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ABSTRACT

In the absence of the viral vif gene, human immuno-
de®ciency virus (HIV) may be restricted by the
APOBEC3G gene on chromosome 22. The role of
the HIV Vif protein is to exclude host cell
APOBEC3G from the budding virion. As APOBEC3G
shows sequence homology to cytidine deaminases,
it is presumed that in the absence of Vif, cytidine
residues in the cDNA are deaminated yielding uracil.
It is not known if additional proteins mediate
APOBEC3G function or if deamination occurs in
concert with reverse transcription. This report
describes an in vitro assay showing that
Baculovirus derived APOBEC3G alone extensively
deaminates cDNA independently of reverse tran-
scriptase. It reproduces the dinucleotide context
typical of G ® A hypermutants derived from a Dvif
virus. By using an RNaseH± form of reverse tran-
scriptase, it was shown that the cDNA has to be free
of its RNA template to allow deamination.
APOBEC3G deamination of dC or dCTP was not
detected. In short, APOBEC3G is a single-stranded
DNA cytidine deaminase capable of restricting retro-
viral replication.

INTRODUCTION

Despite nearly 20 years of HIV molecular biology, only
recently has the role of the viral vif gene surfaced (1±6). The
gene can be found in all but one of the lentiviruses Ð the
subset of retroviruses harbouring the AIDS viruses, HIV-1 and
HIV-2. Albeit referred to as an accessory gene, the Dvif
phenotype is unequivocal: the virus cannot replicate in vivo
(7). When Dvif viruses are grown in culture, the results are a
little different. Some cell lines are permissive for growth of
Dvif derivatives. However, others are non-permissive, sug-
gesting restriction by a host gene product. Through a

subtractive mRNA screen, it was shown that a single cellular
gene restricted HIV replication in the absence of Vif (1). The
gene sequence revealed itself to be APOBEC3G which shows
strong homology to cytidine deaminases (1,8).

APOBEC3G is a member of a cluster of proteins of which
APOBEC1 is the prototype. The protein is the catalytic
component of the apolipoprotein B editing complex which
speci®cally deaminates C6666 to U in the mRNA of
apolipoprotein B (9). The most widely known member is
activation induced cytidine deaminase (AID) which is intim-
ately linked with rearrangement and somatic hypermutation of
the immunoglobulin genes (10±12). The APOBEC3 cluster
comprises at least seven genes on human chromosome 22
some of which are probably pseudogenes (8). In conjunction
with accessory proteins, APOBEC1 speci®cally deaminates a
single residue in an RNA molecule, apparently its physio-
logical function. However, when expressed in E.coli, it can
extensively edit DNA in a non-speci®c manner (13). Likewise,
AID can extensively deaminate single-stranded DNA (14±17).

A recent ¯urry of papers have unambiguously linked the
HIV Dvif phenotype to the genesis of G ® A hypermutated
genomes (2±6). G ® A hypermutants are sequences in which
G residues on the viral plus strand are monotonously
substituted by A (18±27). As many as 680 Gs (31%) within
a complete genome may be substituted (28). In a normal
setting, the HIV Vif protein interacts with APOBEC3G and
prevents it from becoming incorporated into the virion, the
complex being routed to the proteasome (29±33). In the
absence of Vif, APOBEC3G is packaged into the virion by an
unknown mechanism. Given the kinship to cytidine deami-
nases, it is presumed, but not formally shown, that cytidine
residues on the neo-synthesized minus DNA strand are
massively deaminated yielding uracil. Copying the edited
minus strand into plus strand DNA would copy U into A
giving rise to the so-called G ® A hypermutants (34±40).

