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The C-terminal cytidine deaminase domain of
APOBEC3G itself undergoes intersegmental
transfer for a target search, as revealed by
real-time NMR monitoring†

Keisuke Kamba, a Takashi Nagata *ab and Masato Katahira *ab

APOBEC3G (A3G), an anti-human immunodeficiency virus 1 factor,

deaminates cytidines. We examined deamination of two cytidines

located separately on substrate ssDNA by the C-terminal domain

(CTD) of A3G using real-time NMR monitoring. The deamination pre-

ference between the two cytidines was lost when either the substrate

or non-substrate ssDNA concentration increased. When the non-

substrate ssDNA concentration increased, the deamination activity first

increased, but then decreased. This indicates that even a single domain,

A3G-CTD, undergoes intersegmental transfer for a target search.

Introduction

APOBEC3G (A3G) deaminates a cytidine of a newly synthesized
minus strand of human immunodeficiency virus 1 (HIV-1), and
thereby restricts the infectivity of viral-infectivity-factor (Vif)-
deficient HIV-1 strains.1–6 A3G possesses two consensus cytidine
deaminase motifs of the zinc-finger type in its N- and C-terminal
domains, NTD and CTD.2 Only CTD is catalytically active.7,8 A3G
preferably deaminates the third cytidine of a CCC sequence of a
single-strand DNA (ssDNA).9,10 It was suggested that A3G non-
specifically binds to ssDNA, and then slides and hops along the
ssDNA.11,12 This sliding motion of A3G, i.e. one-dimensional
diffusion on ssDNA, was observed by means of single-molecule
fluorescence resonance energy transfer (FRET)11 and high-speed
atomic force microscopy (AFM).12 Full-length A3G and A3G-CTD
deaminate a CCC that is located close to the 50 end of ssDNA
more effectively than the ones that are less close to the 50 end,
so called 30 - 50 polarity.10,13,14

We developed a real-time NMR method to monitor the
deamination reaction of A3G.14–17 The essence of this method

is as follows. A3G-CTD is added to a solution containing ssDNA
and mixed, which is defined as reaction time point zero. The
mixture is immediately transferred to an NMR tube and loaded
into an NMR magnet. Then, a series of two-dimensional TOtal
Correlation SpectroscopY (2D TOCSY) spectra is recorded at
different reaction time points, through which the deamination
reactions of cytidines of ssDNA can be monitored in real-time.
With the reaction time, the intensity of an H5–H6 correlation
peak of a cytidine in the TOCSY spectrum gradually decreases
and it eventually disappears. This couples with the emergence of
an H5–H6 correlation peak of a uridine and a gradual increase of
its intensity. The time courses of the changes in the intensities
of correlation peaks of either cytidines or uridines are fitted to a
single exponential function, which gives the reaction rate con-
stants of the deamination for each cytidine. The quantitative
analysis of the deamination using this method revealed that the
30 - 50 polarity can be rationally explained by the following
idea: A3G-CTD non-specifically binds to ssDNA, slides along the
ssDNA with no directional preference for the search for the
target cytidine, and deaminates the target cytidine at a sliding
direction-dependent catalytic rate.14

Involvement of the intersegmental transfer of A3G between
segments of ssDNA in the search for the target cytidine was also
suggested, although it remains controversial.18–20 Intersegmental
transfer is known as a phenomenon by which a protein directly
moves between two sites widely separated along the DNA contour
but closely located in three dimensions.21,22 Direct transfer
between two DNA strands is equivalent to direct transfer between
sites that are distant on the same DNA strand and thus is also
regarded as the intersegmental transfer. Intersegmental transfer
is different from simple dissociation and re-association. In the
latter case, after dissociation, a protein is once released into the
bulk solution, and then binds to another DNA. In the former
case, a protein is not released into the bulk solution, and directly
binds to another DNA. In order to obtain insight into the possible
involvement of the intersegmental transfer of A3G in a target
search, the effects of the concentration of either the substrate or
non-substrate ssDNA on the deamination activity and the 30- 50
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polarity of A3G were examined using the real-time NMR method.
The obtained results indicated the involvement of the inter-
segmental transfer of A3G in the target search.

Experimental
Preparation of the protein and DNA substrates

Recombinant A3G-CTD (residues 193–384) was expressed and
purified as described previously.14–17 The purified A3G-CTD
was dissolved in a reaction buffer comprising 20 mM Tris–HCl
(pH 7.5), 30 mM NaCl, 5 mM DTT, and 10 mM ZnCl2, and
then stored until use at 4 1C. Two 38-mer ssDNAs, S38

(d(AAACCCGA24CCCGTAA)) and (dA)38, were purchased from
Fasmac Co., Ltd.

Real-time NMR monitoring of cytidine deamination

All NMR spectra were recorded at 25 1C with either a DRX600
or Avance III 600 spectrometer, both being equipped with a
cryogenic probe and a Z-gradient (Bruker BioSpin). Samples
were prepared by adding A3G-CTD to a reaction buffer containing
DNA with 5% D2O. First, in order to examine the effect of the
concentration of the substrate DNA, S38, on the deamination
activity and the 30 - 50 polarity with a fixed concentration ratio
of A3G-CTD : S38 = 1 : 250, the S38 concentration of each sample
was set at 50, 100, 200, 400, 500, 600, 800, 1000, 1200, 1400, 1600,
2400 and 3200 mM, respectively. Secondly, in order to examine the
effect of the concentration of the non-substrate DNA, d(A)38, on
the deamination activity and the 30 - 50 polarity with constant
concentrations of 0.8 mM A3G-CTD and 200 mM S38, the (dA)38

concentration of each sample was set to 0, 200, 400, 500, 600, 800,
1000, 1200, 1400, 1600, 2400 and 3200 mM, respectively.

