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Table 2. CRFO1_AE domestic micro-clades (MCs) detected in the study population.

tMRCA Characteristics of individuals in micro-clades

MC-ID Median 95% HPD Region Age Gender Behavior Nationality

Transmission Clusters

McCo1 Nov-'96 Sep-'93 - Oct-'01 Region 2 35 M Hetero -Japan
Region 2 42 F Unknown Japan
Region 2 31 M Hetero - Japan
Region 3 44 F Hetero Thailand
Region 2 37 F Hetero Japan
Region 2 40 M Hetero Japan

MCo02 Mar-"00 Dec-'96 - Aug-'02 Region 3 30 F Hetero Japan
Region 2 29 M Hetero Vietnam
Region 4 21 M VDU Vietnam
Reference - - Unknown Taiwan
Reference - - Unknown Vietnam

Mco3 Mar-01 Apr-98 - Jun-'03 Region 2 26 M VDU Indonesia
Region 2 47 M Hetero Japan
Region 4 47 M Hetero Japan
Region 2 32 M VDU Indonesia
Region 4 23 F Hetero Indonesia
Region 4 26 F Unknown Indonesia
Reference - - Unknown Korea

MCo4 Feb-'02 Sep-'99 - Jan-"04 Region 2 21 F VDU Japan
Region 2 66 M Unknown Japan
‘Region 2 45 F Hetero Japan
Region 2 67 M Hetero Japan
Region 2 60 M MSM Japan -
Region 2 63 M Hetero Japan

MCo5 Jun-02 Feb-00 - Apr-04 Region 2 28 F Hetero Japan
Region 2 56 M Hetero Indonesia
Region 4 24 F IVDU Indonesia
Region 4 34 M VDU Japan
Region 4 35 M VDU Indonesia

Heterosexual Male-Female Pairs

MCo6 Feb-'03 Aug-'00 - Nov-'04 Region 2 68 M Hetero Thailand
Region 2 62 F Hetero Japan

MCo7 May-03 Oct-'01 - Apr-04 Region 4 50 M Hetero Unknown -
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Table 2. Cont.

tMRCA Characteristics of individuals in micro-clades
MC-ID Median 95% HPD Region Age Gender Behavior Nationality
Region 4 50 F Hetero Japan
mCos Nov-'03 Jan-"02 Dec-04 Region 4 58 M Hetero Japan
Region 4 51 F Hetero Japan
MC09 Jan-'06 Oct-'02 Jul-'08 Region 2 40 M Hetero Myanmar
Region 2 33 F Hetero Myanmar
MC10 Sep-'06 Aug-'03 Oct-'08 Region 2 46 M Hetero Japan
Region 2 29 F Hetero Japan
MCh Apr-07 Jan-'06 Dec-07 Region 4 66 M Hetero Japan
Region 4 65 F Hetero Japan
MSM pairs
MC12 Nov-"01 Apr-'00 Nov-'02 Region 2 29 M MSM Japan
Region 2 36 M MSM Japan
MC13 Aug-'03 Jan-'01 Jun-'05 Region 6 43 M MSM Japan
Region 6 56 M MSM Japan
MC14 Jan-'07 Mar-'05 May-"08 Region 6 27 M MSM Japan
Region 6 34 M MSM Japan
MC15 Feb-'07 Mar-05 Apr-08 Region 2 46 M MSM Japan
Region 2 40 M MSM Japan
Discordant couples with possible missing cases
mc16 May-99 Jan-'99 May-01 Region 2 28 M Hetero Japan
Region 2 46 M Hetero Japan
MC17 Sep-'99 May-'96 Apr-'02 Region 2 49 M Hetero Japan
Region 2 28 M MSM Japan
mc18 Sep-'00 Nov-'96 Feb-'03 Region 2 41 M Hetero Japan
Region 2 52 M Hetero Japan
MC19 Oct-'00 Nov-'98 Jun-'02 Region 4 52 M Hetero Japan
Region 4 65 M Hetero Japan
MC20 Dec-'00 May-'98 Mar-'03 Region 1 32 M MSM Japan
Region 2 58 M Hetero Japan
MC21 Apr-'03 Oct-"99 Dec-"05 Region 2 25 F Hetero Japan
Region 2 39 M MSM Japan -
MC22 Apr-05 Aug-'03 Jun-'06 Region 1 35 F Hetero Japan
Region 2 59 F Hetero Japan
MC23 Mar-"07 Sep-'05 Jan-'08 Region 2 44 F Hetero Japan
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Table 2. Cont.

tMRCA Characteristics of individuals in micro-clades

McC-ID Median 95% HPD Region Age Gender Behavior Nationality
Region 2 34 M VDU non-Japanese

MC24 Sep-'07 Dec-'05 May-'08 Region 6 26 M MSM Japan
Region 2 25 M Hetero Japan

Insufficient information ? ?

MC25 Aug-'04 Sep-'02 Oct-'05 Region 2 20s M Unknown Unknown
Region 2 28 M MSM Japank

MC26 Dec-'05 Nov-"02 Mar-'08 Region 2 23 M Unknown Unknown
Region 2 31 F Hetero Myanmar

MC27 Mar-'07 Apr-06 Jun-07 Region 2 45 M Hetero Japan
Region 4 44 M Unknown Japan

MC28 ' Apr-'07 Jun-'05 Apr-08 Region 2 35 F Unknown Unknown
Region 2 29 F Hetero Thailand

MC29 May-'07 Feb-'05 Dec-'08 Region 2 40s M Unknown Unknown
Region 2 73 M Hetero Japan

MC30 Jun-07 Jun-05 Oct-'08 Region 2 47 M Unknown Unknown
Region 2 35 M Unknown Unknown

MC31 Jul-08 Apr-'07 Jan-'09 Region 2 46 M Hetero Japan
Region 4 39 M Unknown Japan

MC32 Oct-'08 Oct-'07 Jan-'09 Region 2 24 M Unknown Unknown

‘ Region 2 25 M MSM Japan
MC33 Feb-"09 Oct-'07 Oct-'09 Region 2 23 M MSM Japan
‘ Region 2 23 M Unknown Unknown

MC: micro-clade, HPD: highest posterior density, tMRCA: time of most recent common ancestor.

doi:10.1371/journal.pone.0102633.t002

ueder ul 3y~ L04¥D L-AlH JO sisAjeuy diweudpojAyd

col



30

163

Phylodynamic Analysis of HIV-1 CRFO1_AE in Japan
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Figure 2. Histogram of CRFO1_AE micro-clades by the number of individuals in each micro-clade. Twenty-eight micro-clades consisted
of two patients and the remaining 5 micro-clades consisted of more than 4 individuals.

doi:10.1371/journal.pone.0102633.g002

Statistical Analysis

The distribution of IVDUs among micro-clades was tested by %2
goodness of fit test to the Poisson distribution. All statistical
analyses were calculated using R version 2.10.0.

