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Abstract: The human antiretroviral factor APOBEC3G
(A3G) deaminates the newly synthesized minus strand of the
human immunodeficiency virus 1 (HIV-1), which results in the
abolition of the infectivity of virus-infectivity-factor (Vif)-
deficient HIV-1 strains.[1–6] A unique property of A3G is that it
deaminates a CCC hot spot that is located close to the 5’ end
more effectively than one that is less close to the 5’ end.
However, the mechanism of this process is elusive as it includes
nonspecific binding of A3G to DNA and sliding of A3G along
the DNA strand. Therefore, this process cannot be analyzed by
existing methods using the Michaelis–Menten theory. A new
real-time NMR method has been developed to examine the
nonspecific binding and the sliding processes explicitly, and it
was applied to the analysis of the deamination by A3G. As
a result, the location-dependent deamination can be explained
by a difference in the catalytic rates that depend on the
direction of the approach of A3G to the target cytidine. Real-
time NMR experiments also showed that A3G deaminates
CCCC tandem hotspots with little redundancy, which suggests
that A3G efficiently mutates many CCC hotspots that are
scattered throughout the HIV-1 genome.

The enzyme APOBEC3G (A3G) possesses two consensus
zinc-finger-type cytidine deaminase motifs (CD1 and CD2),[2]

but only CD2 is catalytically active.[7,8] A3G preferably
deaminates the third cytidine of a CCC sequence in single-
stranded DNA (ssDNA).[9, 10] It was reported that A3G
nonspecifically binds to ssDNA and slides along ssDNA
over 30 nm (69 nucleotides) without directional prefer-
ence.[11,12] Interestingly, A3G deaminates CCC hot spots in
a location-dependent fashion.[10] A 5’ to 3’ gradient of
mutations in HIV RNA, which is transcribed from the
minus strand DNA, was observed in vivo.[9, 13] This would
arise from the 3’ to 5’ deamination gradient of minus strand

DNA by A3G. Deamination by A3G has been analyzed by
various methods, including gel shift assays,[10, 14,15] single-
molecule fluorescence resonance energy transfer (FRET)
spectroscopy,[11] and atomic force microscopy.[12,16] We pre-
viously demonstrated that real-time NMR spectroscopy can
be utilized to monitor the deamination reaction and revealed
that A3G CD2 deaminates the third cytidine of CCC much
faster than the second one (CCC).[17] An advantage of real-
time NMR spectroscopy over other methods is that it can
directly detect a site-specific deamination reaction. More-
over, this method is sensitive to weak interactions because
highly concentrated ssDNA (mm order) can be used for the
NMR experiment. The real-time NMR method that we used
for the analysis of the deamination process has become
increasingly popular and has been used by other groups.[18,19]

Our real-time NMR method monitors the intensity
change of the H5–H6 total correlation spectroscopy
(TOCSY) peak of the third cytidine of CCC in real time.
Using this method, we previously analyzed the deamination
of a hot spot that solely exists in ssDNA. To gain insight into
the mechanism that underlies the location-dependent deam-
ination by A3G, we further developed this NMR method.
First, to determine whether real-time NMR spectroscopy
provides sufficiently high spectral and time resolution to
distinguish the multiple deamination reactions that occur on
ssDNA, we monitored the deamination reactions of ssDNA
comprising two CCC hot spots (S2CCC in Table 1; see also the
Supporting Information). Obviously, the two hot spots were
deaminated at different rates by full-length A3G (Figure 1a).
Surprisingly, CD2 alone also deaminated the two hot spots in
a location-dependent manner, exhibiting higher activity than
full-length A3G (Figure 1b). The higher activity of A3G CD2
was previously observed by Chen and co-workers.[14] F-tests
showed that the difference between the deamination rates for
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the two hot spots is statistically significant for both full-length
A3G and CD2. The same result was obtained with ssDNA in
which two units of S2CCC, ATTCCCAAT and ATACCCATT,
had swapped positions. These results confirmed that CD2
alone causes the location-dependent deamination. Although
catalytically inactive CD1 also supposedly contributes to the
location-dependent deamination process, we assumed that
the intrinsic characteristics of CD2 are important for the
location-dependent deamination by full-length A3G. We
focused on CD2 in the following experiments. Subsequently,
we investigated whether our real-time NMR method can be
used to examine the sliding of A3G along ssDNA. As A3G
binds to ssDNA, but not to dsDNA,[10] intervening dsDNA
should block the sliding of A3G. As shown in Figure 1c and d,
the deamination rates of two hot spots in a substrate with
short dsDNA between them were almost the same, whereas
the rates were location-dependent without dsDNA (SCCCdsCCC

and SCCCssCCC in Table 1). This finding clearly indicates that
real-time NMR spectroscopy can sense the sliding of
A3G CD2 along ssDNA.