When expressed in E.coli, human APOBEC3G acts as a
DNA mutator, as do the phylogenetically related proteins
APOBEC1, APOBEC3C and AID (13), although the rele-
vance of this assay has been questioned recently (41).
Recombinant E.coli derived APOBEC3G could partially
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deaminate cytidine residues in deoxyoligonucleotides (5,42).
In contrast, Zhang et al. failed to ®nd any deamination upon
incubation of any polynucleic acid, whether it be dsDNA,
ssDNA, RNA±DNA hybrids or RNA, again using human
APOBEC3G puri®ed from E.coli (3). While these ®ndings
may partly re¯ect experimental variables, it is possible that
cofactors are necessary, as is the case for APOBEC1 (43), or
that ef®cient deamination occurs in concert with reverse
transcription. Certainly, everything is in place within the
virion for an endogenous cDNA reaction made using a Dvif
virus from a non-permissive cell line, yielding G ® A
hypermutants (2,4).

MATERIALS AND METHODS

RNA was in vitro transcribed from a 342 bp target sequence
under the T7 promoter (44). The sequence corresponds to the
hypervariable V1 and V2 regions of the gp120 coding
sequence of HIV-1 Lai. Following DNase treatment and
extraction, 2.4 mg RNA was reverse transcribed in a buffer
re¯ecting the intracellular environment, notably 50 mM
HEPES pH 7.0, 15 mM NaCl, 15 mM Mg(Aspartate)2,
130 mM KAcetate, 1 mM dithiothreitol and 5% PEG6000 (45).
Reaction volumes, times and temperatures were 50 ml, 3 h and
37°C, respectively. Suf®cient material for subsequent cloning
was recovered by PCR in 12 cycles. The internal PCR
fragment yielded a 202 bp target sequence. PCR products were
cloned into the TOPO TA cloning vector and DNA sequenced
using Big Dye terminators. HIV-1 reverse transcriptase (RT)
was purchased from Amersham, MoMLV RNaseH+ RT from
Invitrogen and Moloney murine leukemia virus (MoMLV)
RNaseH± RT from Promega. Human APOBEC3G was
expressed as a GST fusion protein using a recombinant
Baculovirus and puri®ed as described previously (8).

HPLC-based cytidine deamination assay

dC (500 mM) was incubated at 37°C for 2, 5 or 18 h in a total
volume of 20 ml of Tris±HCl buffer (45 mM, pH 7.5) or buffer
R (50 mM Tris, pH 7.5, 1 mM EDTA in the presence of 5 mM
MgCl2 or 5 mM ZnCl2) or buffer S (50 mM HEPES, pH 7.5,
1 mM EDTA in the presence of 5 mM MgCl2 or 5 mM ZnCl2)
or physiological buffer used above containing various
amounts of APOBEC3G (0.5, 1 or 2 mg). Incubation of dC
in the absence of enzyme was made to control for possible
spontaneous deamination. Five to 10 ml samples were
withdrawn and analysed by reverse phase HPLC on a C18
column (Kromasil, 5 mm±10 nm, 150 3 4.5 mm) using a
Perkin-Elmer instrument and a diode array detector. The
signal-to-noise ratio was ~200:1. Samples (5±10 ml) were
analysed using a 0±8% linear gradient of acetonitrile in 10 mM
triethylammonium acetate buffer (pH 7.8) at 1 ml/min over
30 min. Under these conditions, retention times for dC and dU
were 6.9 and 10.2 min, respectively. In the same manner,
dCTP (1 mM) was incubated at 37°C in 20 ml of Tris±HCl or
physiologic buffer containing various amounts of
APOBEC3G (0.7 or 1.4 mg). Samples (5±10 ml) after 2, 5
and 18 h incubation time were analysed by HPLC on a C18
column (Kromasil, 5 mm±10 nm, 150 3 4.5 mm) using a linear
gradient from 60 to 40% of buffer A in B at 1 ml/min over
30 min, then 40% buffer A for 30 min. Buffer A contained
10 mM NaH2PO4 pH 6.8, 100 mM tetrabutylammonium

hydroxide while buffer B contained 100 mM NaH2PO4 pH 5.5,
3 mM tetrabutylammonium hydroxide and 25% methanol.
Retention times for dCTP and dUTP were 28 and 32 min,
respectively. dC, dU and dUTP were purchased from Sigma±
Aldrich while ultrapure dCTP was from Amersham.

