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ABSTRACT

The human apolipoprotein B mRNA editing enzyme,
catalytic polypeptide-like 3 (APOBEC3, A3) family
member proteins can deaminate cytosines in single-
strand (ss) DNA, which restricts human immunod-
eficiency virus type 1 (HIV-1), retrotransposons, and
other viruses such as hepatitis B virus, but can cause
a mutator phenotype in many cancers. While struc-
tural information exists for several A3 proteins, the
precise details regarding deamination target selec-
tion are not fully understood. Here, we report the
first parallel, comparative analysis of site selection
of A3 deamination using six of the seven purified A3
member enzymes, oligonucleotides having 5′TC3′ or
5′CT3′ dinucleotide target sites, and different flank-
ing bases within diverse DNA secondary structures.
A3A, A3F and A3H were observed to have strong
preferences toward the TC target flanked by A or T,
while all examined A3 proteins did not show a pref-
erence for a TC target flanked by a G. We observed
that the TC target was strongly preferred in ssDNA re-
gions rather than dsDNA, loop or bulge regions, with
flanking bases influencing the degree of preference.
CT was also shown to be a potential deamination
target. Taken together, our observations provide new
insights into A3 enzyme target site selection and how
A3 mutagenesis impacts mutation rates.

INTRODUCTION

Human apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like 3 (APOBEC3, A3) family proteins are
composed of seven members that are all encoded on human
chromosome 22 (1). All seven members are cytidine deam-
inases that target cytidines in ssDNA, and generally differ
in their preferred sites of deamination, which is a trend seen
in A3s from other species (2–4). Specifically, APOBEC3G
prefers to deaminate cytidine within 5′CC3′ target sites, but
can also deaminate cytidines within 5′TC3′ target sites (5).
The other six APOBEC3 members preferentially deaminate
cytidines within a 5′TC3′ target site (2–4). Deamination of
cytidine, which results in a cytidine to uridine transition,
generates mutations within the target DNA (6–9). In the
context of somatic cell division, such mutations can facili-
tate oncogenesis, whereas in the context of viral replication,
C to U mutations can generate lethal mutations, thereby
inhibiting replication of a wide variety of viruses, includ-
ing human immunodeficiency virus (HIV) (10–12). In HIV
as well as cellular genomic DNA, C to U mutations in the
minus-strand DNA appear as G to A mutations in the plus-
strand DNA; high G to A mutation frequencies can be
lethal for HIV, and in human genomic DNA, such muta-
tions are associated with cancer (2–4,6,13,14).

Of the seven APOBEC3 proteins, A3D, A3G, A3F and
A3H have been shown to restrict HIV replication when the
virally encoded Vif protein is absent (2,15). In the pres-
ence of Vif, APOBEC3 is targeted for degradation, which
prevents it from inhibiting HIV replication (16,17). Dur-
ing HIV replication, the viral RNA genome is reverse tran-
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scribed from ss(+)RNA to ss(−)DNA and then finally to a
dsDNA, which is integrated into the human genome (18–
20). APOBEC3-mediated inhibition has been attributed
to cytidine deamination within ssDNA that is generated
during reverse transcription (21). During deamination, the
amine group of the cytidine is replaced by a carbonyl group,
which transforms the cytidine with a uridine (C to U). This
transition replaces the guanine-pairing cytidine by adenine
pairing uridine, resulting in a G to A mutation in the plus
strand DNA. The frequency of G to A mutations in the HIV
provirus can exceed 10% of all G residues leading to a lethal
level of mutations (22). The high frequency of mutations
prevent the virus from replicating with enough fidelity to re-
main infectious (23). This G to A hypermutation eliminates
virus infectivity. Previous studies have suggested that sub-
lethal levels of mutations could contribute to viral evolution
(24–26), but recent studies argue that the contribution of
APOBEC3 proteins to HIV mutation, recombination and
virus evolution is minimal (27,28). In addition to inhibition
of viral replication through mutagenesis, APOBEC3 pro-
teins have also been shown to restrict HIV through direct
inhibition of reverse-transcriptase (RT) activity (29,30), al-
though this may be a secondary mechanism of inhibiting
viral infectivity (31).

Not only do the APOBEC3 proteins differ in their pre-
ferred sites of deamination and their ability to restrict HIV
(3,32), they also differ in their subcellular localization (33),
tissue expression patterns (34), and the number of domains
that they contain. Three of the APOBEC3 proteins (A3A,
A3C, A3H) contain a single domain while the other four
APOBEC3 proteins (A3B, A3D, A3F, A3G) have two do-
mains (35–37). Each of the single domain APOBEC3 pro-
teins has a single, zinc finger containing catalytic domain.
In contrast, the double domain APOBEC3 proteins have
two zinc finger containing domains, both of which contain
similar three-dimensional folding. However, only the C ter-
minal domain of the double domain APOBEC3 proteins is
catalytically active (38–41).

While residues within a loop of the catalytic domain that
are responsible for the APOBEC3 proteins preferred din-
ucleotide deamination sites, the presence of the TC dinu-
cleotide target site (or CC in the case of A3G) alone, does
not ensure that a site will be deaminated. In particular,
some of the TC dinucleotide target sites do not appear to
be APOBEC3 targets while others appear to be preferen-
tially targeted and are referred to as APOBEC3 ‘hotspots’
based on the frequency at which these sites are deaminated
(7,10,42). Some target sites are heavily deaminated while
others are not, suggesting that the APOBEC3 proteins have
preferences beyond the dinucleotide target site that are not
yet well characterized. One previous study focused on in-
dividual APOBEC3 proteins and identified a propensity to
deaminate within areas of single-stranded DNA (21). Fur-
thermore, preferences for the sequences flanking the CC
dinucleotide target site have been elucidated for A3G (44).
However, an extensive analysis of all seven APOBEC3 fam-
ily members has not been performed to date and as a re-
sult, it is not known if there are differences among the fam-
ily members in their propensity to deaminate cytidines lo-
cated within different regions of DNA sequence and sec-
ondary structures. In particular, the catalytic properties of

A3D have been a challenge to fully characterize, and the
target site preferences not fully established (43).

Several previous studies have provided some insights into
the nature of target site specificity. In one study, cytosine
deamination with A3G using stem-loop DNA substrates
showed that A3G cytosine deamination hotspots are de-
fined by both the sequence context of the cytosine dinu-
cleotide target as well as ssDNA secondary structure (44).
Analysis of the co-crystal structure of A3G-NTD in com-
plex with ssDNA revealed that flanking bases (i.e. −1 and
+1) form specific binding interactions with loop-1, 3, 5 and
7 of A3G (45). Nucleic acid residues adjacent to the tar-
get sequence affect A3F-CTD deamination activity, with
TTCA/G being the most preferred sequences (46). The se-
quence ATCG has been found to be a deamination target
for A3A, with (T/C) TC (A/G) being important for A3A
binding (47). Analysis of co-crystal structures of either A3A
or the A3B-CTD with ssDNA revealed that the loop re-
gions of DNA stem–loop structures may serve as hotpots
for APOBEC-mediated mutagenesis (48). To date, there is a
knowledge gap in understanding the nature of target site
preferences (i.e., nucleotide context, secondary structure)
among the APOBEC3 proteins.