Results

Major Risk Behavior among CRF01_AE Cases is
Heterosexual Contact

We analyzed 297 protease-RT sequences from 243
CRFO01_AE-infected cases, which corresponds to 6.7% of the
collected study population of 3618 newly diagnosed patients from
2003 to 2010. The highest transmission category in both male and
female CRFO1_AE populations was high-risk heterosexual contact
(Table 1). Among CRF01_AE patients, Japanese males were the
majority (52.7%), but this predominance was significantly lower
(two sided % test, p<<0.001) than in the overall population of HIV
infected individuals in Japan (male: 93.2%, Japanese: 90.1%) [16].
The median ages for males, females and the total population were
45, 35 and 40 years, respectively. While patient nationality was not
associated with heterosexual behavior (OR=0.556; p=0.183),
MSMs and IVDUs were significantly more (OR = 15.444; p<
0.001) and less frequent (OR = 0.086; p =0.001) among Japanese
patients, respectively (Table S3).

Phylogenetic Analysis Identifies 33 Micro-clades of
CRFO1_AE-Infected Patients in Japan

The estimated evolutionary diversity of the CRFOI_AE
protease-RT region is shown in Table S4. Coefficients of
differentiation were low among the risk behaviors and collection
arcas. The mean evolutionary rate of the protease-RT region
estimated by Bayesian MCMC inference was 1.07x107% substi-
tutions per year (Table S5), consistent with previous estimates for

PLOS ONE | www.plosone.org

the HIV genome [43-45]. The estimated mean coefficient of
variation was 0.597, indicating substantial heterogeneity in the
evolutionary rate in viral lineage (Table S5). The tree topology
showed no association with any demographic parameters of
patients. We identified 33 clusters that mainly spread in Japan, i.e.,
micro-clades MCO1 to MC33 (Figure 1, Figure S2). Some of these
micro-clades might have been due to intra-patient sequence
variation, as suspected for MC27, 32 and 33. Other micro-clades
seemed to come from inter-patient diversity because patients’
characteristics were clearly distinct from each other (Table 2).
These micro-clades consisted of 76 patients (Table 2), correspond-
ing to 31% of all CRFO1_AE patients collected in our study. The
distribution of cluster sizes is shown in Figure 2. Most micro-clades
(n =28, 85%) consisted of two patients, with only five micro-clades
containing more than a pair.

Origin of the Transmission Clusters Introduced into Japan
between 1996 and 2002

The median tMRCAs of micro-clades found in Japan and in
foreign reference sequences are shown in Tables 2 and 3,
respectively. The median tMRCA of CRFO1_AE viruses in Japan
was estimated using Bayesian MCMC inference as 1968 (95%
HPD: 1975-1956), identical to that of the all CRFO1_AE viruses
measured in this study, including reference sequences. The earliest
transmission cluster originating in Japan was MCO1, with tMRCA
of 1996. This cluster consisted of 6 individuals (3 males and 3
females), of whom 5 reported their risk behavior as heterosexual
contact. Five individuals in MCO1 were from Region 2, and one
Thai female was detected in Region 3 (Figure 3). Four other
transmission clusters (MC02-05) showed median tMRCAs be-
tween 2000 and 2002. As shown in Figure 3, these clusters
comprised individuals from geographically wide areas of Japan,
from eastern to central Japan (Regions 2, 3, 4 and 5; see also
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Figure 3. Detailed phylogenetic structure of five large micro-clades. Open and solid circles indicate male and female cases, respectively.
Circle color indicates geographic origin of the samples, followed by risk behavior, and nationality, if known. Dates at the sub-tree’s root show the
tMRCA of each micro-clade. Numbers below each node show bootstrap values above 80%. JP=Japanese, KR=Korean, VN=Vietnamese,
ID =Indonesian, TH =Thai, TW =Taiwanese, UN =unknown, IDVU =intravenous drug user.

doi:10.1371/journal.pone.0102633.g003

Figure SI). These clusters also included both genders and
individuals of different nationalities, such as Japanese, Indonesian,
Vietnamese, Taiwanese and South Korean, suggesting complex
transmission networks in CRF01_AE. The most striking finding
was that 7 of 9 IVDUs were significantly concentrated in these
four large clusters (32 =528.5; p<<2.2x107'%),

Small CRFO1_AE clusters frequently included MSM

In contrast to the large CRFO1_AE clusters, which contained
only 1 MSM/29 total individuals in clusters, the small CRFO1_AE
clusters frequently included individuals reporting MSM risk
factors. The median tMRCA of small micro-clades ranged
between 1999 and 2009 (Table 2). Among these micro-clades,
23 consisted of samples collected in the same region, whereas
individuals in the remaining 5 micro-clades were widely distributed
over mainland Japan (MC20, 22, 24, 27, and 31). Five micro-clades
MC06, 09, 23, 26, and 28) included at least one non-Japanese. The
proportion of females in these small micro-clades was 23%, lower
than that of the entire study population (30.5%, Table 1). Six micro-
clades (MCO6-11) consisted of heterosexual pairs that were unlikely
to expand their transmission networks. The median tMRCAs of
such closed micro-clades ranged from 2003 to 2007, and those of 4
micro-clades (MC12-15) consisting of MSM pairs ranged from 2001
to 2007. Other 26 small micro-clades had diverse demographic, and
risk factor characteristics (Table 2). Taken together with the findings
of the large clusters, these data highlight the complexity of
CRFO1_AE transmission in Japan.

CRFO1_AE Epidemic in Japan Occurred in at least Two

Waves

The distributions of numbers of individuals in micro-clades and
their demographic parameters are graphed versus micro-clade
tMRCA in Figure 4. Analysis of tMRCA revealed two distinct
groups of CRFO1_AE infected individuals: the first wave coming
in the early 2000s and the second wave in 2007 to 2008
(Figure 4A). Before the first wave, the major risk factor in the
clusters was heterosexual behavior, with a remarkable number of
IVDUs around the first wave (Figure 4B). After the first wave,
MSM increases gradually and reaches a peak at the second wave
(Figure 4B). The clusters in the first wave included many
Indonesians (Figure 4C). Thailand, where the CRF0!_AE
outbreak started, had few contributions to cluster formation in
any years, and Japanese mainly contributed in the recent 4 years
from 2006 to 2010 (Figure 4C). Individuals from Region 6 were
found i the clusters only after 2003, showing that the infection
seems to have spread from eastern Japan to the rest of the
mainland around this year (Figure 4D). These patterns were not
found in analyses of the relationship between demographics and
collection year (Figure S3). These data suggest CRFO1_AE was
introduced at least twice, with one early wave occurring in the
early 2000’s largely transmitted through heterosexual contact, and
a second distinct wave of transmission occurring later that has
been sustained by transmission through multiple risk factors, that
includes a substantial contribution of MSM transmission.

