expression analysis, plasmids were transiently transfected into 293T cells
by Fugene lipid transfection (Roche) and their expression levels were evaluated
by Western blot analysis. Briefly, 3.5 X 10° cells were plated in 1 ml in 12-well
plates, transfected the next day with 0.5 ug of APOBEC plasmid, lysed 24 h later
in NP-40-doc buffer (20 mM Tris [pH 8.0], 120 mM NaCl, 1 mM EDTA, 1%
NP-40, 0.2% Na-deoxycholate, protease inhibitors [either phenylmethylsulfonyl
fluoride or Roche Complete Cocktail Tablets]), incubated on ice for 5 min,
centrifuged at 12,000 X g for 10 min to clear cell debris, and then frozen at
—20°C. Equivalent amounts of total protein, as determined by Bradford assay
(Bio-Rad), were loaded onto a sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) gel and transferred to Immobilon-P polyvinylidene di-
fluoride membrane (Millipore). Membranes were probed with an HA-specific
antibody (HA.11; Babco) at a 1:1,000 dilution, followed by horseradish peroxi-
dase-conjugated goat anti-mouse secondary antibody (Santa Cruz Biotechnol-
ogy) at 1:10,000 and detection with ECL Plus Reagent (Amersham Biosciences).
For semiquantitative RT-PCR analyses, cytoplasmic mRNAs were harvested
with an RNeasy Kit (QIAGEN) from cells transiently transfected with equivalent
amounts of either human APOBEC3H or macaque APOBEC3H expression plas-
mid. Cytoplasmic RNA preparations were treated with 2 pl of DNase (Invitro-
gen) for 15 min to degrade contaminating plasmid DNA, followed by inactivation
of DNase by adding EDTA to 2.5 mM and heating to 65°C for 10 min. Cyto-
plasmic transcripts were than reverse transcribed for 30 min at 50°C (QIAGEN
One-Step RT-PCR Kit) with an APOBEC3H-specific primer (HSM179 [5'-GA
GAGTTCGGCAGCGAAATACCG-3']). cDNAs were then serially diluted (1:
2), and 5 wl was used for 30 cycles of PCR amplification (94°C for 30 s, 55°C for
30 s, 72°C for 1 min) with a 5" HA-specific primer (HASense [5'-GGATACCC
ATACGATGTTCCAG-3']) and the 3 APOBEC3H-specific primer (HSM179;
see above).

Proteasome inhibitor Western blot analysis. 293T cells were plated in 1 ml in
a 12-well plate at 3.5 X 10° cells/ml 1 day prior to transfection. Individual wells
were transfected with 0.5 wg of APOBEC plasmid and, 24 h after transfection,
the medium was replaced with Dulbecco modified Eagle medium containing
either 10.5 M MG-132 (Calbiochem) or an equivalent volume of dimethyl
sulfoxide (DMSO) as a control. Lysates were harvested with NP-40-doc buffer
(see above) 2 and 20 h after initiation of treatment. The DMSO-only control was
harvested at the 20-h time point. Lysates were normalized for total protein
content via a Bradford assay, resuspended in SDS sample buffer, and boiled for
5 min, and 10 pg of total cellular protein was loaded per well onto an SDS-PAGE
gel for Western blot analysis as outlined above.

Bacterial mutator assay. APOBEC cDNAs were cloned into the isopropyl-
B-D-thiogalactopyranoside (IPTG)-inducible pTrc bacterial expression vector
(pTre-C; Invitrogen) and transformed into Ung ™/~ Escherichia coli strain BW310
(E. coli Genetic Stock Center, Yale University). Single colonies were used to
inoculate independent cultures in Luria broth with 150-pg/ml carbenicillin and 1
mM IPTG and grown overnight at 37°C to saturation. The optical density at 600
nm (ODyg) of 1:5 dilutions was measured to assess relative viability, and cultures
were then plated onto Luria broth-agar plates containing rifampin (Calbiochem)
to select for rifampin resistance. Results were analyzed with GraphPad Prism
software. Single rifampin-resistant colonies were picked from plates and used for
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colony PCR with primers specific to the bacterial RNA polymerase gene rpoB
(10). One microliter of each PCR mixture was used to directly sequence products
with an internal primer (rpoBSeq [5'-ATCTGGATACCCTGATGCCACAG-3']).
For bacterial expression analysis, 3-ml cultures in log phase (as determined by
ODg) were induced with 1 mM IPTG, and 100 wl of culture was pelleted after
2.5 h, resuspended in 100 pl of 1 SDS sample buffer (0.06 M Tris-HCI [pH 6.8],
10% glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.0025% bromophenol blue),
and boiled for 5 min. Ten microliters of a 1:100 dilution of lysates was loaded
onto an SDS-PAGE gel, transferred to Immobilon-P polyvinylidene difluoride
membrane, and detected with a c-myc monoclonal antibody (9E10) at a 1:1,000
dilution. Equal loading of total cell lysates was confirmed by Coomassie staining
of the polyacrylamide gel after transfer.