Here, we report the first parallel, comparative analysis of
site selection of APOBEC3 deamination using six of the
seven purified APOBEC3 proteins (i.e. A3A, A3B, A3C,
A3F, A3G and A3H haplotype II) and oligonucleotides
having 5′TC3′ or 5′CT3′ dinucleotide target sites and vari-
able flanking bases within diverse DNA secondary struc-
tures. In particular, observations were made which impli-
cated that A3A, A3F and A3H have strong preferences to-
wards TC targets flanked by A or T, while all examined
APOBEC3 proteins were observed not to have preferences
with a TC target flanked by G. Additionally, it was also ob-
served that the APOBEC3 enzymes could recognize a TC
target site in a stem structure, and deaminate a CT target.
In coincidence with the expectation that A3 enzymes pref-
erentially act on ssDNA templates, the majority of the A3
proteins were observed to have a higher preference for the
TC target in a ssDNA region than in other regions, such as
a dsDNA, loop and bulge. Notably, the secondary structure
of ‘−1’ T of TC target was shown to influence the A3 deam-
ination preference. Intriguingly, A3 enzymes that possess
closer sequence and/or structural similarities were observed
to follow comparable rules for target selection, e.g. A3A and
A3H. Collectively, the findings of this study provide new in-
sights into target site selection of A3 enzyme and aid in un-
derstanding how A3 mutagenesis impacts mutation rates.

MATERIALS AND METHODS

Expression and purification of APOBEC3 proteins

Recombinant baculovirus for expression of GST-A3A,
GST-A3B, GST-A3C, GST-A3F, GST-A3G and GST-
A3H haplotype II (referred to as A3H) was constructed us-
ing either the pAcG2T (BD Biosciences) or pFAST-bac1
(Life Technologies) vectors as previously described (49–54).
Recombinant baculovirus infected Sf9 cells were harvested
after 72 h of infection. Cells were lysed, and the GST-tagged
proteins were purified as described previously to obtain pro-
tein that was cleaved from the GST tag. Cleaved protein
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fractions were stored at −80◦C. Enzymes were assessed by
SDS-PAGE (Supplemental Figure S1).

Oligonucleotide design and synthesis

Each oligonucleotide (Table 1) was synthesized to con-
tain both a 5′-FAM and a 3′-TAMRA modification. Each
oligonucleotide was also designed to have a TC or CT
context in a given DNA secondary structure, which are
listed in Table 1 by category. The Mfold program (http:
//unafold.rna.albany.edu/?q=mfold/dna-folding-form) was
used to design oligonucleotides that were predicted to have
only one secondary structure at 37◦C.

Fluorescence energy transfer (FRET) assay for detecting pu-
rified APOBEC3 activity

Cytosine deaminase activity for each APOBEC3 protein
was detected through a fluorescence resonance energy
transfer (FRET) based assay, which was performed as pre-
viously described with minor modifications (44,55). DNA
oligonucleotides labeled with 5′FAM and 3′TAMRA were
used as substrates. Intact oligonucleotides maintain FAM
and TAMRA in close proximity that allows TAMRA to
quench the FAM signal (490 nm). When the oligonucleotide
is targeted by APOBEC3, a uridine substrate is generated
and the oligonucleotide is subjected to uracil DNA glyco-
sylase digestion that results in its cleavage of the oligonu-
cleotide. As a result, TAMRA no longer quenches the
FAM signal and an increase in the FAM signal at 490 nm
(�RFU) is generated, which corresponds to APOBEC3 ac-
tivity. Briefly, 200 pmol (for A3B/A3C/A3F/A3G) or 20
pmol (for A3A/A3H) oligonucleotide and 0.8 �M of one
kind of APOBEC3 (0.05 �M for A3F) were incubated in
deamination buffer (50 mM Tris–HCl pH 8.0, 5 mM MgCl2
and 1 mM DTT) at 37◦C for 2 h using 96 white-well assay
plates (Bio-Rad). The standard assay reaction volume used
was 20 ul. Then, 0.04 U of uracil DNA glycosylase (NEB)
was added to each assay and the plate was incubated at 37◦C
for 45 min. Next, 2 M Tris–Acetate (7.9) was added to each
assay. After incubating at 37◦C for 20 min, the plate was
incubated at 95◦C for 2 min and at 4◦C for 2.5 min with a
CFX96 real-time PCR system (Bio-Rad). The fluorescence
was then measured at 4◦C. In order to calculate a relative
change in fluorescence (�RFU) due to APOBEC3 activity,
the endpoint fluorescence from buffer without APOBEC3
proteins was measured for all oligonucleotides as negative
controls, and was subtracted from all the endpoint fluo-
rescence of experimental samples. Experiments were con-
ducted in three independent replicates.

Generation of APOBEC3 protein-expressing cell lines

HEK-293 cells that stably express A3C, A3D, A3F, A3G
or A3H (haplotype II) were established by transfecting
HEK-293 cells with APOBEC3-pcDNA3 (2). The plasmids
were kindly provided by Reuben Harris (University of Min-
nesota). HEK-293 cells (American Type Culture Collec-
tion) were cultured in DMEM containing 10% FC3 (Hy-
Clone) and 1% penicillin/streptomycin (Invitrogen). Trans-
fected HEK-293 cells were selected with 1000 �g/ml G418

(Gibco) for 7 days. The cells were then diluted to yield ap-
proximately 1 cell per well of a 96-well plate to form sin-
gle cell colonies. Cell lines stably expressing the APOBEC3
were maintained in DMEM containing 10% FC3 and 250
�g/ml G418.

Transient transfection of A3A and A3B

HEK-293 cells were transiently transfected with 10 �g
APOBEC3-pcDNA3.1 using 30 �g of polyethylenimine
(PEI; Polysciences, Inc.) (56). Transfected cells were main-
tained in DMEM containing 10% FC3 and cells were har-
vested 48 h after transfection.

Immunoblot and cell line verification

Cell lysates were made by lysing cells with 1% Triton X-
100 in PBS. Protein concentration was determined by us-
ing a BCA kit (Thermo Fisher). 10% SDS-PAGE (Bio-
Rad) was used for protein separation. An anti-HA antibody
(Biolegend, 1:800) and goat anti-mouse antibody (Thermo
Fisher, 1:8000) were used for A3 protein detection by im-
munoblot analysis.