RESULTS

As a starting point, we sought to explore the hypothesis that
APOBEC3G deamination occurred in concert with reverse
transcription. RNA was in vitro transcribed from a DNA
fragment corresponding to the V1V2 hypervariable regions of
the HIV-1 LAI envelope protein, while cDNA was synthe-
sized using commercially available cloned HIV-1 RT as
previously described (44). Baculovirus derived human
APOBEC3G (8) was added at the same time as RT. cDNA
was then recovered by PCR.

If cytidine was deaminated in the context of DNA yielding
uracil then there are two ways to test this. Firstly, if PCR is
performed with Taq polymerase then product should be
readily recovered. However, if Pfu polymerase is used, which
does not readily copy templates bearing uracil (46), then
ampli®cation should be inef®cient. Secondly, the product
should be sensitive to uracil DNA N-glycosylase (UNG).
Accordingly prior treatment with UNG should reduce the
ef®ciency of PCR due to gaps in the template (47).

Figure 1 shows that although PCR product was readily
obtained when Taq polymerase was used to amplify
APOBEC3G-treated cDNA (lane 5), Pfu polymerase had
great dif®culty in amplifying cDNA following APOBEC3G
treatment (cf. lanes 6 and 7). Furthermore, prior treatment of
the cDNA by UNG resulted in reduced recovery of PCR
product by Taq polymerase (cf. lanes 3 and 4). That some
product was obtained using Taq polymerase after UNG
treatment (lane 4) may be expected given that PCR allows
re-assembly of fragmented DNA (48). These observations
indicate that APOBEC3G-treated cDNA harboured uracil
residues. If RT from the MoMLV was used, cDNA synthesis
in the presence of APOBEC3G was just as ef®cient as the
HIV-1 RT (cf. lanes 5 and 9).

Taq PCR products were cloned and ~17±70 clones
sequenced from each sample, a representative selection of
sequences being shown in Figure 2. As can be seen, the
sequences were peppered by G ® A substitutions with respect
to the retroviral plus strand taken as reference.
Mechanistically, they correspond to multiple deamination of
cytidines in the minus DNA strand. The frequency of
deamination increased in a dose-dependent manner reaching
a plateau of around 20% deamination of all target cytidines at
3 mg of APOBEC3G per reaction (Fig. 3 and Table 1, reactions
3±11). Sequencing of products having undergone UNG
treatment (Fig. 1, lane 4) showed a much reduced C ® U
substitution frequency re¯ecting contra-selection of templates
lacking uracil (data not shown).

Cytosine deamination occurs preferentially in CpC

Not all target Cs were deaminated at the same ef®ciency as is
apparent from Figure 2. Indeed some were highly refractory.
Analysis of the local sequence context showed that substitu-
tions occurred preferentially in the context 5¢GpG/CpC5¢
(plus/minus DNA strand, where the underlined base indicated
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the modi®ed C or its complementary G, Fig. 4A). The
hierarchy 5¢GpG > GpA > GpT ~ GpC was apparent at all
concentrations of APOBEC3G. Furthermore, there was an
overall linear relationship between the substitution frequen-
cies in 5¢GpG/CpC5¢ and 5¢GpA/CpT5¢ with the former being
~2.53 more frequent (Fig. 4B). Informative analysis of the 3¢
nucleotide context was precluded given the single CpG target.
These ®ndings recapitulate the dinucleotide preference seen
among G ® A hypermutated genomes on a HIV-1 Dvif
background (2±6).