PLOS ONE | www.plosone.org

Some Individuals Infected with Viruses from the
Transmission Clusters Spread in East and Southeast Asian
Countries

Besides domestic micro-clades, 6 international micro-clades
(IMC-1-6) were determined in reference CRF01_AE sequences
from the Los Alamos HIV databasc (Figure 1, Table S1). Among
these international micro-clades, 4 (IMCs 1-3 and 5) included
sequences from our study (Table 3, Figures S4 and S5). Seven
individuals from a wide range of regions in Japan were grouped
into IMC-1, the largest international micro-clade with reference
sequences collected in Vietnam and China. IMC-2, the second
largest cluster consisting of 27 sequences from China, contained
one Chinese female detected in Region 4. IMC-3 consisted of 12
sequences from China and included MC33, which included 1 or 2
Japanese males from Region 2. IMC-5, which contained reference
sequences from the Philippines, included one MSM Japanese male
from Region 2. Thus, our data clearly demonstrate ongoing
international transmission of CRFO1_AE, especially between
China and Japan.

Discussion

The results of this study reveal a process of multiple
transmissions and a subsequent spreading pattern of CRFO1_AE
infection into Japan. Our sample represents 18.7% of the officially
reported HIV-1-infected cases in Japan [16]. Although our results
were obtained from the relatively short and genetically conserved
pol sequence region, we collected the largest number of sequences
for this region and we considered that this greater number would
be more advantageous for our study. The age distribution of
CRFO01_AE is shifted more toward older populations compared to
subtype B cases. However, as non-B subtype HIV-l-infected
individuals tend to visit a clinic when they have not recently
seroconverted (>155 days) [16], the estimated age at infection
may be similar to that for subtype B HIV-infected cases. Unlike
subtype B-infected cases, among which MSM is the major risk
factor, more than half of the CRF01_AE-infections in Japan were
estimated to be transmitted through heterosexual contact.

Using composite phylogenetic analysis, we determined at least
30 clusters of CRFO1_AE-infected individuals in Japan; we noted
6 groups had international members, as they contained both our
surveillance data and reference sequences from other Asjan
countries. Among 243 patient samples collected in the study, 76
were from patients involved in these micro-clades, demonstrating
transmission networks of the CRFO1_AE infection in Japan. The
remaining 167 samples failed to be identified in transmission
clusters; the CRFO1_AE epidemic is quite large, and it is possible
that sequences without identifiable partners is due to the low
coverage rate of our surveillance or that they were newly imported
from neighboring countries.

An original outbreak of CRFOI_AE among the high-risk
heterosexual population was first reported in Thailand in the late
1980s [4-6], then disseminated to neighboring countries [8-12].
Soon after the outbreak in Thailand, the first extensive coloniza-
tion of the virus was estimated in Japan. Indeed, our phylody-
namic analysis suggests that the primary domestic transmission
cluster of CRFOI_AE was formed in the 1990s. This possibility
was confirmed from IMC-1, which includes 7 domestic sequences
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Figure 4. Dynamics of transmission clusters in Japan according to member individuals’ demographic characteristics. A) Number of
individuals in micro-clades is shown versus micro-clade tMRCA (time of the most recent common ancestor). Bars in each panel are colored by B) risk
behavior, C) nationality, and D) geographical region. MC= micro-clade.

doi:10.1371/journal.pone.0102633.g004
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Table 3. International micro-clades (IMCs) detected in the study population and outlier sequences.

tMRCA Characteristics of individuals in micro-clades

IMC-ID Median 95% HPD Region Age Gender Behavior Nationality

IMC-1 Dec-'94 Mar-'93 - Mar-'96 Region 7 26 F Hetero Japan
Region 4 24 m Hetero. Japan
Region 4 62 M Hetero Japan
Region 2 35 M MSM Japan
Region 2 54 M Hetero Japan
Region 4 43 M Unknown Japan
Region 2 66 M Hetero Japan
Vietnam 35 ref seq (see Table S1)
China 7 ref seq (see Table S1)
France 2 ref seq (see Table S1)
Czech 2 ref seq (see Table S1)

IMC-2 Oct-'99 Dec-'96 - Dec-01 Region 4° 32 ; Fooo Unknown China
China 27 ref seq (see Table S1)

IMC-3 Feb-"00 Aug-'99 - Dec-01 MC33 2 individuals in Japan (see Table 2)
China 12 ref seq (see Table S1)

IMC-4 ND ND ND China 4 ref seq (see Table S1)

IMC-5 Aug-'02 Jun-'99 - Feb-05 Region 2 30 M MSM Japan
Philippines 3 ref seq (see Table S1)

IMC-6 ND ND ND China 23 ref seq (see Table S1)

Sequence groups in CRFO1_AE

Japan AE Nov-'68 Sep-56 - Apr-'75 - -

Whole AE Nov-'68 Sep-'56 - Apr-'75 - -

HPD: highest posterior density, tMRCA: time of most recent common ancestor, ND: not determined.

doi:10.1371/journal.pone.0102633.t003
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and “cluster 3" containing sequences from North Vietnam and a
neighboring Chinese province described by Liao et al. [46],
suggesting simultaneous disseminations to these countries, includ-
ing Japan (Figure S5). Our tMRCA analysis demonstrated that
some transmission clusters independently spread in East Asia from
around 2000 (Table 3). Among these, IMC-1 was the same as the
cluster found in IVDU populations in Northern Vietnam and
Southeastern China [46,47]. The estimated median tMRCA of
IMC-1 was similar to that of previous studies [46,47], and our
subjects from regions 2 and 4 were scattered within the cluster,
suggesting repeated transmission events of CRFOI_AE from these
regions to Japan around 2000. In turn, IMC-3 was the same as a
cluster recently found in a northeastern Chinese MSM population
(named “cluster 1" [48-50] or CN.MSM-01-01 [51]) and included
the domestic micro-clade, MC33.e constructed a maximum
likelihood tree using our subjects with 4 CN.MSM-01-01 sequences
derived from Japan with the same substitution model and confirmed
that members of MC33 were involved in a Japanese sub-cluster of
CN.MSM-01-01 (Figure S6). Therefore, one can observe that
MC33-related viruses may have contributed an outbreak in an
MSM community in metropolitan areas of Japan. Additionally,
domestic clusters MCO02 and MCO3 included reference sequences
originating from Taiwan and Vietnam, and South Korea,
respectively (Figure 3). Thus our data clearly suggest that
transmission networks of CRFO1_AE have developed between
Japan and other Asian countries from the first colonization wave.
The CRF01_AE epidemic scenario would be that CRF01_AE was
initially imported to Japan in the 1990s from neighboring Asian
countries especially by IVDU behavior. Then, Japanese variants
may have influenced epidemics among MSM in East Asian
countries, as suggested by Kondo et al [51], by exporting cases in
the middle of the 2000s. Among such “connected” countries in
Asia, generation of recombinant forms between CRFO0I_AE and
other subtypes has been a recent concern [7,51].

After the primary dissemination to Japan, our tMRCA
distribution data strongly suggest that CRF01_AE invaded Japan
in two substantial waves, one in 2000 and the other in 2007. Our
finding is based on the ability to detect common ancestors among
circulating viral variants. We could not assign common ancestors
to all of our sequences, and the CRF01_AE epidemic is substantial
and genectically diverse. As a result, our sampling, as well as
sampling in other countries, may not be sufficient to detect
additional, ongoing introductions of CRFOI_AE. A serious
concern drawn from our findings is the role of IVDU in the
CRF01_AE transmission network. The concentration of IVDUs
observed in large micro-clades (e.g., MCO5) indicates a suspected
linkage of high-risk sexual communities and drug addicts,
including international partners (MCO05) As stigma often limits
standard risk assessment for HIV, the phylodynamic approach
described here offers an effective method to track ongoing
epidemics within suspected IVDU communities, with the results
of our analysis indeed clarifying critical contributions of IVDU to
the CRFO1_AE outbreak in Japan. These results aid in calling
attention to the need to focus resources on interventions designed
to specifically limit spread among specific risk groups to curtail
CRFO1_AE transmissions through the IVDU route.