Fluorescence energy transfer (FRET) assay for detecting
APOBEC3 enzyme activity from cell lysates

The FRET assay used to assess APOBEC3 activity from
cell lysates was performed as previously described with mi-
nor modifications (44,57). Briefly, 20 pmol oligonucleotide,
10 ug RNase A (Sigma), 100 �l cell lysate of APOBEC3
cell lines and 0.04 U of uracil DNA glycosylase (NEB) were
used for each experiment. Cell lysates were made by lysing
5 000 000 cells with 250 �l of lysis buffer (0.626% NP40, 10
mM tris-acetate pH 7.4, 50 mM potassium acetate, 100 mM
NaCl and 10 mM EDTA). In order to calculate a relative
change in fluorescence (�RFU) due to APOBEC3 activ-
ity, the endpoint fluorescence from the 293-vector cell lysate
was measured for all oligonucleotides as negative controls
and was subtracted from all the endpoint fluorescence of
experimental samples (293-APOBEC cell lysates).

Statistical analysis

All graphs were created in GraphPad Prism, version 5.0
(GraphPad Software, Inc.). Data were analyzed by calcu-
lating the mean ± standard deviation (SD). Differences be-
tween groups were analyzed by either one-way or two-way
ANOVA test as indicated. A P-value of <0.05 was con-
sidered statistically significant. Statistical analysis was not
shown in Figure 2B–G because of multiple comparisons,
but listed in Supplemental Tables S1–S6, and the results
were summarized in Tables 2, 3 and 5.

RESULTS

The activity of APOBEC3 proteins within ssDNA is dictated,
in part, by the nucleotides that flank the TC target site

Our previous studies implicated that the nucleotides imme-
diately adjacent to 5′CC3′ targets influenced the activity of

http://unafold.rna.albany.edu/?q=mfold/dna-folding-form
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Table 1. Sequences of oligonucleotides used in FRET assay for detecting APOBEC3 enzyme activitya

Sequence
context

predicted secondary
structure at
deamination site Oligonucleotide name �G 5′-3′ sequence

XTCX Open ATCA open −2.44 ATTGAATCAGCATGGTGGCATGGAATATA
TTCT open −2.44 ATTGATTCTGCATGGTGGCATGGTGTATA
GTCG open −2.44 ATTGAGTCGGCATGGTGGCATGGTATATA
CTCC open −2.44 ATTGACTCCGCATGGTGGCATGGTATATA

Stem ATCA stem −6.22 AAATCACGTGAGAGAACGTGATAAT
TTCT stem −4.64 AATTCTTGTGAGAGAACAAGAAAAT
GTCG stem −7.60 AAGTCGCAAGAGAGATTGCGACAAT
CTCC stem −6.35 AACTCCAAAGAGAGATTTGGAGAAT

Loop ATCA 10-loop −4.90 ATTGATGCACACGAATCAAGATGTGCAAATATA
ATCA 3-loop −3.67 ATTGAACAACATCATGTTGAAATATA
GTCG 10-loop −4.80 ATTGATGCACATGAGTCGAGGTGTGCAAATATA
GTCG 3-loop −4.44 ATTGAACAACGTCGCGTTGAAATATA

Bulge ATCA bulge −2.18 AGTGAAAATCAACGCAACGTTTTTTGTATA
GTCG bulge −3.46 AGTGAATGTCGTACGAAGTACCATTGTATA

XCTX Open ACTA open −2.44 ATTGAACTAGCATGGTGGCATGGAATATA
TCTT open −2.44 ATTGATCTTGCATGGTGGCATGGTGTATA
GCTG open −2.44 ATTGAGCTGGCATGGACGCATGGGATATA
CCTC open −2.44 ATTGACCTCGCATGGTGGCATGATATATA

Stem ACTA stem −5.89 AAACTACGTGAGAGAACGTAGTAAT
TCTT stem −4.64 AATCTTTGTGAGAGAACAAAGAAAT
GCTG stem −7.66 AAGCTGCAAGAGAGATTGCAGCAAT
CCTC stem −6.35 AACCTCAAAGAGAGATTTGAGGAAT

XTCY Open GTCA open −2.44 ATTGAGTCAGCATGGTGGCATGGAATATA
CTCA open −2.44 ATTGACTCAGCATGGTGGCATGGTATATA
CTCT open −2.44 ATTGACTCTGCATGGTGGCATGGTATATA
CTCG open −2.44 ATTGACTCGGCATGGTGGCATGGTATATA

Half open Half open C in ss region
ACTT (ACTT)

−0.92 ATGGAACTTCAATAATGAATACGAATATA

Half open T in ss region
ATCT (ATCT)

−2.16 ATGGAATCTCAATAATGAGTTGGAATATA

Half open C in ss region
ACTG (ACTG)

−2.43 TAAGAACTGCAATAATGCAAACGAATATA

Half open T in ss region
ATCG (ATCG)

−3.99 TAAGAATCGCAATAATGCGTACGAATATA

aThe predicted target cytidine for deamination is indicated by an underline in each oligonucleotide. The X or Y nucleotides in the sequence context represent
a variable nucleotide. The X and Y in the same oligonucleotide indicates different variable nucleotides.

A3G (44). In those experiments, cell lysates from cells sta-
bly expressing A3G were used, which cannot exclude the
possibility that other cell factors could influence the re-
sults. In this present study, in order to more directly as-
sess APOBEC3 enzyme activity, we have conducted in vitro
deaminase experiments with purified APOBEC3 enzymes
for A3A, A3B, A3C, A3F, A3G and A3H (Supplemental
Figure S1). In particular, we sought to determine whether
enzyme activity among APOBEC3 enzymes was influenced
by the nucleotides flanking the 5′TC3′ target site, since six
of seven APOBEC3 members preferentially deaminate the
5′TC3′ target site.

A single parent oligonucleotide sequence was used to
create derivative oligonucleotides (Table 1). We designed
oligonucleotides where the 5′TC3′ target site was flanked on
both sides by an A, C, G or T to examine the effect of the nu-
cleotides that flank the 5′TC3′ target site (XTCX open, Table
1 and Figure 1A). It was found that A3A and A3H had a
demonstrated preference for A and T as the flanking bases.
G was found to be the least preferred flanking base for A3G
and A3H when recognizing a TC target. A3A exhibited the
least enzymatic activity with a TC target that was flanked
by either a C or a G. A3A, A3F and A3H were found to
have selection site preferences of either ATCA or TTCT. In

contrast, all examined A3 enzymes were observed to have
minimal activity with a GTCG target (Figure 1B–G, Table
2 and Supplemental Tables S1–S6a). A3G was observed to
exhibit the highest deamination activities with CTCC sub-
strates (Figure 1F, Table 2 and Supplemental Table S5a).