Hypermutation assay. VSV-G-pseudotyped HIVAvif was produced in 293T
cells in the presence or absence of transiently transfected pCS2HA/APOBEC
expression vectors. Ten nanograms of p24 was used to infect 293T cells plated at
8 % 10° cells/ml 1 day prior to infection. Genomic DNA was harvested with the
DNeasy Tissue Kit (QIAGEN) 48 h postinfection, followed by treatment with 1
wl of Dpnl for 1 h at 37°C to exclude contaminating plasmid DNA from being
amplified in subsequent PCR amplifications. A 407-bp region of the HIV-1 pol
sequence was amplified with the high-fidelity Pfu DNA polymerase and pol-
specific primers (poll721 [5'-GAGCAGACCAGAGCCAAC-3'] and pol2152
[5'-AGTTTCAATAGGACTAATGGG-3']). The pol fragment was subsequently
gel purified (QIAGEN), cloned into the TOPO-TA vector (Invitrogen), and
sequenced.

Nucleotide sequence accession numbers. The sequences determined in this
study have been submitted to GenBank and assigned accession no. DQ408605
to DQ408615.

RESULTS

Evolution of APOBEC3H. The APOBEC3H gene has an
evolutionary history different from that of other primate APO
BECS3 genes. To investigate APOBEC3H function in primates,
APOBEC3 proteins from a number of species were aligned
and a neighbor-joining tree was constructed with CLUSTAL X
(34). Our results are consistent with those recently published
by Conticello et al. (5), and we have maintained the same
nomenclature for consistency. Based on phylogenetic analyses,
mammalian APOBEC3 cytidine deaminase domains can be
classified as belonging to one of two types that appear to have
been present in the common ancestor of the mammalian line-
age (termed Z1A, Z1B [in blue and purple, respectively], and
72 [in red]; Fig. 1A and B) (5). While the APOBEC3A to -G
genes in primates are paralogous genes (related by duplica-
tion) of the Z1 type (blue in Fig. 1), the primate APOBEC3H
gene is distinct as it is the only primate APOBEC3 of the Z2
type (in red in Fig. 1A and B). Our analysis of available se-
quences from completed and ongoing genome sequencing
projects identified the presence of an APOBEC3H-like or-
tholog throughout the mammalian lineage (Z2-type domains
in red in Fig. 1A). While the Z1-like domains have expanded
in many mammalian lineages (most dramatically in humans),
the APOBEC3H-like domain is always present in a single copy,
either as part of a fusion gene (rodents, cows, and pigs) or as
a stand-alone, single-domain gene (dogs, horses, and humans)
(Fig. 1B). While any functional differences that may distinguish
Z1- and Z2-type domains have yet to be described, it is clear
that the evolutionary constraints acting on the two types of
domains are distinct as the Z1 domain has expanded indepen-
dently in a number of genomes while the Z2 domain has not.

We have previously shown that genes involved in genome
defense, such as APOBEC3G and TRIMS5a, are frequently
subject to positive selection (also called adaptive evolution),
indicated by an excess of replacement mutations which alter
the encoded amino acid over synonymous mutations in which
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there is no amino acid change (28). In the case of proposed
genome defense genes, the finding of positive selection has
proven to be a reliable indicator of antiviral function. Func-
tional studies have shown that of the APOBEC genes tested, the
genes that are adaptively evolving in primates (28) are also those
that have been shown to possess antiviral activity (APOBECI,
APOBEC3B, APOBEC3C,APOBEC3F, and APOBEC3G) (2, 11,
16, 43). To investigate whether APOBEC3H has also evolved
under positive selection (thereby implicating it as an antiviral
gene), we sequenced the APOBEC3H coding exons from
genomic DNA for a panel of New World monkey (NWM),
OWM, and hominoid species. With the PAML (phylogenetic
analysis by maximum likelihood) program (41), we calculated
the number of observed changes per nonsynonymous site (dN)
and the number of observed changes per synonymous site (dS)
over the entire length of the APOBEC3H gene and calculated
the dN/dS ratio for each branch of the primate phylogeny (Fig.
1C). Despite the fact that whole-gene dN/dS values are often
conservative measures of positive selection (due to averaging
of values over the entire gene length), many branches show a
dN/dS value greater than 1, indicative of positive selection. We
found that APOBEC3H has an average dN/dS ratio of 1.39
over primate evolution. Models in which codons are permitted
to evolve under positive selection (NsSites models M2 and M8)
fit the APOBEC3H data significantly better than those in which
positive selection is not permitted (NsSites models M1 and
M7, respectively; P < 0.0001). These results are strikingly
similar to our finding for APOBEC3G (average primate dN/dS
ratio = 1.31) (28), implying that the evolutionary pressures
driving the positive selection of APOBEC3H have been just as
strong as those affecting APOBEC3G. We found no significant
variation in the dN/dS ratio among different branches of the
primate phylogeny (data not shown), implying that, like
APOBEC3G, a relatively uniform selective constraint has acted
on APOBEC3H for the past 33 million years.