Supporting Information

Figure S1 Geographic location of HIV-1 sample collec-
tion regions in Japan. Regions of sample collection are
designated by the same colors used to indicate sample origin in
other figures.

(PDF)

PLOS ONE | www.plosone.org

14

Phylodynamic Analysis of HIV-1 CRFO1_AE in Japan

Figure 82 Distance-based neighbor joining phylogeny of
the protease-RT region of CRF01_AE HIV-1 in Japan.
Numbers on each branch show the results of interior branch
testing, where probabilities >95%. The sequences obtained in our
surveillance network are designated by circles in different colors
according to the region of sample collection. Reference sequences
from the Los Alamos database are designated by black triangles.
Micro-clades and significant clusters are annotated by red
branches with brackets on the right of the tree. Scale bar at the
bottom shows the number of nucleotide substitutions per site.
(PDF)

Figure 83 Distribution of sample collection time of
CRFO01_AE HIV-l-infected individuals in Japan. The
cumulative numbers of CRF01_AFE HIV-l-infected individuals
are shown by year of sample collection. Bars in each panel are
colored by individuals® A) gender and risk behavior, B) nationality,
and C) geographical region.

(PDE)

Figure S4 Partial chronological phylogenetic tree of
IMC-1. An international micro-clade including 7 sequences from
our study population and a cluster that spread mainly in Vietnam
[46] extracted from the Bayesian MCMC phylogeny is shown.
The 7 sequences are designated by symbols according to their
gender and the region of sample collection. JP=Japanese;
UN = unknown.

(PDF)

Figure $5 Partial chronological phylogenetic tree of
IMC-3. An international micro-clade composed of CRFO1_AE
sequences found in China extracted from the Bayesian MCMC
phylogeny is shown. This cluster included MC15. Sequences are
designated by symbols according to their gender and the region of
sample collection. JP = Japanese; UN = unknown.

(PDF)

Figure 86 Maximum likelihood phylogenetic tree of the
large Chinese cluster CN.MSM.01-01 with MC33. Prote-
ase-RT sequences belonging to CN.MSM.01-01 [51] were
selected from the Los Alamos database and aligned with our
study subjects and outlier sequences. Maximum likelihood
phylogeny was inferred from the alignment as described in
Materials and Methods. A partial tree including CN.MSM.01-01
is represented. Numbers below branches indicate bootstrap
probability. Japanese sequences in CN.MSM.01-01 are under-
lined. Our sequences are designated by symbols according to their
gender and the region of sample collection. JP=Japanese;
UN = unknown.

(D)

Table S1 CRFO01_AE outlier sequences from the Los
Alamos HIV database.

(PDF)
Table S2 Bayesian factor analysis of molecular clock

models compared for constant demographic size.

(PDF)

Table S3 Independence test of risk behaviors and
nationalities in CRF01_AE-infected patients in Japan.
(PDF)

Table S4 Estimates of the mean evolutionary diversity
for categories of CRF01_AE sequences.

(PDI)
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Table S5 Evolutionary parameters obtained in Bayes-
ian MCMC inference with constant size and lognormal
relaxed.

(PDF)
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Abstract
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Background: Human APOBEC3H (A3H) belongs to the A3 family-of host restriction factors, which are cytidine
deaminases that catalyze conversion of deoxycytidine to deoxyuridine in single-stranded DNA. A3 proteins contain
either one (A3A, A3C, A3H) or two (A3B, A3D, A3F, A3G) Zn-binding domains. A3H has seven haplotypes (I-Vi})
that exhibit diverse biological phenotypes and geographical distribution in the human population. Its single
Zn-coordinating deaminase domain belongs to a phylogenetic cluster (Z3) that is different from the Z1- and
Z2-type domains in other human A3 proteins. A3H Hapll, unlike A3A or A3C, has potent activity against HIV-1.
Here, we sought to identify the determinants of A3H Hapll deaminase and antiviral activities, using site-directed
sequence- and structure-guided mutagenesis together with cell-based, biochemical, and HIV-1 infectivity assays.

Results: We have constructed a homology model of A3H Hapll, which is similar to the known structures of other
A3 proteins. The model revealed a large cluster of basic residues (not present in A3A or A3C) that are likely to be
involved in nucleic acid binding. Indeed, RNase A pretreatment of 293T cell lysates expressing A3H was shown
to be required for detection of deaminase activity, indicating that interaction with cellular RNAs inhibits A3H
catalytic function. Similar observations have been made with A3G. Analysis of A3H deaminase substrate specificity
demonstrated that a 5' T adjacent to the catalytic C is preferred. Changing the putative nucleic acid binding
residues identified by the model resulted in reduction or abrogation of enzymatic activity, while substituting
Z3-specific residues in A3H to the corresponding residues in other A3 proteins did not affect enzyme function.
As shown for A3G and A3F, some A3H mutants were defective in catalysis, but retained antiviral activity against
HIV-1vif () virions. Furthermore, endogenous reverse transcription assays demonstrated that the E56A catalytic
mutant inhibits HIV-1 DNA synthesis, although not as efficiently as wild type.

Conclusions: The molecular and biological activities of A3H are more similar to those of the double-domain
A3 proteins than to those of A3A or A3C. Importantly, A3H appears to use both deaminase-dependent
and -independent mechanisms to target reverse transcription and restrict HIV-1 replication.

Keywords: HIV-1, APOBEC3H, Homology model, Deaminase activity, Antiviral activity, Deaminase-independent

Background

The human APOBEC3 (A3) family consists of seven cyti-
dine deaminases that catalyze the conversion of deoxycy-
tidine (dC) to deoxyuridine (dU) in single-stranded (ss)
DNA, thereby inducing G-to-A hypermutation in double-
stranded DNA [1-5]. A3 proteins play an important role

* Correspondence: levinju@mail.nih.gov

'Section on Viral Gene Regulation, Program in Genomics of Differentiation,
Eunice Kennedy Shriver National Institute of Child Health and Human
Development, National Institutes of Health, Bethesda, MD 20892-2780, USA
Full list of author information is available at the end of the article

( BiolMied Central

in the innate immune defense system by inhibiting a
broad range of exogenous viruses such as human im-
munodeficiency virus type 1 (HIV-1) (reviewed in refs.
[6-13]), human T-lymphotropic virus type 1 (HTLV-1)
[14,15], and hepatitis B virus (HBV) [16,17] as well as
endogenous retrotransposons such as LINE-1 and Alu
elements (reviewed in refs. [7,18]). These proteins con-
tain either one (A3A, A3C, and A3H) or two (A3B,
A3D (formerly known as A3D/E), A3F, and A3G) Zn-
binding domains with the conserved motif HX;EX53 04
CX5.4C (X is any amino acid) [19] (reviewed in refs.
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[20,21]). The histidine and two cysteines coordinate a
Zn ion, while the glutamic acid residue is thought to
act as a proton shuttle during catalysis [6,22]. Based on
phylogenetic analysis, the Zn-binding domains were
further classified into the following groups: Z1 (A3A
and C-terminal domains (CTD) of A3B and A3G), Z2
(A3C, N-terminal domains (NTD) of A3B and A3G,
and both NTD and CTD of A3D and A3F), and Z3
(A3H) [23,24].