We next examined oligonucleotides with different TC
flanking bases on two sides. As shown in Figure 2A, C was
chosen for the 5′ flanking base of TC motif (i.e., −2 posi-
tion), while the 3′ flanking base (i.e. +1 position) is either
an A, C, G or T. An A was chosen for the fixed 3′ flanking
base for the TC motif (i.e. +1 position), while the 5′ flank-
ing base (i.e. −2 position) was either A, C, or G (Figure
2A). The oligonucleotide with T as the 5′ flanking base in
the TCA motif was predicted to have a different DNA sec-
ondary structure. Therefore, this oligonucleotide was not
used. The data indicates that the A3 enzymes exhibited a
preference, albeit mild, for such substrates (Figure 2 and
Table 2). A3A and A3B were observed to have a mild pref-
erence for a C at the +1 position (Figure 2B and C). Fur-
thermore, A3H had the least activity with substrates when
either G or C were at the +1 position (Figure 2G), and A3G
had low activity when G was at the +1 position (Figure 2F).
In contrast, A3F had a preference of A and C over that of T
and G at the +1 position (Figure 2E). For A3F, the ordered
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Figure 1. APOBEC3 activity has a preference for TC in an open versus a stem DNA structure and is influenced by nucleotides flanking the 5′TC3′/5′CT3′
site. (A) Oligonucleotide sequences and predicted secondary structures. The ‘open’ oligonucleotides contain the TC/CT target site in a ssDNA region,
i.e. XTCX/XCTX open. The ‘stem’ oligonucleotide contains the TC/CT target site in a dsDNA region, i.e., XTCX/XCTX stem. The red ‘X’ represents
the bases that are immediately adjacent to the TC target site, which can be A, T, G or C. For the stem oligonucleotide, the ‘N’ represents the base that is
complementary to the changeable base ‘X.’ (B–G) Comparison of purified APOBEC3 activity using open oligonucleotides (target TC/CT is in ssDNA)
and stem oligonucleotides (target TC/CT is in dsDNA) with different flanking regions. Results are shown as the average ± standard deviation of three
independent experiments. Significance was analyzed by using a two-way ANOVA, P ≤ 0.05.

nucleotide preference at the −2 position was observed to be
C = G�A, which is the opposite to that observed previously
with the A3F-CTD (46) (Figure 2E and Table 2). This dis-
crepancy suggests substrate differences may exist between
full-length and truncated A3F. Taken together, these obser-
vations indicate that the +1 position X in the CTCX target
site is one of the variables that determines the target pref-
erences of A3 proteins, while the −2 position X for XTCA
does not represent a significant variable in defining target
site preference.

APOBEC3 proteins can recognize the TC target in a stem
structure, but prefers the TC target in an open structure

The target site in a stem region was previously observed to
be a less preferred target of A3G in assays using cell lysates
from cells stably expressing A3G (44). In order to deter-
mine if the TC target is deaminated only in ssDNA (i.e., an
open, ssDNA structure), oligonucleotide derivatives were
designed to contain the TC target site within a region of ds-
DNA (XTCX stem, Figure 1A) compared to derivatives that
have the TC target site within a region of ssDNA (XTCX
open, Figure 1A). The data indicates that A3A and A3H
strongly prefer the TC target in open than stem structure,
irregardless of the flanking base (Figure 1B and G, Table
3, Supplemental Tables S1b and S6b). A3F was also shown

to prefer TTCT open, but had similar preferences between
ATCA/GTCG/CTCC open and stem (Figure 1E, Table 3,
Supplemental Table S4b). No significant differences were
observed in regards to deamination preferences between the
TC target sites within the open and stem regions for A3G
(Figure 1F, Table 3, Supplemental Table S5b). Furthermore,
the flanking base preference of A3A, A3F and A3H for the
TC target site was altered when the target site and flank-
ing bases were changed from an open to a stem structure,
demonstrating that the secondary structure of the TC target
influences the preference of flanking bases of the target site
(Table 2). These observations, taken together, imply that A3
enzymes can recognize a TC target site in a stem structure.
However, a more likely explanation for this observation is
DNA ‘breathing’––i.e., transient departure of base-paired
DNA sequences from their most stable structures, creating
an open configuration that would allow for cytosine deam-
ination to occur (58).

APOBEC3 proteins can recognize both the XCTX open and
the stem target as well as the XTCX open/stem target, with
a preference for targets with special flanking bases

A3G is known to deaminate C with a 3′ to 5′ polarity
(53,59). It is formally possible that other APOBEC3 en-
zymes may be able to deaminate C with a 3′ to 5′ polarity,



Nucleic Acids Research, 2020, Vol. 48, No. 3 1359

Figure 2. APOBEC3 proteins have different preferences with oligonucleotides having different flanking bases on either side of the target site. (A) Oligonu-
cleotide sequence and predicted secondary structure. Cytidine was chosen for the 5′ flanking base of ‘TC’ motif, while the 3′ flanking base is either adenine,
cytidine, guanine, or thymidine. In contrast, adenine was chosen for the fixed 3′ flanking base of ‘TC’ motif, while the 5′ flanking base is either ade-
nine, cytidine or guanine. The same sequence (backbone) as the ‘open’ oligonucleotides was used for all the substrates besides the modifications of the
flanking bases. (B–G) APOBEC3 protein activity with different oligonucleotide substrates. Comparison of APOBEC3 activity was determined among the
oligonucleotides CTCC, CTCG, CTCT, CTCA, GTCA and the ATCA open oligonucleotide. Results are shown as the average ± standard deviation of 3
independent experiments. The asterisks and brackets above any two bars indicate the significant difference between experiments. Significance was analyzed
by using a one-way ANOVA with significance defined as P ≤ 0.05. Experiments that were not significant or significant are indicated as follows: ‘ns’ = not
significant; ‘**’ = P ≤ 0.01; ‘*’ = P ≤ 0.05.
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Table 2. Comparison of the APOBEC3 protein deamination preferences in the XTCX sequence contexta

Protein\preference
Nucleotides flanking the
XTCX open

Nucleotides flanking the
XTCX stem

‘+1’ position X for CTCX
open

‘−2’ position X for XTCA
open

A3A A = T>C = G T>C�A = G A�T = G = C C = A = G
A3B A = C = T = G A = T = C = G T�A = G = C G = C = A
A3C T = A = C = G T = A = C = G T = C = G = A G = A = C
A3F T�G = C = A A = T = G = C A = C�T = G C = G�A
A3G C>A = T>G C>T�A = G C = A = T�G G = C = A
A3H A = T�C>G T>A = C = G A = T>G = C C = A = G

aThe predicted target cytidine for deamination is indicated by an underline in each oligonucleotide. The X nucleotide in the sequence context represents
a variable nucleotide. ‘>’ = greater than; ‘<’ = smaller than; ‘ = ’ = equal; ‘�’ = greater or equal; ‘�’ = smaller or equal. Statistical differences between
groups were analyzed by using either a one-way or two-way ANOVA test, with significance having a P-value of P < 0.05.