Tissue-specific mRNA expression. We further asked if APO
BEC3H had characteristics of an antiretroviral defense gene
through an analysis of the tissue distribution of APOBEC3H
mRNA expression. We would expect a gene important for
antiretroviral defense to be expressed in tissues relevant to
retroviral replication in vivo, similar to what has been found for
the other APOBEC3 genes (14, 43). A panel of cDNAs from
various human tissues was screened for mRNA expression with
primers that are specific for human APOBEC3G and APO
BEC3H. Although overlapping in some tissues, the expression
patterns of human APOBEC3G and APOBEC3H mRNA tran-
scripts are not identical (Fig. 2). For example, both human
APOBEC3H and human APOBEC3G are transcribed in the
ovary and testis, potential sites of endogenous retrovirus mo-
bilization, as well as in both stimulated and unstimulated PBLs,
sites of lentiviral replication in vivo. In contrast, human APO
BEC3G mRNA is expressed at higher levels in the trachea and
adipose tissue while human APOBEC3H mRNA is expressed
at higher levels in the fetal liver and skin, where APOBEC3G
mRNA appears to be poorly transcribed. Thus, while the ex-
pression pattern of human APOBEC3H in retroviral target
tissues supports a role for this gene in antiretroviral defense
and is similar to the potent antiretroviral effector human
APOBEC3G, there are significant tissue-specific differences,
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FIG. 1. APOBEC3H is conserved in mammalian genomes and adaptively evolving in primates. APOBEC3 genes from humans, primates, and other
mammals were used for an analysis of the evolutionary history and selective pressures affecting APOBEC3H throughout mammalian evolution. (A) A
neighbor-joining tree was constructed in CLUSTAL_X based on a protein alignment of APOBEC sequences from humans and nonprimate eutherian
mammals. The N-terminal and C-terminal domains of double-domain APOBEC proteins have been split and are designated -N and -C, respectively.
APOBECS3 proteins from mammals in which more than one APOBEC3 was identified are numbered. An APOBEC3H-like domain (red lineages, Z2)
has been conserved in a number of mammalian species, including mice, rats, dogs, horses, pigs, cows, and primates. This phylogeny is rooted with the
most closely related activation-induced deaminase, cytidine deaminase, as an outgroup lineage; the placement of this root is shown by an arrow. Bootstrap
support for the groupings is indicated by numbers next to the relevant branches; those nodes that were supported by a Bayesian maximum-likelihood
analysis are indicated with an asterisk. (B) Schematic of APOBEC3 genes identified in representative mammalian genomes, including the mouse, cow,
dog, and human genomes. Red denotes Z2 (APOBEC3H like), while blue and purple denote Z1A and Z1B, respectively (the nomenclature system used
was suggested in reference 5). While rodents encode only one APOBEC3 gene (a Z1-Z2 fusion), the cow and pig genomes both contain at least two
APOBEC3 genes, one whose domain structure mirrors that of the rodent Z1-Z2 fusion gene, as well as an additional Z1-type gene. The horse and dog
genomes contain at least three single-domain APOBEC3 genes, two Z1-type genes, and a Z2-type gene; however, the dog genes have not been assigned
to a genomic contig yet and hence the chromosomal assignment, and the order of the genes, is still tentative (this uncertainty is represented as a dotted

line). (C) APOBEC3H is adaptively evolving in primates. dN/dS ratios were calculated and are indicated on the APOBEC3H phylogeny, which is
completely congruent with the accepted primate phylogeny (24). We obtained APOBEC3H sequences from a panel of six hominoids, four OWMs, and
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FIG. 2. mRNA expression pattern of APOBEC3H in human tissues. Both APOBEC3G and APOBEC3H were PCR amplified with specific
primers from cDNAs made from a panel of different human tissues. Molecular weight markers are shown every ninth lane, and the tissue of origin
is marked above each lane. Boxes indicate expression of human APOBEC3G and human APOBEC3H in PBLs and germ line cells (sites relevant

to retroviral replication).

suggesting that these two APOBECS3 genes are not functionally
redundant.