A3H is the most divergent member of the A3 family
and has a single Zn-binding domain that belongs to
the unique Z3 group [24,25]. The A3H message under-
goes alternative splicing to generate variants containing
distinct C-terminal regions [26,27]. Furthermore, unlike
other A3 genes, ASH is present in the human popula-
tion as different haplotypes containing functional poly-
morphisms. At present, seven haplotypes of A3H (Hap
I-VII) have been identified that differ in their antiviral
activities: only Hap II, Hap V, and Hap VII are stably
expressed and are able to restrict Vif-deficient HIV-1
[26-29]. Interestingly, the distribution of A3H haplotypes
in the human population is correlated with geographical
location [26,29]. For example, a higher frequency of HaplI
is present in Africa, compared to Europe and Asia, pos-
sibly due to a greater selection pressure against pathogens
endogenous to that region [26].

HIV-1 Vif, which counteracts antiviral activity by pro-
moting proteasomal degradation of A3C, A3D, A3F, and
A3G, exhibits different degrees of potency against the
individual A3H haplotypes [12,29-32]. In cell-based as-
says, the sensitivity of antiviral A3H Hapll towards Vif
was shown to be dependent upon the Vif subtype [33,34]
and a remarkable study involving recently infected
HIV-1 patients revealed adaptive changes in viral Vif
sequences that were attributed to the presence of the
different antiviral A3H haplotypes [32]. These observa-
tions provide strong evidence for a significant role of
A3H as an antiviral defense protein.

A3 proteins deaminate dC residues in a sequence-
specific manner. For example, A3A exhibits a greater
preference for the dC in the center of a TCA target
[35-42], while A3G specifically deaminates the dC in a
CCC motif [21,43-45]. Evaluation of the structural basis
of the sequence specificity suggested that it is deter-
mined by the architecture of the active site and sur-
rounding amino acids, in particular, residues in loop 7
[41-46] (reviewed in refs. [21,47]). Although, A3H is
known to deaminate dC in TC motifs of HIV-1 minus-
strand DNA [27,48], a detailed investigation of the nu-
cleotide context immediately 5° and 3" of the dC on
sequence-specific deamination has not been reported.
In addition, the amino acid residues that are important
for A3H deaminase activity and the role of structure in
dictating biological function have not been investigated.

Page 2 of 15

In the present study, we focus on the biochemical and
structural determinants of A3H Hapll (to be referred to
as “A3H") deaminase and antiviral activities, using site-
directed and structure-guided mutagenesis. We have
constructed a homology model of A3H and find that the
A3H structure, as expected, is similar to the known
structures of A3A [41], A3C [49], A3G-CTD [43,50-53],
and A3F-CTD [54,55], with differences mainly in flexible
loop regions. Our model resembles the ones generated
by (i) MODELLER [56], based on the A2 and A3G-CTD
structures [57], and (ii) the automated structure-homology-
modeling server, SWISS-MODEL, using the A2 structure
[13], although details may be different. Interestingly, our
model also reveals a large cluster of basic residues, which
is not present in other A3 deaminase-active domains, and
is consistent with the observation that deaminase activity
in cell-free extracts is detected only after removal of RNA
by treatment with RNase A. In addition, we have evalu-
ated the deaminase and antiviral activities of a series of
A3H mutants. Although these activities can be correlated
in most cases, a significant number of mutants lacking en-
zymatic activity are still able to inhibit HIV-1 replication,
albeit at a lower efficiency than wild type (WT). This
result raises the possibility that A3H restricts HIV-1 by
catalytic-dependent and -independent mechanisms. In-
deed, assays of endogenous reverse transcription (ERT)
support this hypothesis. Taken together, our findings
provide new insights into the role of A3H as a naturally
occurring human restriction factor and should contrib-
ute to continuing efforts to combat HIV infection in
the African human population.

Results

Sequence- and structure-based design of A3H mutants

In this work, we set out to investigate the determinants
of A3H cytidine deaminase and antiviral activities, using
a mutagenic approach. Given A3H's unique Z3-type Zn-
binding domain [24], we initially carried out a sequence
comparison of the Z3 domain of A3H with the Z1 and
Z2 domains of other A3 proteins to identify conserved
and distinct regions in A3H (Additional file 1: Figure S1).
Sequence identities range from 28-43% and the Z3 do-
main shares the greatest identity with the Z2 domains of
A3C and A3F-CTD and the least with A3D-NTD. The se-
quence alignment also identified four residues unique to
the Z3 domain: T81, 1102, $109, and V135, which are re-
placed by S, V, A, and I in other Z domains.

A more extensive sequence alignment was performed by
comparing the residues in the complete A3H protein with
the sequences of A3 proteins whose three-dimensional
structures have been solved at high resolution, ie.,
A3A [41], A3C [49], A3F-CTD [54,55] and A3G-CTD
[43,50-53] (Figure 1). The overall sequence identity bet-
ween A3H and each of these proteins is very similar and
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A3G-CTD  nwww=-E]L REEHDPPTFTFAFRNER « - » BVATREETY LI YEVERMURDTRYL L NORRGF LOMTAPHKHOF LEGRMAELC 261

* * * *
ASH FENETESHOLOETGCYQVTCYLTRSPESS - - CARELVOF INARDHLNLATFASEL TRHNC RPONDOLFLLCOSOYAVET 136
A3A FLOLYPELGLOPAGE YAV THE TSHEPCESHGLAGEVRAFL QENTHVRL RTFAASIYDYD PLFFEALOMLADAGAUVETY 153
AC FLAWFLDDILSPRTEYQVTHY TAWEPIPD- - CAGEVARFLARRSHVHLTIFTARLYYFOYPUYORCLRSLSGECVAVETY 148
ASF-CTD FLSWELDOTLSENTNYENTRYTOREPCOE - - CAGEVAEEL ATHANYNL TIETAR L FYEROTOYOEGL FSL SOEGASNE T 351
ASG-CTD FLDVIFFAKLDLOOOYRVTLFTSHSPLFS - - CANEMAEF ISHHKHVS L IFTARI YO0 -GROJEGLATLCAEAGARISIM 338