When a large number of clones was sequenced, none of the
42 potential cytidine targets in template cDNA was totally
refractory, although two targets (C06 and C41) were
deaminated but once among 431 sequences (Fig. 5). As can

be seen, the deamination frequencies varied by up to a factor
of 173 (cf. C25 versus C06 or C41). Although deamination
was particularly evident within oligocytidine tracts, a more
detailed analysis of the most frequent hot and cold spots
revealed more subtle context effects (Table 2). The region 5¢
to the modi®ed base tended to be rich in pyrimidine residues
(HHYYYC where H = T, C or A, modi®ed base underlined)
which is an extension of the 5¢GpG/CpC5¢ and 5¢GpA/CpT5¢
bias seen in Figure 4A. In contrast, cold spots were
characterized by the motif HRCH which recapitulates the
aversion for deamination within the 5¢GpT/CpA5¢ and 5¢GpC/
CpG5¢ dinucleotides modulated by surrounding pyrimidine
residues (Table 2). Interestingly, these hot and cold spot
motifs are generally the inverse of those seen for the

Figure 2. A selection of APOBEC3G hypermutated sequences. Only a 90 bp segment of the 202 bp target sequence is shown for clarity. However, it included
25 of the 42 cytidine targets (60%). The sequence is given with respect to the retroviral plus strand even though the complementary, or minus strand, is
modi®ed. Potential targets are indicated by dots above the sequence. Only differences among hypermutated sequences are shown. Three representative
sequences from eight samples with increasing amounts of APOBEC3G per reaction are given. The number of substitutions per sequence is indicated to the
right. Some sites are exquisitely sensitive to deamination while others are highly refractory.

Figure 1. Agarose gel of PCR products following reverse transcription in the presence or absence of APOBEC3G.
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phylogenically related cytidine deaminase AID [Table 2,
(15)].

APOBEC3G functions independently of RT

To resolve the question as to whether cytidine deamination
occurs in concert with reverse transcription, or whether RT
was a cofactor, cDNA was ®rst made, the RT inactivated by
heating at 95°C for 15 min and then incubated with
APOBEC3G at 37°C for 3 h. The substitution frequency
was indistinguishable to that determined without inactivation
(Table 1, cf. reactions 12 and 13) indicating that APOBEC3G
acted independently of RT. When the RT from MoMLV was

used, the substitution frequency was comparable to that
obtained with the HIV-1 RT (Table 1, cf. reactions 7 and 15).
This result would be expected if APOBEC3G acted inde-
pendently of cDNA synthesis. That APOBEC3G function is
not coupled to reverse transcription agrees with some reports
showing that DNA synthesis in a HIV-1 Dvif background is
unimpeded (49).

Single-stranded DNA is the substrate

During reverse transcription, the RNaseH activity of RT
degrades template RNA in the context of RNA/DNA hybrids.
To test whether RNA template degradation was a prerequisite
for APOBEC3G deamination, cDNA was synthesized using a
commercially available RNaseH± form of MoMLV RT. The
sequence data indicated that, while the normal MoMLV RT
gave rise to G ® A hypermutants, the RNaseH± form did not
(Table 1, reactions 15 and 17). Using this in vitro assay, it was
possible to reproduce the previous observation that
APOBEC3G does not deaminate RNA (Table 1, reactions 1
and 2). Together, these observations show that APOBEC3G is
active only on ssDNA.

PCR product from reaction 1 (Table 1) was heated to 95°C
for 15 min, quenched on ice after which 1 mg of APOBEC3G
was added for 3 h at 37°C. As can be seen from Figure 6, both
G ® A and C ® T hypermutants were produced as expected
were APOBEC3G to deaminate complementary single DNA
strands. In the literature, there is a single case of C ® T
hypermutation on the HIV-1 DNA plus strand (27). In view of
the present ®ndings, it would seem that this occurred via
APOBEC3G deamination of a single-stranded plus strand.

dC or dCTP are poor substrates for APOBEC3G

Some of the APOBEC proteins are able to deaminate
deoxycytidine in addition to RNA or DNA deamination.
One report indicated that E.coli-puri®ed APOBEC3G could
deaminate dC (3), although this could be due to contaminating

Table 1. Deoxycytidine deamination frequencies as a function of reaction conditions