APOBEC3H is a retroviral restriction factor. We next tested
the antiretroviral activity of APOBEC3H in single-round viral
infectivity assays. First, cDNAs for human (hominoid), ma-
caque (OWM), and sooty mangabey (OWM) APOBEC3H
were cloned from testis, spleen, and lymphoid cells, respec-
tively. Plasmids expressing either APOBEC3H (human, ma-
caque, or sooty mangabey) or APOBEC3G (human) were then
cotransfected with an HIV-1 (HIV-WT) genome that encodes
the luciferase gene along with a VSV-G expression plasmid for
pseudotyping of virions. Viral supernatants were collected,
normalized for p24 gag, and used to infect 293T cells. As
HIV/SIV Vif proteins can counteract the inhibitory effects of
other APOBECS3 proteins (20), we also tested APOBEC3H for
activity against HIV-1 lacking the vif gene (HIVAvif).

We found macaque APOBEC3H to be a potent inhibitor of
both HIV-WT and HIVAvif (Fig. 3A). The resistance of ma-
caque APOBEC3H to the effects of HIV-1 Vif is expected due
to the known species specificity of Vif-APOBEC interactions
(20). For instance, the macaque APOBEC3G protein is also
unaffected by HIV-1 Vif but is susceptible to SIV Vif (20). In
contrast to this antiretroviral activity of the macaque homolog,
we found that human APOBEC3H had almost no effect on
HIV replication, even in the absence of the Vif protein (main-
tenance of 85% infectivity for both HIVAvif and HIV-WT)
(Fig. 3A). The HA epitope tag at the N terminus was not
responsible for the lack of activity of human APOBEC3H, as
plasmids expressing human APOBEC3H without the HA tag
were also tested and shown to be inactive (data not shown).
Human APOBEC3G was used as a control in these experi-
ments, as it has the best-characterized antiviral activity against
a broad panel of retroviruses (2, 7-9, 19, 26, 27, 35). As ex-
pected, human APOBEC3G was able to efficiently restrict
HIVAvif but not HIV-WT (human APOBEC3G is known to

be potently inhibited by HIV-1 Vif) (31; Fig. 3A). The finding
that human APOBEC3H is not able to inhibit HIV-1 despite
the potent antiviral activity of the macaque homolog is sur-
prising given that the APOBEC3G homologs from various
primate species (humans, chimpanzees, macaques, and Af-
rican green monkeys) do not demonstrate variable activity
against HIV-1 (20).

Since the antiviral activity of APOBEC3 family members is
sometimes specific to certain viral species (43), the macaque
and human APOBEC3H proteins were also tested alongside
human APOBEC3G for the ability to inhibit a related nonhu-
man primate lentivirus, SIVagm. SIVagm endemically infects
African green monkeys but also is capable of replicating in the
rhesus macaque, suggesting that SIVagm Vif is sufficient to
counteract APOBEC3 proteins encountered in this host. We
found macaque APOBEC3H to be able to potently restrict
SIVagmAvif but not SIVagmWT (Fig. 3B). Thus, macaque
APOBEC3H is specifically inhibited by SIVagm Vif but not by
HIV Vif (compare Fig. 3A with Fig. 3B), similar to what has
been shown for macaque APOBEC3G (20). In contrast to
macaque APOBEC3H, human APOBEC3H was unable to
significantly inhibit either SIVagmWT or SIVagmAvif, again
suggesting that human APOBEC3H is incapable of inhibiting
lentiviral replication. Consistent with previous findings, human
APOBEC3G inhibited SIVagm and was not neutralized by
SIVagm Vif (Fig. 3B). We also cloned the sooty mangabey
APOBEC3H cDNA and found that its restriction pattern was
essentially identical to that of the macaque homolog (data not
shown), as expected given the relatively small evolutionary
distance between the two primates.

We also tested the abilities of the macaque and human
APOBEC3H proteins to inhibit HIVAvif in a dose-response
experiment by increasing the amount of APOBEC3H plasmid
in the transfection from 250 ng to 1,000 ng. Even at the lowest
levels of transfected plasmid, macaque APOBEC3H was able

three NWMs. dN/dS ratios were calculated along each branch of the phylogeny with the free-ratio model in the PAML package that allows the
dN/dS ratio to vary along each branch. A dN/dS ratio of greater than 1 is indicative of positive selection. In some instances, zero synonymous
substitutions lead to an apparent dN/dS ratio of infinity (shown with an asterisk). mya, million years ago.
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FIG. 3. Restriction of HIV and SIV by macaque but not human
APOBEC3H. Single-round viral infectivity assays were used to assess
the relative abilities of APOBEC3 proteins to inhibit retroviral repli-
cation, as described in Materials and Methods. (A) Effects of human
APOBEC3G (huApo3G), macaque APOBEC3H (macApo3H), and
human APOBEC3H (huApo3H) on HIV-1 infectivity. Black boxes are
HIV-WT, and white boxes are HIVAvif. Results are shown as percent
infectivity of the control infection in which no APOBEC expression
plasmid was included. Results from one representative experiment are
shown (error bars reflect variation between triplicate infections within
one experiment). (B) The same as panel A, except that APOBEC genes
were assayed for activity against SIVagm, a related nonhuman primate
lentivirus. Of note, the twofold decrease in SIVagmAvif infectivity in
the presence of human APOBEC3H was not reproducible in indepen-