Table 3. Comparison of APOBEC3 protein deamination preferences with oligonucleotides containing TC targetsa

Protein\preference
Open versus
stem Open versus bulge Open versus loop 10-loop versus 3-loop

A3A > > >(ATCA); � (GTCG 3-loop) �
A3B = = = =
A3C = = = =
A3F � � = (ATCA); > (GTCG) =
A3G = >(ATCA); < (GTCG) �(ATCA); � (GTCG) �
A3H > � � <

aThe predicted target cytidine for deamination is indicated by an underline in each oligonucleotide. ‘>’ = greater than; ‘<’ = smaller than; ‘ = ’ = equal;
‘�’ = greater or equal; ‘�’ = smaller or equal. Statistical differences between groups were analyzed by using a two-way ANOVA test, with significance
having a P-value of P < 0.05.

and could deaminate C when T is in +1 versus the −1 po-
sition. It should be noted that the increase in APOBEC3
enzymatic activity observed when the TC target site was
flanked by Ts and Cs (i.e., TTCT and CTCC; Figure 1)
could be attributed to the presence of more than one tar-
get site rather than a preference of a TC target site that is
flanked by these bases. These extra target sites would only
be present if APOBEC3 could recognize both the 5′CT3′
and the 5′TC3′ sites. In order to discriminate the ability
of APOBEC3 enzymes to deaminate either a 5′TC3′ (TC)
or a 5′CT3′ (CT) site, oligonucleotides derivatives were de-
signed to have the same secondary structure as TC oligos,
but the 5′TC3′ was replaced with 5′CT3′ (i.e. XCTX open,
Figure 1A). While the canonical target site was 5′TC3′, each
APOBEC3 enzyme was able to recognize the 5′CT3′ target
site. A3B, A3C and A3F were equally capable of deami-
nating the 5′CT3′ or 5′TC3′ target site (Figure 1C–E, Table
4 and Supplemental Tables S2–S4b). The target preference
between XTCX and XCTX of A3A, A3G and A3H was
affected by the flanking bases. A3A was shown to have no
preference between TTCT and TCTT, as predicted. A3A
preferred XTCX when X = A/G; while it preferred XCTX
with X = C (Figure 1B, Table 4 and Supplemental Table
S1b). When the flanking base was A/G/C, A3G showed
the same activity to deaminate 5′CT3′ as the 5′TC3′ tar-
get site as well. When the flanking base was changed to a
T, A3G was found to prefer the 5′CT3′ site more than the
5′TC3′ target site (Figure 1F, Table 4 and Supplemental Ta-
ble S5b). When the flanking base was T/G/C, A3H also
showed the same activity to deaminate 5′CT3′ or the 5′TC3′
target site. When the flanking base was changed to an A,
A3H was found to prefer the 5′TC3′ site more than the
5′CT3′ target site (Figure 1G, Table 4 and Supplemental
Table S6b). These observations indicated that the flanking

base of the TC target site affected the deamination prefer-
ence of APOBEC3 enzymes, and suggests that APOBEC3
activity detected with oligonucleotide derivatives having a
TC target site flanked by either a T or a C (i.e. TTCT,
CTCC) was due, in part, to the ability of APOBEC3 en-
zymes to recognize both the 5′TC3′ and 5′CT3′ target sites.

For most APOBEC3 enzymes, no preferences have been
observed for deamination of TC and CT target sites when
the target site is in a ssDNA region. We next tested if lo-
cating the target site to a stem region would affect target
site recognition and deamination. We observed that when
the target site was located within a stem region, A3B and
A3C had no propensity to deaminate TC over CT target
sites (Figure 1C and D, Table 4, Supplemental Tables S2b
and S3b). A3A, A3F, A3G and A3H all preferred TTCT
over TCTT in a stem, and all showed no preference between
GTCG and GCTG in the stem. A3F, A3G and A3H showed
no preference between CTCC and CCTC in a stem as well.
A3F and A3H also showed no preference between ATCA
and ACTA in a stem. A3A and A3G preferred ACTA
than ATCA in a stem, and A3A also preferred CCTC than
CTCC in a stem. As shown in Table 4, APOBEC3 proteins
can recognize both a XCTX open and a stem target primar-
ily as the same as XTCX open/stem target, but in some in-
stances had a preference for either one with special flanking
bases.

We next compared the XCTX open with the XCTX stem
to see if the preference of an open target was changed with
a CT target. As shown in Table 4, the preference of XCTX
open was either larger or equal to that of the XCTX stem.
In contrast, A3A and A3G preferred ACTA in a stem than
ACTA open, and A3G preferred GCTG in a stem stem than
GCTG open as well. Taken together, these observations
lead to the conclusion that the preference of APOBEC3 pro-
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Table 4. Comparison of APOBEC3 protein deamination preferences between the XTCX and XCTX sequence contextsa

Protein\preference TC open versus CT open TC stem versus CT stem CT open versus CT stem

A3A X = T, =; X = A/G, >; X = C, < X = G, =; X = A/C, <;X = T, > X = T/C, >; X = A, <; C = G, =
A3B = = X = A/G/C, =; X = T, >

A3C = = =
A3F = X = A/G/C, =; X = T, > X = T/C, >; X = A/G, =
A3G X = A/G/C, =; X = T, < X = G/C, =; X = A, <; X = T, > X = T, >; X = A/G, <; X = C, =
A3H X = T/G/C, =; X = A,> X = A/G/C, =; X = T, > >

aThe predicted target cytidine for deamination is indicated by an underline in each oligonucleotide. The X nucleotide in the sequence context represents
a variable nucleotide. ‘>’ = greater than; ‘<’ = smaller than; ‘ = ’ = equal; ‘�’ = greater or equal; ‘�’ = smaller or equal. Statistical differences between
groups were analyzed by using a two-way ANOVA test, with significance having a P-value of P < 0.05.

teins for the CT target was affected by both the secondary
structure and flanking bases.

Location of the ‘−1’ T of the TC target in an open or stem
structure may affect the APOBEC 3 deamination preference
but not that of the ‘+1’ T of the CT target

Given the observed recognition of the TC target site either
in an open or stem region, we next examined whether the TC
target site needs to be entirely in an open or a stem region to
be recognized as a deamination target site. To test this, we
designed 1) oligonucleotides that had the C of the TC target
site in an area of stem region, while the T of the TC target
site was located in an open region (ATCT and ATCG), and
2) oligonucleotide derivatives that have the C of the CT tar-
get site in an open region and the T of the CT target site in a
stem region (ACTT and ACTG) (Figure 3A). We observed
that A3A deaminated in the context of ATCT to the same
efficiency as that of the ATCA stem (Figure 3B). In con-
trast, A3A and A3H deaminated in the context of ATCG to
the same efficiency as that of the ATCA open, which indi-
cated that the secondary structure of ‘−1’ T of the TC target
played a role in target selection. Furthermore, A3G deami-
nated ATCT with a much lower efficiency than ATCA stem.
This effect was not obvious for A3F, perhaps because A3F
did not have strong preference between TC/CT in the open
versus the stem (Figure 3C). However, A3A and A3G deam-
inated in the context of ACTT or ACTG to the same effi-
ciency as that of the ACTA open, but much lower to that
of ACTA stem, which indicated minimal impact of the sec-
ondary structure of ‘+1’ T in the deaminase preference (Fig-
ure 3B and D). This was also seen with A3H, but in an op-
posite manner (Figure 3E). In particular, A3H deaminated
in the context of ACTT or ACTG almost to the same effi-
ciency as that of the ACTA open, but much higher to that
of ACTA stem. As summarized in Table 5, the secondary
structure of ‘−1’ T of the TC target may affect the deam-
ination preferences of the APOBEC3 proteins, but not the
‘+1’ T of the CT target.