ASH GF HEEAOCHENEVEHER P SFHIPYRMLEELDRNSRATKARLORIKGS 183
ASA FYLEFRICHLTIVIANG - -~ CPTOPVOGLOEHS AL SERLAAILONGGN 199
ASC [IYEPERYCEENSVTNIN- - - - ERFEPRKGLETHRL LRRRLEESLE 190
ASF-CTD GYSIIFKSCHENFYYNDD- -~ - EFFEPUKGLEYRFLFLOSKLOEILE 373
ASG-CTD TYSEFKICRDTEVINOG - - - CPROPADGLDEHSONL SORLASTLINOE 384
Figure 1 Sequence alignment of A3H Hapll (residues 1 to 183) and four A3 deaminase-active proteins whose structures have been
solved: A3A (1 to 199) [41], A3C (1 to 190) [49], A3F-CTD (185-373) [54,55], and A3G-CTD (191-384) [53] (also see refs. [43,50-52]).
The A3H residues mutated in this study are highlighted with green asterisks and the active site residues are highlighted in blue. The region inside
the square brackets represents the Z domain sequences for all of the proteins. The amino acids that comprise A3H loop 7 are also shown. The
sequence alignment was generated using Lasergene software (DNASTAR, Inc, Madison, W1, USA).

x
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Loop 7

ranges from 35 to 38% (Table 1). The Z domains (bracketed)
include the loop 7 residues, a region that is involved in
deaminase substrate specificity [41-46] (reviewed in
[21,47]). Interestingly, loop 7 sequences for different A3
proteins display alternative arrangements of polar and
non-polar residues. For example, A3H contains a stretch
of aromatic residues (YYHW, 112-115), while in A3G-
CTD, the corresponding residues are polar (YDDQ), 315—
318). In addition, a unique stretch of residues was noted
outside the Z domains, namely 154~157 (PLSF), which is
absent in the other A3 proteins.

To probe the role of A3H residues in enzymatic ac-
tivity in relation to their location in the structure, we
constructed a homology model based on the X-ray struc-
ture of A3G-CTD [53] (Figure 2A). Comparison of our
A3H model with A3G-CTD (PDB: 3IR2) [53], A3A (PDB:
2 M65) [41], A3C (PDB: 3 VOW) [49], and A3F-CTD
(PDB: 4I0U) [54] showed that the A3H model is similar
to the other A3 structures, which have r.m.s.d. values ran-
ging from 3.1 to 3.5 A. The major differences between the

Table 1 Sequence comparison of A3H with other
deaminase-active A3 proteins and theoretical isoelectric
points (pl)

Zinc-binding % Sequence  Theoretical pI®
domain (Z) identity to
type A3H?

A3A (1-199) Z1 36 6.3

A3C (1-190) 72 38 75

A3F-CD2 (185-373) 22 36 50

A3G-CD2 (191-384) Z1 35 6.2

A3H Hapll {(1-183) 73 100 89

2Sequence identity analysis was performed using Lasergene software
(DNASTAR, Inc.).

PThe theoretical pl values were calculated using the Protparam online
web-based program (http://web.expasy.org/compute_pi/).

various A3 structures occur in the loops, as suggested pre-
viously [41] (Additional file 2: Figure S2).

Comparisons of the electrostatic surface features of
A3H (Figure 2B, Additional file 3: Figure S3) and other
A3 proteins (A3G-CTD, A3A, A3C, and A3F-CTD)
(Additional file 3: Figure S3) reveal a striking difference
in the clustering of basic residues (blue regions), con-
sistent with the fact that A3H is highly basic (theoret-
ical pl, 8.9) compared to the other single-domain A3
proteins A3A (pl, 6.3) and A3C (pl, 7.5) (Table 1). In-
deed, the basic character of A3H is more similar to the
positively charged N-terminal domains (NTDs) of the
double-domain proteins, A3F (residues 1-180; pl, 8.6)
and A3G (residues 1-185; pl, 9.4). The NTDs of A3F
and A3G play an important role in binding viral RNA
that is packaged; however, they are enzymatically in-
active [58-61]. Since A3H is a single-domain protein, it
is likely that the basic residues serve a dual function, i.e.,
binding both viral and/or cellular RNA as well as interact-
ing with the ssDNA substrate for deamination.

RNA inhibits the deaminase activity of A3H

Deaminase activity of A3H variants was tested in 293T
cell lysates using a TTCA-containing 40-nt oligonucleo-
tide as described in Methods; protein expression was
monitored by Western blot analysis, using an A3H-
specific antibody probe (Figure 3A). We selected the
TTCA motif, since analysis of HIV-1 viral DNA showed
that the dC residue in TC motifs was preferentially de-
aminated by A3H [27,32,48,62]. Surprisingly, we observed
only trace amounts of deaminase activity in (WT) A3H
cell lysates (Figure 3B and C). However, activity was
clearly detectable after treating these lysates with RNase
A, while no effect was seen with cells transfected with the
empty vector control. These results suggest that A3H is
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potentials. Basic residues are shown in white.

Figure 2 A3H model structure. (A) Ribbon representation of the A3H model showing the positions of residues mutated in this study in green.
The Zn ion is colored in brown. (B) Electrostatic map of the A3H model depicting regions with positive (blue) and negative (red) electrostatic

bound to RNA present inside the cell and that this inter-
action with RNA inhibits A3H deaminase activity, pre-
sumably in a competitive manner. Interestingly, a similar
inhibitory effect on enzyme function was also observed
with A3G [7,63].

Deaminase target specificity of A3H

Until now, detailed analysis of A3H deaminase specificity
has not been reported. We therefore performed deaminase
assays using oligonucleotides containing different motifs:
TTCA, TTCT, TTCG, TGCA, and ACCCA, where either
a purine (G) or a pyrimidine (T or C) is present at the pos-
ition immediately 5’ of the target dC residue. As shown in
Figure 3D, the presence of a 5' T (e.g., TTCA, TTCT, and
TTCQG) yielded the highest amounts of deamination pro-
duct (~90% substrate conversion with 5 g of total pro-
tein after incubation for 1 h at 37°C), while a 5’ G, as in
TGCA, was poorly tolerated (~17%). The rank order of
deamination efficiency of the substrates is: TTCA ~
TTCT ~ TTCG > ACCCA > TGCA. These data suggest a
less stringent requirement for the 3" position, where ei-
ther a purine or a pyrimidine is tolerated, since similar
levels of deamination product were formed with sub-
strates containing TTCA, TTCT, and TTCG motifs.
(Note that some difference in the deamination efficiency of
substrates with TTCA, TTCT, and TTCG motifs might
occur if less than 1 pg of lysate were added to the reaction.)

Identification of A3H residues important for deaminase
activity

The sequence-structure analysis (Figures 1 and 2) provided
a rationale for mutagenesis of ASH residues that could

potentially play a role in catalytic activity. Deaminase and
HIV-1 infectivity assays of WT and mutant constructs were
performed in parallel to evaluate enzymatic (Figure 4) and
antiviral (Figure 5) activities. The data in Figure 4A and D
are arranged according to residue position along the poly-
peptide chain from the N- to C-terminus. As expected, the
active site mutant E56A (negative control) did not display
any deaminase activity (Figure 4B).