dent experiments. (C) Single-round viral infectivity assay of HIVAvif

produced in the presence of increasing amounts of APOBEC3H ex-
pression plasmids. Human APOBEC3H (open squares) plasmids de-
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to reduce the infectivity of HIVAvif to less than 5% of the
control (no APOBEC) infection (Fig. 3C). In contrast, human
APOBEC3H had a less-than-twofold effect on HIVAvif, even
at the highest level of transfected plasmid. In addition, we
introduced a mutation into the predicted active site of the
macaque APOBEC3H cytidine deaminase domain by changing
amino acid 56 from glutamate to alanine (macApo3H E56A in
Fig. 3C). This mutant was severely impaired in its ability to
inhibit HIVAvif, although even the residual antiviral activity of
macApo3H ES6A was greater than that of human APOBEC3H
(Fig. 3C). We also found that macaque, but not human,
APOBEC3H could restrict murine leukemia virus (data not
shown).

We conclude, therefore, that APOBEC3H in these OWM
species is able to restrict divergent primate lentiviruses with an
expected species-specific sensitivity to the lentiviral vif gene,
while the human APOBEC3H homolog is incapable of restrict-
ing any of the viruses tested here. Our findings suggest an
unexpected and fundamental difference in activity between
APOBEC3H proteins from OWMs and humans.

APOBEC3H protein expression in primate cells. To under-
stand the difference in antiviral activity between the macaque
and human APOBEC3H proteins, we examined the steady-
state expression levels of the proteins in transiently transfected
cells. Western blot analysis of lysates from 293T cells (a human
cell line) that were transfected with equivalent amounts of
macaque APOBEC3H and human APOBEC3H expression
plasmids revealed a large discrepancy between the steady-state
levels of the two proteins (Fig. 4A). At levels of transfected
plasmid that correspond to efficient inhibition of primate len-
tiviruses by macaque APOBEC3H (the same levels used for the
infectivity assays in Fig. 3A and B), we saw high levels of
macaque APOBEC3H protein but were able to detect only low
levels of human APOBEC3H protein. Through semiquantita-
tive RT-PCR analysis, we found equivalent amounts of
mRNAs to be present in cells transiently transfected with ei-
ther APOBEC3H homolog (Fig. 4B). Thus, the inability of
human APOBEC3H to restrict retroviral replication appears
to reflect low protein levels in the virus-producing cell and that
this low steady-state level of expression is not due to decreased
transcriptional activity or mRNA instability. Further, we
looked for expression of stable human APOBEC3H protein in
a variety of other human cells (primary human fibroblasts,
HelLa cells, and Jurkat T cells), as well as nonhuman mamma-
lian cells (mouse 3T3 and feline CRFK cells) by retroviral
transduction and found that there was low to undetectable
human APOBEC3H protein expression in all of these cell
types (data not shown).

To test the possibility that human APOBEC3H protein is
actively degraded, we used a well-described proteasome inhib-
itor, MG-132, to determine if blocking proteasome-mediated
protein degradation would lead to higher steady-state levels of
human APOBEC3H in transiently transfected 293T cells. In-

creased HIV-1 infectivity less than 2-fold at all of the concentrations of
transfected plasmid used, while macaque APOBEC3H (solid circles,
solid lines) decreased infectivity almost 50-fold. A catalytic-site mutant
form of macaque APOBEC3H (macApo3H E56A; solid circles, dotted
lines) was severely impaired in its ability to inhibit HIV-1 replication.
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FIG. 4. Steady-state expression levels of APOBEC3H proteins are
drastically different. Lysates of 293T cells transiently transfected with
APOBEC expression plasmids were analyzed by Western blotting and
semiquantitative RT-PCR to determine relative levels of protein and
mRNA, respectively. (A) APOBEC3H protein levels were detected in
cell lysates 48 h after transfection. The predicted size of HA-tagged
human APOBEC3H is ~23 kDa, and that of macaque APOBEC3H is
~26 kDa. Identical results were obtained with an alternate expression
vector (data not shown), ruling out an effect specific to the pCS2HA
construct used in these experiments. (B) Cytoplasmic mRNAs were
reverse transcribed with an APOBEC3H-specific primer, and serial
dilutions (1:2) were used as a template for PCR amplification. Ampli-
fication of APOBEC3H transcripts is equivalent for both the human
and macaque APOBEC3H transfections. The control (no reverse
transcriptase) was included to rule out the possibility of plasmid DNA
contamination. (C) The proteasome inhibitor MG-132 was added to
transient transfections of human APOBEC3H and macaque
APOBEC3H, and lysates were used for Western blot analysis. Samples
harvested at the 2- and 20-h time points revealed approximately five-
fold stabilization of the human APOBEC3H protein, even at the ear-
liest time point. In the bottom part, 10-fold less macaque APOBEC3H
was transfected.