APOBEC3 proteins prefer a TC target in a ssDNA region
over other structures, such as loop and bulge structures

Although the target site and adjacent flanking base of
oligonucleotides examined were either in an open or a stem
region, the host genomic and proviral DNAs can com-
plex secondary structures. As alluded to above, co-crystal-
structures of A3A or A3B-CTD with ssDNA indicated that

the loop regions of stem–loop structures in ssDNA can
be a hotspot for deamination (48). Furthermore, A3A was
shown to prefer a binding target sequence in the loop of
structured hairpins (47). Therefore, we sought to investi-
gate if other secondary structures of oligonucleotides can
affect the deamination preference of APOBEC3 enzymes.
First, we tested oligonucleotides in which the TC target site
and the flanking region was either located within a long
stretch of ssDNA (XTCX 10-loop, Figure 4A) or within a
short stretch of ssDNA (XTCX 3-loop, Figure 4A). Second,
we tested oligonucleotides that contained the TC target site
within an area of ssDNA with flanking residues (either A
or G residues) located within a region of dsDNA (bulge,
Figure 4A). A3H more readily deaminated the TC target
when the target and flanking region were in a 3-base loop
rather than in a 10-base loop; A3B, A3C and A3F had no
preference (Figure 4C, D, E, G and Table 3). A3A preferred
GTCG in a 3-loop than in a 10-loop, but showed the same
preference between ATCA in a 3-loop and in a 10-loop (Fig-
ure 4B and Table 3). A3G preferentially deaminated the TC
target with an A flanking base in a 10-base loop compared
to an A flanking base in a 3-base loop, and A3G exhibited
the same preference for GTCG in a 3-loop versus that in
a 10-loop (Figure 4F and Table 3). A3G was found to also
prefer ATCA in an open configuration than in either a bulge
or a loop, but preferred GTCG in a bulge or a loop con-
figuration rather than in an open configuration. A3A was
observed to have higher deaminase activity with XTCX in
a 3-loop configuration only when the flanking base was a
G. In other instances, A3A, A3B, A3C, A3F and A3H had
either lower or equal deamination activities with oligonu-
cleotides that had the TC target located in a bulge or a loop
rather than the TC located in an ssDNA region.

Low activity of purified A3B and A3C could help explain
the lack of significance when target sites are associated with
either open or other secondary structures. To help explore
this possibility, HEK 293 cells that either stably or tran-
siently (i.e. A3A, A3B) expressed each of the A3 enzymes
were generated (Supplemental Figure S2). Since overexpres-
sion of A3A and A3B can result in cell toxicity, these were
transiently expressed. Cell lysates were then used in an in
vitro deaminase assay (44). Using this assay, the deamina-
tion preferences were tested with oligonucleotide substrates
having an ATCA or GTCG target in an open, stem, bulge
or loop context (Figure 5). Results are summarized in Table
6 and revealed that all APOBEC3 proteins preferred the TC
target in an open structure rather than a stem structure. Ad-
ditionally, lysates from APOBEC3 protein-expressing cells
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Figure 3. Influence of the ‘−1’ T in the TC target but not the ‘+1’ T in the CT target on APOBEC3 protein activity in an open or stem structure. (A)
Oligonucleotide sequence and predicted secondary structure. The ‘half open’ oligonucleotide was designed to contain a T in the TC target site in the
ssDNA region and a C in the TC target site of the dsDNA region. The ‘half open’ oligonucleotide contains a C in the CT target site of the ssDNA region
and a T in the CT target site of the dsDNA region. (B–E) APOBEC3 protein activity with different oligonucleotide substrates. APOBEC3 activity was
analyzed in the presence of half open oligonucleotides with different flanking nucleotides (ATCT VS. ATCG) compared to that of oligonucleotides with an
ATCA/ACTA open oligonucleotide or an ATCA/ACTA stem oligonucleotide. Data are shown as the average ± standard deviation from three independent
experiments. The asterisks and brackets above any two experiments indicate statistical significance. Significance was analyzed by using a one-way ANOVA
with significance defined as P ≤ 0.05. Experiments that were significant or not significant are indicated as follows: ‘ns’ = not significant; ‘****’ = P ≤
0.0001; ‘***’ = P ≤ 0.001; ‘**’ = P ≤ 0.01; ‘*’ = P ≤ 0.05.

Table 5. Comparison of the APOBEC3 protein deamination preferences with TC or CT targets in oligonucleotides with different predicted DNA sec-
ondary structuresa

Protein\preference
Open versus ‘−1’ T open & target C stem versus stem
(TC target)

Open versus ‘+1’ T stem & target C open versus stem
(CT target)

A3A open � ‘−1’ T open & target C stem � stem stem > open = ‘+1’ T stem & target C open
A3F open = stem = ‘−1’ T open & target C stem open = stem = ‘+1’ T stem & target C open
A3G open = stem � ‘−1’ T open & target C stem stem > open = ‘+1’ T stem & target C open
A3H open � ‘−1’ T open & target C stem > stem ‘+1’ T stem & target C open � open > stem

aThe predicted target cytidine for deamination is indicated by an underline in each oligonucleotide. ‘>’ = greater than; ‘<’ = smaller than; ‘ = ’ = equal;
‘�’ = greater or equal; ‘�’ = smaller or equal. Statistical differences between groups were analyzed by using a one-way ANOVA test, with significance
having a P-value of P < 0.05.
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Figure 4. APOBEC3 proteins prefer a TC target site in ssDNA rather than in the context of a loop or a bulge. (A) Oligonucleotide sequence and predicted
secondary structure. The ‘10-loop’ oligonucleotide contains the TC target site in a 10nt ssDNA loop. The ‘3-loop’ oligonucleotide contains the TC target site
in a 3nt ssDNA loop. The ‘Bulge’ oligonucleotide contains TC target site in a ssDNA region with flanking bases in a dsDNA region. The ‘X’ represents the
flanking bases (‘A’ or ‘G’). (B–G) APOBEC3 protein activity with different oligonucleotide substrates. APOBEC3 activity with oligonucleotides containing
the target site either within a large region of ssDNA (10-loop), within a small region of ssDNA (3-loop) or a bulge was compared to that of the target site in
an open TC. Data is shown as the average ± standard deviation of three independent experiments. Significance was analyzed by using a two-way ANOVA
with significance defined as P ≤0.05. Significant differences between experiments of an open structure compared to another secondary structure is indicated
by a ‘*’ above relative histogram bar. The ‘+’ symbol and brackets above any two bars indicates the significant difference between analyses. Experiments
that were significantly different are indicated as follows: ‘****’/ ‘+ + + +’ = P ≤ 0.0001; ‘***’/ ‘+ + +’ = P ≤ 0.001; ‘**’/ ‘+ +’ = P ≤ 0.01; ‘*’/ ‘+’ = P ≤ 0.05.

were observed to have higher or equal deamination prefer-
ences with target sites in an open context rather than a bulge
or a loop (Figure 5 and Table 6). Taken together, the results
shown in Table 3 and Table 6 demonstrate similar trends,
with the noted differences likely being due to the nature of
the cell lysates that are not represented in assays using pu-
rified A3 enzymes. In sum, the secondary structure of the
target TC and its flanking base were further confirmed to
affect the deamination preference of APOBEC3 enzymes,
with the TC target in the ssDNA being the most preferred
target for most all APOBEC3 proteins.