Reaction no. Reaction conditions No. of clones
analysed

No. of
G ® A subs

fG ® A/base Fold increase

1 RNA + 1 mg APOBEC3G, heated/ice then + HIV RT 19 0 <1.2 3 10±3 ~1
2 RNA+HIV RT + 1 mg APOBEC3G, heated/ice then + HIV RT 19 0 <1.2 3 10±3 ~1
3 HIV RT cDNA 27 0 <9 3 10±4 ~1
4 HIV RT cDNA + 0.25 mg APOBEC3G 56 27 1.1 3 10±2 12
5 HIV RT cDNA + 0.50 mg APOBEC3G 58 50 2.1 3 10±2 23
6 HIV RT cDNA + 0.75 mg APOBEC3G 52 78 3.6 3 10±2 40
7 HIV RT cDNA + 1 mg APOBEC3G 57 134 5.6 3 10±2 62
8 HIV RT cDNA + 1.5 mg APOBEC3G 70 256 8.7 3 10±2 97
9 HIV RT cDNA + 2 mg APOBEC3G 53 307 1.4 3 10±1 156
10 HIV RT cDNA + 3 mg APOBEC3G 41 320 1.8 3 10±1 200
11 HIV RT cDNA + 4 mg APOBEC3G 44 313 1.7 3 10±1 189
12 HIV RT cDNA, heated/ice then + 1 mg APOBEC3G 25 65 6.1 3 10±2 68
13 HIV RT cDNA, then + 1 mg APOBEC3G 26 80 7.3 3 10±2 81

14 MoMLV RT cDNA 19 0 <1.2 3 10±3 ~1
15 MoMLV RT cDNA + 1 mg APOBEC3G 48 132 6.5 3 10±2 54
16 MoMLV RT RNaseH± cDNA 19 1 1.2 3 10±3 1
17 MoMLV RT RNaseH± cDNA + 1 mg APOBEC3G 19 0 <1.2 3 10±3 ~1
18 MoMLV RT cDNA, heated/ice then + 1 mg APOBEC3G 19 37 4.6 3 10±2 38
19 MoMLV RT cDNA, then + 1 mg APOBEC3G 23 72 7.4 3 10±2 61
20 MoMLV RT RNaseH± cDNA, heated/ice then + 1 mg APOBEC3G 17 3 4.2 3 10±3 3.5
21 MoMLV RT RNaseH± cDNA, then + 1 mg APOBEC3G 19 0 <1.2 3 10±3 ~1

Figure 3. Deoxycytidine deamination is proportional to APOBEC3G con-
centration. Deamination reaches a plateau by 3 mg APOBEC3G per reac-
tion. For each sample, the substitution frequency (fG®A) is the average over
42 targets for between 17 and 70 sequences.
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E.coli deoxycytidine deaminase (42). Given the evident
activity of the Baculovirus-puri®ed APOBEC3G used here,

a potential dC deamination activity was sought in a variety of
different buffer conditions, including those used above and in

Figure 5. Deamination frequencies across the target sequence. The base speci®c deamination frequencies among a collection of 431 sequences from all the
reactions are given as a function of local sequence context. No site was totally refractory. Only two sequences harboured a single substituted cytidine at
positions C06 and C41, indicated by 1 over the site, while C08 and C32 were substituted only twice in different clones. In contrast, the maximum site
deamination frequency was ~40% for C25 (173 substitutions). Hence, the maximum ratio of site deamination frequencies is 173:1. The horizontal bar
indicates the average site deamination frequency assuming no effect of sequence context. Oligocytidine tracts are particularly vulnerable.