In our initial screen, we focused on residues that are
Z3-specific (Additional file 1: Figure S1), in order to
probe whether these residues were selected throughout
evolution to ensure A3H enzymatic activity. We chose
two examples from this group, T81 and V135, which cor-
respond to S and I, respectively, in Z1 and Z2 Zn-binding
domains (Figure 1). Mutants with these Z1-Z2 substitu-
tions were expressed at levels comparable to or higher
than WT (Figure 4A and D). Interestingly, changing T81
to S did not reduce deaminase activity, whereas the T81 to
A mutation completely abolished activity (Figure 4B).
Note that the mutant protein T81A was expressed at
levels comparable to WT (Figure 4A). Since both threo-
nine and serine possess a hydroxyl group, while alanine
does not, this may suggest that the side chain of T81 is in-
volved in a polar interaction. Changing the analogous resi-
due S97 in A3A (Z1 type) to T did not affect deaminase
activity (Figure 4B), consistent with retention of the im-
portant hydroxyl group. Similarly, mutating V135 to I also
represents a conservative change and not surprisingly,
there was no effect on enzymatic activity (Figure 4E).

In contrast, deletion of the unique stretch of amino
acids, PLSF (aa 154-157), which contains three bulky hy-
drophobic residues, proline, leucine, and phenylalanine,
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Figure 3 A3H deaminase activity dependence on RNase A treatment of extracts and substrate specificity. (A) Western blot analysis
showing the WT A3H protein levels in 293T cells. Transfection of the empty vector (no A3H) served as a negative control and showed that 293T
cells do not contain detectable levels of endogenous A3H. The tubulin loading control is also shown. (B) Representative gel illustrating assay of
WT A3H deaminase activity in a cell extract using a 40-nt TTCA-containing oligonuclectide substrate. The oligonudleotide was incubated with
increasing amounts of A3H extract in the presence and absence of RNase A. The positions of the substrate (40 nt) and the deamination product
are indicated by arrows to the right of the gel. Lane 1, empty vector control; lanes 2 and 6, lanes 3 and 7, lanes 4 and 8, and lanes 5 and 9
represent reactions containing 1 pg, 2 ug, 3 g, and 5 pg of total protein, respectively. (C) The percent (%) deamination product was calculated as
described in Methods and was plotted against the amounts of total protein. (D) Deaminase assay using WT A3H extract and 40-nt oligonucelotides
containing the following deaminase motifs: TTCA, TTCT, TTCG, TGCA, and ACCCA. The data were analyzed and plotted as described in (C).

reduced enzymatic activity to background level (Figure 4E).  packaged efficiently (see below) (Figure 5A). Changing
This suggests that a major conformational change was  another unique A3H residue, P25 to R, abrogated A3H
introduced by the deletion, causing an overall structural ~ deaminase activity (Figure 4B), although its expression
defect. In turn, this would lead to destabilization of the level was normal (Figure 4A).

protein, which could explain the low protein expres- Basic residues in A3 proteins are often involved in spe-
sion level of this mutant (Figure 4D) and inability to be  cific and non-specific nucleic acid interactions [21,47,64].
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To examine the role of these residues in A3H deaminase
activity (Figure 4C and F) and to determine whether the
location of these residues in the A3H model structure is
related to their function, we focused on residues in the
“basic patch” (Figure 2B): R17, R18, R20, R21, R110, K168,
and R171. Note that R18, R20, and R21 are not present in
other A3 proteins (Figure 1). We constructed a single mu-
tant with an R — D change (R110D) as well as double mu-
tants R17D/R18D, R20D/R21D, and K168A/R171A. With
the exception of R17D/R18D and R110D, the mutant pro-
teins were efficiently expressed (Figure 4A and D), but al-
most all lacked deaminase activity (Figure 4C, 4E, and F),
even at high amounts of total protein. Two mutants, del
(20-22) (Figure 4C) and K168A/R171A (Figure 4E), dis-
played greatly reduced, but measurable activity (~15%
and ~11% product, respectively, at 5 g total protein).
These results suggest that positive charges are necessary
for binding of A3H to the ssDNA substrates and that
the introduction of a single negative charge in the basic

patch disrupts the favorable charge-charge interaction.
The change to the non-polar alanine or deletion of resi-
dues 20-22, which are present only in A3H as a unique
insertion, is less detrimental. Taking all of the above
data together, it appears likely that these basic residues
form part of the A3H nucleic acid binding interface.
Another region of interest, loop 7 (Figure 1), which in other
A3 proteins has been shown to be important for substrate
binding and recognition [41-46] (reviewed in refs. [21,47])
was also subjected to mutagenesis. Several of the mutant pro-
teins eg, WI115A, WI115E del(115), and Y113D/H114D/
W115Q (YHW/DDQ) were expressed at low levels compared
to WT A3H (Figure 4D), possibly resulting from reduced pro-
tein stability due to removal of the large tryptophan side
chain. Changing residues Y112, Y113, and H114, eg, Y112A,
Y113D/H114D (Figure 4F), and YHW/DDQ, which intro-
duces polar residues from the A3G-CTD loop 7 (Figure 4E),
led to the complete loss of deaminase activity. A similar result
was obtained when W115 was deleted (del115) or changed to
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Figure 5 Antiviral activities of A3H WT and mutants. (A) Western blot analysis showing the amounts of A3H WT and mutants in HIV-1vif ()
virions and 293T cells. 293T cells were transfected with HIV-1vif () and A3H WT or mutant plasmids at a 1:1 ratio (1 ug each for determination of
expression in cell extracts and 8 pg each for determination of A3H in viral lysates). Cell extracts (10 ug of total protein) as well as viral lysates

(8 ul of viral pellet resuspended in 200 l of loading buffer) were subjected to Western blot analysis. Viral lysates were probed with antibodies to
the N-terminal FLAG tag of A3H and HIV-1 CA; cell extracts were probed with antibodies to the N-terminal FLAG tag of A3H, HIV-1 Gag (Pr559%9),
and tubulin. Controls: Left side, EMPTY refers to HIV-1vif (=) and empty vector (pTR600); Right side, EMPTY refers to empty vector alone; WT, refers
to A3H plasmid DNA alone. (B-D) Antiviral activity was determined as described in Methods. The gray and black bars respresent transfection with

0.1 ug or 1 g of the indicated A3H plasmid, respectively.

alanine (W115A) (Figure 4F). However, changing trypto-
phan to another aromatic residue, phenylalanine (W115F)
(Figure 4F), led to only partial loss of deaminase activity,
suggesting that these aromatic residues could be involved
in base stacking interactions with the nucleic acids. Finally,
we tested the deaminase activity of W115A, delll5,
Y113D/H114D, YHW/DDQ, and R110D at 10 yg total pro-
tein, but again, no activity was observed (data not shown).
Collectively, these results suggest that the residues in A3H
loop 7 are also likely to participate in specific interactions
with nucleic acids.