Analysis of oligonucleotide secondary structures

The oligonucleotides used in these studies were predicted
to have only one highly energetically favorable secondary
structure based upon analysis by using the Mfold pro-
gram server (http://unafold.rna.albany.edu/?q=mfold). To
provide an experimental support for these predictions, we
compared the initial fluorescence of the oligonucleotides
used in these studies. Based upon theoretical predictions,
the further the fluorophore is at a distance from the
quencher, the higher the predicted fluorescence is for each
of the labeled oligonucleotides. For example, the 5′ end of

http://unafold.rna.albany.edu/?q=mfold
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Figure 5. Preference of APOBEC3 proteins from cell lysates for the TC target in the ssDNA region rather than in a stem, loop and bulge secondary
structure. APOBEC3 protein activity from cell lysates with different oligonucleotide substrates. The deaminase activity of cell lysates from cells expressing
APOBEC3 proteins with oligonucleotides containing the target site either within a 10-loop, 3-loop, bulge or stem was compared to that of of an oligonu-
cleotide with open TC. Data is shown as the average ± standard deviation of three independent experiments. Significance was analyzed by using a two-way
ANOVA with significance defined as P ≤ 0.05. Significant differences between experiments of an open structure compared to another secondary structure
is indicated by a ‘*’ above relative histogram bar. The ‘+’ symbol and brackets above any two bars indicates the significant difference between analyses.
Experiments having statistical significance are indicated as follows: ‘****’/ ‘+ + + +’ = P ≤ 0.0001; ‘***’/ ‘+ + +’ = P ≤ 0.001; ‘**’/ ‘+ +’ = P ≤ 0.01; ‘*’/ ‘+’
= P ≤ 0.05.
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Table 6. Comparison of APOBEC3 protein deamination preference activities from cell lysates in oligonucleotides with TC targets having different DNA
secondary structuresa

Protein/preference Open versus stem Open versus bulge Open versus loop 10-loop versus 3-loop

A3A > � > =
A3B > � � �
A3C > > � �
A3D > > � =
A3F > > � =
A3G > > � =
A3H > � > =
aThe predicted target cytidine for deamination is indicated by an underline in each oligonucleotide. ‘>’ = greater than; ‘<’ = smaller than; ‘ = ’ = equal;
‘�’ = greater or equal; ‘�’ = smaller or equal. Statistical differences between groups were analyzed by using a two-way ANOVA test, with significance
having a P-value of P < 0.05.

the open oligonucleotides is 19 bases away from the 3′ end,
while 5′ end of the stem oligonucleotides is only 7 bases
away from the 3′ end – and this predicts that the quencher
in the stem oligonucleotides will function more efficiently.
As anticipated, most all of the oligonucleotides with a TC
in the ssDNA region (open) had a significantly higher flu-
orescence than those with a TC target site in a dsDNA
(stem), which provides an independent line of experimen-
tal evidence that the oligonucleotides used in these studies
have the predicted secondary structure (Supplemental Fig-
ure S3).

DISCUSSION

APOBEC3 proteins serve as an important arm of the in-
nate immune system through their ability to inhibit retro-
transposons and exogenous viruses such as hepatitis B virus
(11,60,61), human T-cell leukemia virus type 1 (62,63),
and HIV (2). Restriction of viral replication is attributed
to APOBEC3-mediated deamination of cytidines within
single-stranded DNA. Deamination converts cytidines to
uridines which in the case of HIV generates G to A muta-
tions in the plus strand of the dsDNA provirus (64). The fre-
quency at which some of the APOBEC3 proteins can deam-
inate cytidines within the target genome can reach a lethal
level of mutations resulting in an inhibition of viral repli-
cation (2,31,32,62). While previous studies have examined
the structural and sequence determinants on dinucleotide
preference, less is known about what makes a dinucleotide
target site a ‘hot spot.’

We previously reported the effect of DNA secondary
structure and the nucleotides that flank the target site on
A3G activity (44). In the current study, we have conducted
a comparative, parallel investigation of the target sequence
selection for purified A3A, A3B, A3C, A3F, A3G and A3H
(Tables 2–5). Key observations made included (i) confirma-
tion of the critical importance of both the flanking bases
and their secondary structures on deamination sequence se-
lection; (ii) A3A, A3F and A3H were observed to have a
strong preferences with a TC target flanked by either A or
T; (iii) all A3 enzymes were found to not have a preference
for a TC target flanked by a G. Intriguingly, deamination of
the TC target site occurred within either an open or stem
region, but APOBEC3 proteins mainly preferred a TC tar-
get in ssDNA rather than in dsDNA region, presumably
because the APOBEC3 proteins can only access their sub-

strate when the dsDNA ‘breaths’ and exposes ssDNA bases
(58). APOBEC3 proteins were found to readily act at either
5′CT3′ or 5′TC3′ target sites, but in some instances had a
preference for either one with special flanking bases. The
secondary structure of ‘−1’ T in the TC target was shown to
play a role in target selection of deamination. Almost all the
APOBEC3 proteins preferred to deaminate a TC target in a
ssDNA region rather than in the context of a loop or a bulge
region. These observations indicate that target site selection
of the APOBEC3 enzymes is multivariable and complex.

Due to the role of the APOBEC3 proteins in oncogenesis
and virus restriction, there is significant interest in under-
standing the relationship(s) among APOBEC3 sequence,
structure, and dinucleotide preference sites. Sequence and
structural analysis of the APOBEC3 proteins have revealed
that the APOBEC3 proteins either have one (A3A, A3C,
A3H) or two (A3B, A3D, A3F, A3G) zinc-coordinating do-
mains (13,35,65,66). Based on sequence similarities, the zinc
coordinating domains have been divided into three groups
(67): The Z1 group includes A3A and the C terminal do-
mains of A3B and A3G; the Z2 group includes A3C, the
C terminal domains of A3D and A3F, and the N termi-
nal domain of all double-domain proteins. APOBEC3H
is the sole member of the Z3 group, and in general, has
the most sequence divergence among the APOBEC3 family
members. Both solution and crystal structures have shown
that the secondary and tertiary structure of the zinc coor-
dinating domains are highly conserved with a five-stranded
beta sheet flanked by six alpha helices (38–40,65,66,68,69).
The beta strands and alpha helices that make up the zinc-
coordinating domains are connected by several loops that
have been shown to influence APOBEC3 dinucleotide pref-
erences (38,70). For example, residue swaps within Loop
7 between APOBEC3 proteins switches the enzyme’s din-
ucleotide target site preference. In particular, for A3G,
the preference for the 5′CC3′ dinucleotide target site was
mapped to D317, a specific residue within Loop 7 (70).