Figure 4. Sequence context among sites of APOBEC3G deamination. (A) The ordinates represent the substitution frequency as a function of the 5¢ nucleotide.
The dot indicates the deaminated C residue. Deamination in the minus strand occurs preferentially in local sequence context in the order 5¢CpC > TpC > ApC
~ GpC, or on the plus strand 5¢GpG > GpA > GpT ~ GpC. This sequence context is typical for hypermutated genomes derived from Dvif viruses grown on
APOBEC3G producing cells (2±6,13). The lightly stippled bars indicate the frequency expected assuming no dinucleotide bias. A c2 analysis showed that for
reactions with 2, 3 and 4 mg of APOBEC3G, the observed 5¢CpC frequencies proved highly signi®cant (P < 0.001) compared to the expected values.
Informative analysis of the 3¢ nucleotide context is precluded given that the single CpG target is also a hot spot for deamination. (B) Overall GpG substitution
frequencies increase linearly with those in GpA sites.
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other reports (3). As can be seen in Figure 7, no cytidine
deamination activity was detectable when the reaction
products were analysed by HPLC with a signal-to-noise
ratio of ~200:1. Similarly, dCTP proved not to be a substrate
either. When cDNA was treated by APOBEC3G in the
presence of 1 mM dCTP, there was no change in the
deamination frequency (data not shown), in keeping with the
above ®nding. While these are negative ®ndings, it would
appear that the major activity of APOBEC3G is ssDNA
cytidine deamination.

DISCUSSION

RNA viruses and retroviruses replicate with little or no proof
reading. Consequently, their genome sizes are limited by an
error threshold beyond which there is a collapse of informa-
tion (50). By using drugs, it has been possible to push some
viruses `over the edge' resulting in inactivation (51,52). The
observation of hypermutated RNA virus and retroviral
genomes suggests that nature has exploited the vulnerability
of viral genomes unable to undertake proof reading (27,53).
As such, the ssDNA cytidine deamination activity of
APOBEC3G can be seen as an innate immune response to
retroviruses. The present ®ndings recapitulate the mutagenic
effect of human APOBEC3G when over-expressed in ung-1
E.coli (13).

Recently, the related enzyme AID was shown to speci®cally
deaminate cytidine residues in the context of ssDNA but not
dsDNA or RNA (14±17). Thus, despite 54 and 66% amino
acid variation between AID and the amino and carboxy
domains of APOBEC3G respectively (8), these two human
proteins have the same general polynucleotide substrate
speci®city. A difference between the two is the local sequence
contexts for hot and cold spots which are almost the exact
opposites [Table 2, (15)]. APOBEC3G deaminates ef®ciently
in the context of 5¢CpC and to a lesser extent 5¢TpC, while
AID favours deamination in 5¢GpC and 5¢ApC dinucleotides.

Hence, the ef®ciency of deamination depends on both the
sequence and the enzyme.

With this in mind, there is small discordance between the
sequence context surrounding APOBEC3G deamination
in vitro and hypermutants generated in vivo. Among naturally
arising G ® A retroviral hypermutants, there appears to be
two types that can be distinguished by local sequence context.
Most frequently substitutions occur in GpA > GpG (TpC >
CpC) (18,20,22,23,26±28,54). Somewhat less frequently are
hypermutants whereby GpG > GpA (CpC > TpC) (21,24,25).
Both observations hold for the same virus, i.e. HIV-1, and can
be found in the same DNA sample. For the non-immunode-
®ciency retroviruses, the data bases are much smaller.
However, for the moment G ® A hypermutants among
CAEV (23), EIAV (19), HTLV (55) and HBV (20), all show a
GpA > GpG substitution preference. For HIV-1 Dvif viruses
grown on non-permissive cells, the preferred context is GpG >
GpA (2±6), which ®nds expression in the in vitro data
described above. As deamination ef®ciency depends upon
both sequence context and the enzyme, naturally arising G ®
A hypermutants in which substitutions occur preferentially
within GpA rather than GpG might re¯ect APOBEC3G allelic
variation or, more interestingly, the activity of other
APOBEC3 family members.