deed, we found that proteasome inhibitor treatment partially
stabilized intracellular levels of human APOBEC3H at both
the 2- and 20-h time points (a fivefold increase over the
DMSO-only control) (Fig. 4C), suggesting that human
APOBEC3H is actively degraded by the proteasome. No in-
crease was seen for macaque APOBEC3H when it was trans-
fected at plasmid levels similar that of the human APOBEC3H
plasmid (Fig. 4C, middle), but we did see an increase in ma-
caque APOBEC3H in response to MG-132 when 10-fold lower
amounts of plasmid were transfected (Fig. 4C, bottom). How-
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ever, the response of human APOBEC3H differed from that of
macaque APOBEC3H since human APOBEC3H could be
induced by a 2-h incubation with proteasome inhibitor while
induction of macaque APOBEC3H required a 20-h incubation
(Fig. 4C, compare middle and bottom parts). Thus, both pro-
teins are likely subject to proteasome-mediated degradation
but the human protein may be more sensitive to this degrada-
tion. Similar results were obtained with Cos7 cells (data not
shown), an African green monkey (OWM) cell line, ruling out
the possibility that this degradation is specific to expression of
the proteins in a human cell line. Despite the fact that cells
treated with a proteasome inhibitor contain increased levels of
human APOBEC3H, the levels are still lower than that of
macaque APOBEC3H (Fig. 4C), and we found that human
APOBEC3H produced at these levels had no antiviral effect on
HIVAvif (data not shown). These results suggest that the sig-
nificantly different expression levels of the APOBEC3H pro-
teins may explain the observed disparity in their antiviral ac-
tivities.

APOBEC3H encodes a conserved cytidine deaminase activity.
The residues necessary for cytidine deamination, such as the
consensus His-X-Glu-X,; ,5-Pro-Cys-X, ,-Cys cytidine deami-
nase motif (12), are conserved in both the human and ma-
caque APOBEC3H homologs. To determine whether either
of the APOBEC3H homologs has functional enzymatic ac-
tivity, we took advantage of a well-described bacterial mu-
tator assay (13, 22). In this assay, induced APOBEC pro-
teins catalyze cytidine deamination of the bacterial genome.
Mutations that occur at well-characterized positions of the
RNA polymerase gene rpoB confer resistance to the antibi-
otic rifampin, allowing us to screen for DNA mutator activity
by assaying for an increased frequency of rifampin resistance.
In contrast to our results obtained with primate cells, human
APOBEC3H can be stably expressed in the bacterial system
(Fig. 5A). In this mutator assay, expression of either
APOBEC3H homolog resulted in an increase in the median
Rif" frequency (human APOBEC3H, ~6.1-fold over the back-
ground; macaque APOBEC3H, ~3.1-fold over the back-
ground in this experiment; P < 0.05), suggesting that both
APOBEC3H homologs have conserved DNA mutator activity.
Similar to what other groups have shown (10), we indeed saw
an elevated median mutation frequency (about threefold)
when comparing human APOBEC3G to the vector-only con-
trol (Fig. 5B). To further this analysis, we sequenced a small
region of the E. coli RNA polymerase gene isolated from Rif"
colonies. If cytidine deamination is the major mechanism
through which mutations are conferring a resistance pheno-
type, sequencing should reveal more C-to-T and G-to-A tran-
sition mutations in the APOBEC-expressing samples com-
pared to the vector-only control. As expected, we found that
the mutations in the rpoB gene from human APOBEC3H,
macaque APOBEC3H, and human APOBEC3G were transi-
tion mutations 93%, 95%, and 95% of the time, respectively,
whereas transitions occurred only 84% of the time for the
vector-only control. We conclude, therefore, that both
APOBEC3H homologs have conserved cytidine deaminase ac-
tivity that is capable of, although perhaps not limited to, DNA
mutation.