We have thus confirmed that real-time NMR spectrosco-
py is sufficiently sensitive to location-dependent deamination
reactions and sliding processes of A3G CD2. Based on these
results, we designed experiments and constructed a kinetic
model to quantitatively analyze the deamination reaction. As
A3G binds to ssDNA nonspecifically, the binding rate should
depend on the length of the ssDNA and the concentrations of
A3G and ssDNA. On the other hand, the duration of the
sliding to reach a hot spot should depend on the length of the
ssDNA and the position of a hot spot. Therefore, the kinetics
of the deamination reaction can be determined by real-time
NMR studies with different concentrations of ssDNA and
A3G CD2, and with ssDNAs of different lengths and with
different positions of hot spots. According to this idea, we
developed a kinetic model for the analysis of real-time NMR
data (see the Supporting Information). The deamination
reaction that is monitored by NMR spectroscopy as a change
of intensity, I(t), is expressed as:

IðtÞ ¼ I0exp �kdeamitð Þ ð1Þ

I0 is the initial intensity, which is proportional to the
concentration of ssDNA, and kdeami represents the apparent
deamination rate, which is calculated as detailed below:

kdeami ¼
½NS�½NE�

S0Kd
kcat 30!50ð Þ 1� anð Þ þ kcat 50!30ð Þ 1� aN�nþ1

� �� � ð2Þ

½NS� ¼ 1
2
�Nbþ S0 �E0 þ
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N and n represent the total number of nucleotides in ssDNA
and the position of the reacting cytidine from the 3� end,
respectively. According to this kinetic model, A3G CD2 binds
to any nucleotide of ssDNA with an association rate constant
kon and dissociates from ssDNA with a dissociation rate
constant koff. A3G CD2 slides along ssDNA in both directions
at a sliding rate ks (Figure 2a). As the ssDNAs used are
relatively short (49–57 nucleotides), we assumed that the
sliding of A3G CD2 does not change direction during a single
sliding event. The structure of the A3G–ssDNA complex has
not been determined yet; therefore, it is still unknown how
A3G recognizes a hot spot. On the other hand, the structure
of free A3G CD2 has already been determined, and a pro-
truding bump that hangs over one side of the catalytic pocket,
which includes the catalytic residue Glu259 and the zinc ion,
was revealed (Supporting Information, Figure S1 a).[14, 17,20]

We assumed that this bump interferes with the accommoda-
tion of the target cytidine into the catalytic pocket; this
process depends on the direction of the approach of
A3G CD2 (Figure S1 b,c). Then, we incorporated two cata-

Table 1: Oligonucleotides used in this study.

Name Sequence

S2CCC ATTCCCAATTTTTTTTATACCCATTT
SCCCssCCC ATTCCCAATTTTTTTTTTTTTTTTTTTATACCCAT23
SCCCdsCCC ATTCCCAATTCGCGAACGCGCAAGCGCATACCCAT23

AAAAAAAAAAGCGCTTGCGCGTTCGCG
S5’CCC TTACCCAT42
SmCCC T21ACCCAT22
S3’CCC T41ACCCATTT
SCCCC ATTCCCCATT
SCCCU ATTCCCUATT
SCCUC ATTCCUCATT
SCCCA ATTCCCAATT
SCCUA ATTCCUAATT
SCCUU ATTCCUUATT

The cytidines that are to be deaminated are underlined.

Figure 1. Real-time monitoring of deamination reactions at two CCC
hot spots in ssDNA. a,b) Deamination reactions with full-length A3G
(a) and CD2 (b) were monitored for C6 (*) and C22 (*) in S2CCC. The
deamination rates for full-length A3G are 1.3 � 10�5�4.0 � 10�7 s�1 for
C6 and 4.1 � 10�6�7.4� 10�8 s�1 for C22, and those for CD2 are
2.0 � 10�4�7.5 � 10�6 s�1 for C6 and 4.2� 10�5�5.0 � 10�7 s�1 for C22.
c, d) Deamination reactions of CD2 were monitored for C6 (*) and
C33 (*) in SCCCssCCC (c) and SCCCdsCCC (d).
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lytic rates, kcat(3’!5’) and kcat(5’!3’), into the model, which are the
catalytic rates for the cases where A3G CD2 approaches the
target cytidine from downstream and upstream, respectively.
As A3G slides along ssDNA without directional prefer-
ence,[12] the location-dependent deamination is difficult to
explain without the two different kcat values. These kcat values
represent the rates of the entry of ssDNA into the catalytic
pocket and of its deamination. A global fit of multiple real-
time NMR data collected under different conditions (see
above) provided the parameters a, Kd (= koff/kon), kcat(3’!5’),
and kcat(5’!3’). However, it is difficult to separate a into ks and
koff because neither the sliding nor the dissociation process
can be perturbed experimentally without affecting the other
process. The NMR data were fitted to Eq. (1) using the
program GLOVE.[21]

For this analysis, we obtained real-time NMR data for
S5’CCC, SmCCC, and S3’CCC (Table 1) aside from the data for the
aforementioned two hot spots of SCCCssCCC. These data are in
good agreement with Eq. (1), yielding values for kcat(3’!5’) and
kcat(5’!3’) of 68 s�1 and 14 s�1, respectively (Figure 2b). The
closer a CCC hot spot is located to the 5’ end, the more chance
it has of being detected by A3G approaching from down-
stream rather than from upstream; therefore, a CCC hot spot
that is located close to the 5’ end is deaminated more rapidly
than one that is less close to the 5’ end.