Our data provides an independent experimental confir-
mation of predictions made from analyses of co-crystal
structures of A3A, A3B-CTD or the A3G-NTD with ss-
DNA (45,48,71). While ssDNA was reported to be the tar-
get for all APOBEC3 proteins, we cannot exclude the possi-
bility that the APOBEC3 proteins can deaminate dsDNA,
at least a TC target in a dsDNA stem region. It was previ-
ously reported that ssDNA that forms during DNA lagging
strand synthesis can be a major substrate for APOBEC3
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catalysis, which implies that transcription and DNA repair
intermediates can also serve as substrates (72). A3A has also
been shown to deaminate dsDNA undergoing transcription
(49). According to the ‘U-shaped’ ssDNA-binding mecha-
nism revealed by co-crystal structures of A3A, A3B-CTD
with ssDNA, loop regions of a DNA stem–loop structure
may help to define a hotspot for APOBEC mutagenesis. Our
results have also revealed that APOBEC3 proteins deami-
nate at some stem TC target sites, though have a preference
for open TC target sites. These observations do not exclude
the possibility of transient ssDNA in stem regions. Co-
crystal structures have implicated the impact of the flanking
base to cytidine on APOBEC3 deamination activity. For ex-
ample, co-crystal structures of A3A or A3B-CTD with ss-
DNA have revealed that base stacking or hydrophobic in-
teractions between the +1 to +3 nucleotides may be rele-
vant for ssDNA deamination. Additionally, the co-crystal
structure of A3G-NTD with ssDNA has revealed that one
dT residue inserted into the zinc center and the two flank-
ing residues form specific binding interactions with loops
1, 3, 5 and 7. This could help explain our observations that
flanking bases can influence deamination activity. Taken to-
gether, these observations indicate that the interaction be-
tween flanking bases or between flanking bases and loops
connected via beta strands and alpha helices of the catalytic
domain is one of the factors that can determine APOBEC3
catalytic target site selection.

Analysis of the co-crystal structures of APOBEC3 pro-
teins with ssDNA has implicated the function of T residue
at the −1 position in target selection, which is consistent
with our finding that the secondary structure of ‘−1’ T
of the TC target affected the deamination preference of
APOBEC3 proteins. The 5′TC3′ dinucleotide is known as
a universal dinucleotide target site for all APOBEC3 pro-
teins, except for A3G. The fact that A3G catalyzes C to U
deamination with 3′ to 5′ deamination polarity implies that
other APOBEC3 proteins may be able to recognize 3′TC’ as
well, which is supported by the findings of our study. Most
APOBEC3 proteins readily recognize both the 5′TC’ and
3′TC’ dinucleotides. However, it is important to note that
the selection on TC over CT is also affected by the flanking
base and whether C is in a stem structure, as observed with
A3A and A3H.

APOBEC3 proteins, particularly A3A and A3B, have
been implicated in the mutagenesis of many cancer types
(72–74). For example, A3B has been reported to be the ma-
jor source of mutagenesis in breast cancer cell lines (6). C to
T and C to G base substitution mutations were commonly
observed as signature mutations (75,76). The target C is
usually within either a 5′TC dinucleotide motif or in either
5′TCA or 5′TCT trinucleotide contexts (77). Our observa-
tions imply that A3A has a preference for A at the +1 po-
sition, which is consistent with a preference for the 5′TCA
trinucleotide context.

Recent studies of HIV-1 replication in the context of spe-
cific APOBEC3 protein overexpression help to provide ev-
idence in support of the biological relevance of the sec-
ondary structures and nucleotide base neighbor contexts
of the TC target representing related sequence contexts in
the HIV-1 genome. In particular, Illumina sequencing re-
vealed 17 deamination hotspots in HIV-1 pol (2574–3301)

related to A3F or A3G overexpression (28). We used the
Mfold program to analyze the predicted DNA secondary
structure of HIV-1 pol (1792–3536) (Supplemental Figure
S4). The characteristics of the deamination hotspots re-
sembled the ones used in our study (Supplemental Table
S7). For example, 41% of the hotspots were found to have
an open structure (Supplemental Table S7b). Furthermore,
while 35% were found to be in a loop structure, those were
primarily in large loops, which likely behave more like an
open structure. A likely target was also observed in a pre-
dicted stem structure (e.g., structure number 12). In this
case, the T was preferred at the −2 position, while the A
was preferred at the +1 position. No evidence for a pref-
erence of either C or G was observed. These observations
are consistent with our findings using oligonucleotide tar-
gets and purified enzymes. Notably, the changing of the
−2 and +1 positions together with the same nucleotide re-
sulted in target sites observed in HIV-1 during APOBEC3
overexpression––i.e., 5 of 15 TC targets (Supplemental Ta-
ble S7a) and 6 of 14 TC targets (Supplemental Table S8a).
Our findings are also consistent with Sanger sequencing re-
sults obtained from the sequences that encode the HIV-1
protease (2250–2631) (52). The predicted DNA sequence
secondary structures and characteristics of the deaminated
TC or CC targets are shown in Supplemental Figure S5 and
Supplemental Table S8, respectively. In another study, Des-
immie and colleagues sequenced HIV-1 pol (RT region) fol-
lowing virus replication in the presence of A3D, A3F, A3G,
or A3H (78). These authors reported that the nucleotide at
the +2 position affected APOBEC3-induced G-to-A muta-
tion frequencies. Our analysis of their findings indicates the
importance of the nucleotide at −2 position on APOBEC3-
induced C-to-T mutation frequencies (Supplemental Table
S9). This analysis of the published data is fairly consistent
with our data presented in this study. For example, the pref-
erence of A3H for the −2 position of the TC target is C � A
> G, which was also observed in this study (Table 2). How-
ever, the preferences of −2 position nucleotide was not fully
consistent. For instance, the published data indicated that
A was preferred over G at the −2 position by either A3F or
A3G (Supplemental Table S9), but our data indicates that
G was preferred over A (Table 2). The discrepancies may be
due, in part, to the fact that the data in our study was based
only on the TC target in an open structure. Taken together,
comparison of the data reported in our study with available
published data from analyses done in the context of HIV-1
replication help support the conclusion that the data gen-
erated here in this study with oligonucleotides and purified
APOBEC3 enzymes are biologically relevant in predicting
potential TC targets in a known sequence that are deami-
nated by APOBEC3 enzymes.

The parallel, comparative analysis of APOBEC3 site se-
lection using six of the seven purified APOBEC3 deami-
nases demonstrates that enzyme target site selection is mul-
tivariable and complex. The correlation between nucleotide
sequence and preference sites provides greater insights into
the specific residues that confer preference site specificity
beyond just the dinucleotide target site, and helps provide
an improved understanding into what defines a ‘hot spot’.
Future biochemical and structural studies will help fill the
current knowledge gap of the enzyme-nucleic acid inter-
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actions involved in the recognition of deamination target
sites as well as better defining what nucleotides/sequence
contexts/secondary structures contribute substrate speci-
ficity and optimal target site identification.
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