G-to-A hypermutation of retroviral genomes. APOBE(C3-
mediated antiviral activity has been shown to be due, at least in
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FIG. 5. Cytidine deaminase activity is conserved in APOBEC3H
homologs. (A) Macaque and human APOBEC3H homologs were ex-
pressed in a bacterial system. Whole-cell lysates were used for Western
blot analysis to evaluate expression levels of APOBEC proteins in
bacteria. Sizes of myc-tagged APOBEC proteins are ~48 kDa for
human APOBEC3G, ~23 kDa for human APOBEC3H, and ~26
kDa for macaque APOBEC3H. All of the APOBEC proteins were
stably expressed in this system. (B) APOBEC proteins were evaluated
for the ability to affect rates of acquired resistance to rifampin in a
bacterial cytidine deamination assay. Results are shown as the number of
rifampin-resistant (Rif") colonies normalized for cell number (ODyg).
One representative experiment is shown in which eight independent cul-
tures were evaluated. Of note, both the human APOBEC3H and
macaque APOBEC3H mutation frequencies were higher than the
control (Vector Only) in independent experiments (P < 0.05). How-
ever, the potency of the macaque and human APOBEC3H proteins
relative to one another varied in independent experiments and should
not be compared.

part, to cytidine deamination of nascently transcribed retrovi-
ral cDNAs following infection of target cells. Such cytidine-to-
uracil deamination in minus-strand DNA is detected as re-
placement of guanine with adenine in integrated proviral
genomes. We found that a mutation in the putative active site
of macaque APOBEC3H disrupted most (but not all) of its
antiviral activity (Fig. 3C). To further define the role of deami-
nation in APOBEC3H-mediated antiviral activity, we also
looked for direct evidence of APOBEC3H-induced hypermu-
tation of viral genomes. After infection of cells with HIVAvif
produced in the presence or absence of APOBEC expression
plasmids, a region of the viral genome was amplified, se-
quenced, and analyzed for evidence of hypermutation. Signif-
icant G-to-A hypermutation was observed for both human
APOBEC3G and macaque APOBEC3H (Fig. 6A), implying
that both enzymes actively deaminate cytidines in minus-strand
viral DNA. As might be expected from our viral infectivity
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FIG. 6. APOBEC3H induces G-to-A hypermutation of retroviral
genomes. Retroviral hypermutation induced by APOBEC proteins was
evaluated by sequencing HIVAvif proviral genomes following infection
of a target cell line, as described in Materials and Methods. (A) Se-
quences were obtained from infections with viral supernatants from
transfections containing human APOBEC3G, macaque APOBEC3H,
human APOBEC3H, or no APOBEC expression plasmid. G-to-A
changes were the only mutations observed in ~9,000 bp of the se-
quenced genomes, ruling out the likelihood of generalized reverse
transcriptase errors or experimentally introduced mutations. (B) Hy-
permutated viral sequences were analyzed to determine the sequence
context of the deaminated cytidine. The number of deamination target
sites evaluated for each APOBEC is noted (huA3G = 21, macA3H =
20). Shown are percentages of each nucleotide found at the —2, —1,
and +1 positions relative to the deaminated cytidine (C). Macaque
APOBEC3H demonstrates a clear TC dinucleotide preference.

and protein expression data, human APOBEC3H infections
showed no evidence of hypermutation. Further analysis of the
sequences allowed us to delineate the target site preference of
macaque APOBEC3H. Macaque APOBEC3H demonstrated
a clear target site preference for thymine at the —1 position
relative to the deaminated cytidine, an 85% TC dinucleotide
preference (Fig. 6B). This dinucleotide preference is similar to
what has been reported for human APOBEC3B (6) and hu-
man APOBECS3F (2, 16) but is in contrast to the CC dinucle-
otide motif preferred by human APOBEC3G (Fig. 6B) (44).
Our results suggest hypermutation of retroviral genomes as a
likely mechanism of APOBEC3H-mediated antiviral activity.

DISCUSSION

In this study, we have characterized a unique component of
the primate APOBEC3 family of antiretroviral effectors,
APOBEC3H. We found APOBEC3H orthologs to be con-
served in mammalian genomes and undergoing sustained
adaptive evolution in primates. As expected given the signal of
positive selection acting on APOBEC3H in primates, we found
OWM APOBEC3H to be a potent inhibitor of lentiviral infec-
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tivity through a mechanism that includes, at least in part,
deamination of nascent viral minus-strand DNA.

The fact that SIV Vif allows escape from OWM
APOBEC3H-mediated restriction suggests that APOBEC3H
plays a significant role in restriction of retroviral infection in
these primates since Vif proteins must have evolved to recog-
nize APOBEC3H in OWMs. Moreover, our analysis of posi-
tive selection indicates that APOBEC3H may be as much an
active participant in host defense as the prototypic antiviral
gene APOBEC3G. Thus, in order to productively infect
OWMs like rhesus macaques, SIV Vif must be able to inacti-
vate a panel of APOBEC3 proteins, including APOBEC3F,
APOBEC3G, and APOBEC3H. Thus, the ability of lentiviral
Vif proteins to neutralize APOBEC3 proteins encountered in
the host must involve complex interactions that allow Vif pro-
teins to recognize diverse substrates (32), including divergent
APOBEC3 proteins.