For further applications of our real-time NMR method,
we analyzed the deamination of CCCC, in which two CCC
sequences overlap (SCCCC in Table 1). The clusters of three to
six consecutive cytidines are scattered throughout the HIV
genome, and CCCC is the second most abundant cluster after
CCC. Unfortunately, the NMR peaks that need to be
monitored during the deamination reactions overlapped, for
example, the TOCSY peaks of the fourth cytidines of CCCC
and CCUC. Therefore, the time courses of each deamination
reaction could not be monitored separately (Figure 3a and b).
However, the results of the deamination reactions were
characterized using the NMR spectrum of the same ssDNA
whose deamination reactions had reached completion. As
a result, the third and fourth cytidines of CCCC were found to

be deaminated by A3G CD2 with equal
efficiency because the intensities of peaks 2
(CCUC) and 3 (CCCU + CCUU) were
nearly identical. This finding is different
from that of a previous study with a gel shift
assay; in the earlier case, the third cytidine
was deaminated more efficiently than the
fourth cytidine.[15] This discrepancy could be
due to the difference in the duration of the
monitoring between our NMR method (6 h)
and the gel shift assay (3 min). Real-time
NMR spectroscopy can monitor multiple
reactions directly and simultaneously using
a single sample, whereas the gel shift assay
cannot. Therefore, our results should pro-
vide more accurate information.

The deamination of CCCU into CCUU
is redundant and may be unnecessary for
abolition of the HIV infectivity. However,
the above experiment could not provide

information on the deamination efficiency for CCCU because
the NMR peaks of CCUU and CCUC overlapped. Thus, we
monitored the deamination reactions for CCCA (non-deami-
nated site) and CCCU (monodeaminated site) to determine
whether or not A3G has a preference for either of the two
sequences, SCCCA and SCCCU (Table 1). In this case, the
deamination reactions were monitored by one-dimensional
1H NMR spectroscopy to increase spectral resolution (Fig-
ure 3c and d). The results revealed that A3G preferentially
deaminates a non-deaminated site rather than a monodeami-

Figure 2. Quantitative analysis of the location-dependent deamination reaction using real-
time NMR spectroscopy. a) Kinetic model of the deamination reaction by A3G. b) Real-time
NMR data for C6 of S5’CCC (*), C26 of SmCCC (*), C45 of S3’CCC (*), and both C6 (*) and C33
(*) of SCCCssCCC were fitted to Eq. (1).

Figure 3. Deamination reactions of CCCC by A3G CD2. a,b) TOCSY
spectrum of SCCCC (a) and TOCSY spectrum recorded six hours after
the addition of A3G CD2 (b). The peaks are labeled with the sequences
of the corresponding substrates or deaminated products in which the
assigned residues are underlined (see the Supporting Information).
c, d) 1H NMR spectrum of an equimolar mixture of SCCCA and SCCCU (c),
and 1H NMR spectrum recorded 40 minutes after the addition of
A3G CD2 (d). Peaks 1 to 4 were assigned by recording the NMR
spectra of SCCUU and SCCUA. e) Two possible deamination reaction
pathways for CCCC.
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nated site because the intensity of the peak for the deami-
nated product CCUA (peak 4) was greater than that of the
peak corresponding to CCUU (peak 3). A3G would exploit
this sequential preference to efficiently deaminate multiple
hot spots that are scattered throughout the HIV genome with
a small amount of redundant deamination of CCCC.

In conclusion, we analyzed real-time NMR data for the
location-dependent deamination by A3G CD2 using a newly
derived kinetic model. As a result, the location-dependent
deamination can be explained by the difference in the rate
constants kcat of CD2, which depend on the direction of the
approach to the target cytidine. We also characterized
deamination reactions of CCCC by real-time NMR spectros-
copy, even though multiple reactions occurred simultane-
ously. Previously, it was proposed that the location-dependent
deamination is caused by two binding orientations on ssDNA
and the existence of a region where either less or no
deamination occurs (ca. 30 nucleotides) at the 3’ end of the
ssDNA.[10, 16] However, this model cannot explain the loca-
tion-dependent deamination that is observed for long ssDNA
(70 nucleotides)[15] because the contribution of the dead
region to the location dependency becomes smaller. On the
other hand, our model can explain the location-dependent
deamination reaction even for such a long ssDNA fragment.

Recently, it was proposed that the proteins of the
APOBEC family are involved in epigenesis.[22] They may
contribute to the removal of an epigenetic marker, a methyl
group of a 5-methyl cytosine, through deamination of
5-hydroxymethyl cytosine. Our real-time NMR method
could also be applied to examine such DNA modifications
and to provide insight into epigenesis. Furthermore, this
method can also be used for the analysis of post-translation
modifications of proteins.
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