The dose±response relationship between substitution fre-
quency and APOBEC3G concentration, as well as the ®nding
that deamination occurs post cDNA synthesis, indicate that the
lower G ® A hypermutation frequencies observed for three
other retroviruses, MoMLV, spleen necrosis virus and human
T cell leukemia virus (HTLV) compared to HIV-1 (26,55,56)
are likely due to a smaller number of APOBEC3G-like
molecules packaged within the virions. In contrast, the heavily
G ® A hypermutated hepatitis B virus (HBV) sequences
argue that large numbers of such molecules can, under certain
circumstances, be packaged into the HBV virion (20). That
such G ® A hypermutated genomes are so rare for these four
viruses remains to be elucidated. The case of HTLV (55) is
particularly intriguing for it infects the same target cell as
HIV, the CD4+ T lymphocyte. Presumably, it too must have
evolved a strategy to overcome the effects of APOBEC3G.

Given that APOBEC3G acts on neo-synthesized minus
strand DNA on a lentiviral Dvif background, any G ® A
hypermutants must be excluded when establishing RT point
mutation rates for they have nothing to do with RT ®delity.
Inspection of the retroviral mutants used to derive mutation
rates indicates that there are a few hypermutants while G ® A
substitutions in GpG and GpA are the dominant mutations in
the mutant spectrum (57,58). In view of this, it is likely that
some retroviral mutation rates may be somewhat less than
initially thought. Whether APOBEC3G deamination con-
tributes to HIV sequence evolution as has been suggested (3),
even in a small way, is a more complicated issue in as much as
it requires maintenance of a defective phenotype (i.e. Dvif).
Nevertheless, some genes are surprisingly robust to G ® A
hypermutation (59).

In conclusion, APOBEC3G is indeed a highly potent single-
stranded DNA cytidine deaminase that functions independ-
ently of RT. That its function may, by analogy with
APOBEC1, also be modulated by other proteins does not
preclude it from constituting a phenomenal barrier itself to
reverse transcription in some cell types.

Table 2. Sequence contexts for cytidine deamination

Hot spots Cold spots
Site No. C ® U Site No. C ® U

TTTCCCCGC 173 TAACACA 1
ATTCCCCAA 120 GCACCTT 1
ATTTCCCCG 117 TAGCATT 2
TTCTCCATC 111 TTACCTC 2
TTCCCCGCT 106 GCACTTT 4
CATTCCCCA 86 CTACTAT 4
TTCCCCAAA 75 AAACTAA 5
CTCTCCTTT 63 CTACTAC 5
TTTCTCCAT 60 CTACTAT 6
TCTTTCTGC 59 GTGCTGA 7

ATGCTTG 7

HHYYYCNNN NHRCHNN
WRC SYC

The 10 hottest and 11 coldest spots are given along with their substitution
frequencies among 431 sequences. The consensus sequence motifs are given
where R = G or A; Y = T or C; H = T, C or A; W = T or A; S = C or G; N
= any base. Given separately at the bottom are the corresponding sequence
motifs for the phylogenetically related AID cytidine deaminase derived
from an in vitro assay. From Pham et al. (15).
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Figure 6. Deamination of complementary ssDNA strands. dsDNA was denatured at 95°C for 15 min then quenched on ice. APOBEC3G was then added.
Potential C targets are denoted by dots and asterisks corresponding to the minus and plus strands, respectively. The combined dinucleotide preferences for the
two strands were GpG 51%, GpA 28%, GpT 8%, GpC 13%, which is typical of data in Figure 4.

Figure 7. APOBEC3G does not ef®ciently deaminate dC or dCTP. HPLC elution pro®les for reaction products, the ordinate describes product detection
(mV), the abscissa the elution time (min). (A and D) Control samples; (B and E) 500 mM dC and 1 mM dCTP incubation controls for spontaneous deamin-
ation in 45 mM Tris±HCl pH 7.5 for 18 and 5 h, respectively; (C) 500 mM dC incubation with 1 mg APOBEC3G for 18 h in 45 mM Tris±HCl pH 7.5;
(F) 1 mM dCTP incubation with 1.4 mg APOBEC3G for 5 h in 45 mM Tris±HCl pH 7.5. Identical results were obtained using buffer R, S with or without
5 mM MgCl2 or 5 mM ZnCl2.
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