While orthologous APOBEC3 genes from different primates
may encode similar antiviral functions (4APOBEC3G, for ex-
ample), it is clear from our study that other members of the
APOBECS3 family, including APOBEC3H, may encode proteins
that are not necessarily functionally redundant in different
primates. Our study therefore emphasizes the importance of
testing orthologs from various primate species. While multiple
human APOBEC3 genes have been tested for antiviral func-
tion, only APOBEC3G orthologs from other primates have
been tested (20). Our APOBEC3H study suggests that a survey
limited to human genes may lead to an incomplete picture of
antiviral potency, or lack thereof, encoded by the APOBEC3
cluster in primates.

APOBEC3H is a potent restriction factor likely to be im-
portant in preventing lentiviral infection in vivo in certain
primate species, including the rhesus macaque and sooty
mangabey but likely not in humans. Despite its DNA mutator
activity and in contrast to the antiretroviral activity of the
macaque APOBEC3H homolog, we found that human
APOBEC3H is poorly expressed at the protein level and has no
detectable antiretroviral activity. The differential stability and
subsequent change in antiviral activity of APOBEC3H ho-
mologs suggest that the ~35 million years of evolution that
separates OWMs and hominoids has resulted in significant
functional divergence of this conserved antiviral cytidine
deaminase. Although we found the low expression of human
APOBEC3H in a number of cell types, we still cannot rule out
the possibility that the protein is differentially regulated in
different cells (such as stabilization of the human homolog in
an undetermined cell type or cellular environment). The mech-
anism by which APOBEC proteins are degraded by lentiviral
Vif proteins (45) could be a descendant of such a regulatory
control system. This model supposes, however, that regulated
degradation, a possible mechanism of protein regulation (36),
serves as a major regulator of APOBEC3H stability.

Alternatively, our results suggest that an antiviral effector
that is active in some primates has become inactive in humans.
While this may seem incongruous with the finding of positive
selection of APOBEC3H in primates (Fig. 1D), we cannot
determine if positive selection has occurred specifically along
the evolutionary branch leading to humans. Why an unstable
antiviral APOBEC3 gene would evolve specifically in humans,
but not in OWMSs, could be due to several reasons, but we
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discuss two strong possibilities. The first possibility is that the
loss of function of human APOBEC3H is the result of relaxed
selective pressures occurring specifically along the human line-
age. Although it is hard to reconcile this possibility with the
finding of robust antiviral activities of other human APOBEC3
genes, it is plausible that APOBEC3H became specialized to
inhibit a particular retroviral invader and extinction of this
retrovirus specifically in humans resulted in decreased selective
pressure to maintain activity and allowed for the subsequent
loss of APOBEC3H activity. Evidence for differential pressure
from retroelements among primates is accumulating, particu-
larly in the case of endogenous retroviruses (18, 42). Given
relaxed pressure to maintain antiviral activity, it may even
have been advantageous for humans to evolve an unstable
APOBEC effector, as this would alleviate the cost associated
with the maintenance of a full repertoire of potentially hyper-
mutagenic cytidine deaminases in the cell (4, 23, 39). Similar
relaxation of constraints may have led to the high-frequency
persistence of an impaired TRIM5« allele in the human pop-
ulation (29).

A second possibility is that the original function of
APOBEC3H has been assumed by another APOBEC3 family
member in humans. The rapid expansion of APOBEC3 genes
in primate genomes supports this possibility. APOBEC3A, for
example, appears to be a recent arrival in hominoids, revealed
in the short evolutionary distance separating it from the C-
terminal domain of APOBEC3B (Fig. 1A). This evolutionary
distance is less than that between the human and macaque
APOBEC3H genes, implying its recent evolution. Our genomic
surveys suggest that there is no APOBEC3A ortholog in
the parts of the rhesus macaque genome sequenced thus far
(H. S. Malik, unpublished data). Since both APOBEC3A4 and
APOBEC3H encode single-domain cytidine deaminases, it is
possible that APOBEC3A now performs a function in humans
(3) that is usually undertaken by APOBEC3H in other pri-
mates.

The finding that humans now encode a poorly expressed
APOBEC3H protein is significant because orthologous genes
are conserved in most mammals, implying an important al-
though unknown function for this gene in mammalian cells. If
the human homolog of APOBEC3H has indeed lost the ability
to serve as an effective lentiviral restriction factor, our current
ability to combat retroviral infections must be significantly
different from that of other primates, a finding that is both
evolutionarily and medically important.
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