Role of A3H residues in A3H antiviral activity
Inhibition of HIV-1vif (-) replication by A3F and A3G is me-
diated by both deaminase-dependent and -independent mech-
anisms [20,61,65-79]. In an early study, it was concluded that
A3H antiviral activity is deaminase-independent [80], but other
reports indicated that this activity is dependent on catalysis
[25,27]. It was therefore of interest to evaluate whether the
presence or absence of deaminase activity (Figure 4) could be
correlated with A3H antiviral activity (Figure 5) in our system,
To determine whether the inability of certain mu-
tants to restrict HIV-1 replication was due to a defect
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in A3H packaging, Western blot analysis was performed
(Figure 5A). Virions were probed for capsid protein (CA)
as well as for A3H. For comparison, expression levels of
A3H and tubulin in cells were also measured and the data
were similar to the results in Figure 4A and D. Interest-
ingly, several mutants that were expressed poorly in cells,
packaged little or no A3H in virions (Figure 5A). These
mutants include: R17D/R18D, Y113D/H114D, WI115A,
and del(154-157). Although W115F exhibited lower levels
of protein than WT (Figures 4D and Figure 5A), a signifi-
cant amount of A3H was encapsulated (Figure 5A).

Single-cycle infectivity assays of virions produced in
cells expressing WT and mutant A3H proteins were per-
formed using two different amounts of A3H plasmid
(0.1 pg and 1 pg). Under conditions where the 0.1 pg
dose was used, the antiviral activities of the mutants
could be divided into three groups: (1) mutants that
showed little or no deaminase or antiviral activities (i.e.,
having values similar to the empty vector control), such
as R17D/R18D, R20D/R21D, del(20-22) (low level of de-
aminase activity), Y113D/H114D, W115A, W115F (re-
duced level of deaminase activity), del(115), and del
(154-157) (Figure 5B); (2) mutants with WT levels of
deaminase activity and appreciable antiviral activity, al-
beit lower than that of WT, such as T81S and V135I
(Figure 5C); and (3) mutants completely lacking (P25R,
E56A, T81A, Y112A) or having reduced levels (K168A/
R171A) of deaminase activity that retain antiviral activity
(Figure 5D).

The results obtained with mutants in groups 1 and 2
are consistent with deaminase-dependent antiviral activity,
since group 1 mutants have neither activity and group 2
mutants have both. With the exception of R20D/R21D,
del (20-22), and W115F all of the group 1 mutants that
were analyzed by Western blot exhibited packaging de-
fects (see above), which would account for their lack of
virion-associated deaminase and anti-HIV activities. Inter-
estingly, the results with group 3 mutants were discordant
and suggest that A3H may also utilize a deaminase-
independent mechanism for HIV-1 restriction. Note that
the levels of antiviral activity for these deaminase-negative
mutants were still lower than WT values (0.1 pg condi-
tion), suggesting that deaminase activity is indeed required
for maximal activity.

The antiviral activities of WT and a majority of the
mutants increased upon increasing the transfected plas-
mid amount to 1 pg. Surprisingly, the antiviral activities
of T81S and Y112A were similar to WT levels under this
condition. The behavior of Y112A in our study differed
from that of ASH Hap VII Y112A, which although ex-
pressed efficiently in cells, was poorly packaged and
exhibited a very low level of anti-HIV-1 activity [29].
The explanation for this difference is not clear. We also
performed a side-by-side comparison of the activities
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of the deaminase-negative catalytic mutants of A3G
(E259Q)) and A3H (E56A) as well as the respective WTs
(Additional file 4: Figure S4) and found that both A3H
and A3G WT and mutant samples displayed dose-
dependent inhibition of HIV-1 infectivity. This suggests
that A3G and A3H utilize a common mechanism for
antiviral activity.

Mechanism of A3H antiviral activity

A3G and A3F deaminase-independent anti-viral ac-
tivity targets nascent DNA synthesis during reverse
transcription [20,68-79]. To determine whether A3H
deaminase-independent inhibition of HIV-1 infectivity
is also associated with a reduction in viral DNA syn-
thesis, we performed ERT assays using WT A3H and
the active site mutant E56A.

In our assays, HIV-1vif (=) and A3H plasmids were
transfected at two different ratios: 10:1 or 3:1, respectively
(see Methods). Synthesis of R-U5 DNA (minus-strand
strong-stop DNA) and R-5UTR DNA (plus-strand DNA
synthesized after plus-strand transfer) was measured over
a 4-h time interval (Figure 6A and B). With WT A3H
using the 10:1 condition, the levels of R-U5 were de-
creased to about 40% of the minus A3H control (100%) at
2 h (Figure 6A). The levels were drastically reduced for
WT (3:1 condition) (~15% at 2 h) and the time course
showed no appreciable change in level over the 4-h win-
dow. The E56A mutant, which lacks deaminase activity,
was also capable of reducing the R-U5 levels to about 60%
at 2 h (10:1 condition). At the higher dose (3:1 condition),
R-U5 levels were further reduced relative to the control
(~25% at 2 h), but the inhibition did not saturate even
after 4 h, indicating partial inhibition. Similar trends for
the WT and E56A mutant were also observed when
synthesis of R-5"UTR (plus-strand synthesis) was moni-
tored (Figure 6B). These results demonstrate that A3H
deaminase-independent HIV-1 restriction involves in-
hibition of viral DNA synthesis.

Discussion

In this work, we use sequence- and structure-guided
mutagenesis to provide a detailed analysis of A3H deam-
inase activity and to correlate enzymatic function with
antiviral activity. In addition, we identify the A3H struc-
tural elements associated with these activities. We also
show that A3H deaminase activity in cell extracts is sup-
pressed by binding to cellular RNAs (Figure 3), consist-
ent with an earlier report indicating that A3H interacts
strongly with 7SL, Y1, Y3, and Y4 RNAs in 293T cells
[57]. Interestingly, extensive mutagenesis studies dem-
onstrate that the determinants of deaminase and anti-
viral activities are not necessarily the same, as a number
of deaminase-negative mutants retain antiviral activity
(Figures 4 and 5). Thus, A3H appears to inhibit HIV-1
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infectivity via deaminase-dependent and -independent
mechanisms.

To assess the molecular and structural properties of
A3H Hap II, we generated a homology model based on
the crystal structure of A3G-CTD (PDB: 3IR2) [53].
The electrostatic surface potential of the A3H model
identified a “large basic patch” (Figure 2B, blue region),
containing a cluster of basic residues that could be po-
tentially involved in specific binding to ssDNA sub-
strates as well as binding to cellular RNAs. While this
manuscript was under review, a paper by Shandilya et al.
[81] appeared, presenting homology models of the indi-
vidual domains of several A3 proteins, including A3H.
An electrostatic map of this A3H model also revealed a

large basic patch. In fact, comparison of the two structures
did not show any significant structural differences.

The basic nature of A3H is important and impacts
catalytic function. Thus, deaminase activity is strongly
inhibited upon mutating a subset of the basic residues
(R17, R18, R20, R21, Figure 4C; R110, Figure 4F; K168,
R171, Figure 4E), suggesting reduced binding to the 40-
nt nucleic acid substrate. Arginine mutants that were
tested also lacked antiviral activity (Figure 5B). However,
the basic residues may not all function in the same man-
ner, since the double mutant K168A/R171A retained
some deaminase (Figure 4E) as well as restriction activity
(Figure 5D). Interestingly, the region corresponding to
R17 to P22 in A3H (containing four basic residues) is