After starting the reaction by the addition of A3G-CTD to
each sample, a series of TOCSY spectra was recorded at
different reaction time points with a mixing time of 20 ms.
The spectra were processed with NMRPipe,23 and analysed
using SPARKY.24 The TOCSY spectra were assigned on the basis
of the assignments of the related DNAs.14–17 Peaks that appeared
newly were identified as those of uridines on the basis of the
chemical shift values of the H5–C5 and H6–C6 correlation peaks
in 1H–13C HSQC spectra, together with the ones of the H5–H6
correlation peaks in the TOCSY spectra. The intensities of the
H5–H6 correlation peaks of cytidines were plotted against
the reaction time and analysed as previously described.14,16,17

The data were fitted to the following equation through linear
least-squares analysis:

I(t) = Is exp(�kappt) + Ib (1)

where Ib is the baseline intensity of the spectrum, Is + Ib is
the intensity of the correlation peak of each cytidine at time
point zero, and kapp is the apparent deamination rate constant.
The apparent rate constant was also determined using the
intensities of the H5–H6 correlation peaks of uridines. The
rate constants and relative activities obtained by two ways were
consistent with each other for each residue (Fig. S1, ESI†),
which confirmed that the disappearance of the old peaks and

the appearance of new peaks are due to cytidine deamination
to form uridines. The apparent deamination rate constant
value was used as an index of activity. We defined P with the
following equation:

P ¼
kðC6Þ
kðC34Þ

(2)

where k(C6) and k(C34) are the apparent deamination rate con-
stants for the C6 and C34 residues of S38. P can be regarded as a
measure of the magnitude of the 30 - 50 polarity.16,17

Errors were estimated as follows. Firstly, the error of each
NMR signal intensity was determined from the corresponding
NMR spectrum on the basis of the baseline noise for the area in
which no peak is present, with the standard deviation of the
error being obtained. Then, seven independent data sets of the
time courses of the TOCSY signal intensities of either cytidine or
uridine were constructed through generation of the errors for
each TOCSY signal intensity by Monte Carlo simulation using
the standard deviation obtained above. Thirdly, the rate constant
was determined for each data set by curve fitting, and the error
of the rate constant was obtained from the deviation of the seven
rate constants. Finally, the errors of the relative activity and P
were obtained by means of error propagation calculations.

Results and discussion
The effects of the concentration of substrate ssDNA on the
deamination activity and the 30 - 50 polarity with a fixed
enzyme-to-substrate ratio

Firstly, we analyzed the effects of the concentration of substrate
ssDNA on the deamination activity and the 30 - 50 polarity
under conditions in which the ratio of the A3G-CTD concen-
tration to the substrate ssDNA concentration was fixed. The
substrate ssDNA, S38, possesses two CCC sequences and the third
cytidines of the two CCC sequences, C6 and C34, are deaminated
by A3G-CTD (Fig. 1a). After the addition of A3G-CTD to a solution
containing S38, a series of 2D TOCSY spectra was recorded
(Fig. 1b). Reaction time-dependent decreases in the intensities
of the H5–H6 correlation peaks of C6 and C34, and concomitant
increases in those of U6 and U34 produced by deamination were
observed (Fig. 1b). The intensities of the C6 and C34 correlation
peaks were plotted against the reaction time, and an apparent
deamination rate constant, kapp, was obtained by curve fitting for
C6 and C34 (Fig. 1c). The same procedure was repeated for each
of the solutions containing various concentrations of S38 and
A3G-CTD, keeping the A3G-CTD : S38 concentration ratio at 1 : 250
(Fig. 1b and c). The relative activity was defined as the ratio of kapp

for each S38 concentration to that obtained for C6 for 200 mM S38.
The relative activity and P were calculated and plotted against the
S38 concentration (Fig. 1d and e).

The relative activity monotonically increased for both C6 and
C34 when the S38 concentration increased, with the A3G-to-S38

ratio remaining constant (Fig. 1d). This is supposed to be due to
an increase in the fraction of S38 bound to A3G-CTD at higher S38

and A3G-CTD concentrations.
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It is known that CCC that is located close to the 50 end of
ssDNA is deaminated by A3G, and by A3G-CTD, more effectively
than the ones that are less close to the 50 end.10,13,14 This
phenomenon is called 30 - 50 polarity, resulting in a P value
larger than 1.0. This phenomenon was rationally interpreted on
the basis of the results of the quantitative analysis of real-time
NMR data.14 It was deduced that the catalytic rate for the
deamination depends on the direction of the sliding of A3G;
the catalytic rate is about five-times higher when A3G reaches
the target cytidine in the 30 - 50 direction along ssDNA than in
the opposite direction. Here, suppose for simplicity that the
deamination occurs only when A3G reaches the target cytidine
in the 30 - 50 direction. A3G that reached C34 of S38 in the
30 - 50 direction for deamination will continue sliding and
later reach C6 in the 30- 50 direction for deamination (Fig. 3a).
However, A3G that binds to a ssDNA region between C6 and
C34 may reach C6 in the 30 - 50 direction for deamination
through sliding, but it will not reach C34 in the 30- 50 direction
even if it continues sliding, although it may reach C34 in

the 50 - 30 direction through sliding (Fig. 3b), for which
deamination was supposed not to occur (or for which the
catalytic rate is much lower in reality, as described above). In
summary, whenever C34 is deaminated, C6 is also deaminated,
while when C6 is deaminated, C34 is not necessarily deaminated.
This is the reason why the 30 - 50 polarity is observed. This time,
a monotonic decrease in the P value was observed when the S38

concentration increased, with the A3G-to-S38 ratio remaining
constant (Fig. 1e). This is consistent with the results of a similar
experiment carried out using a biochemical method for full-length
A3G.18 Both the sets of results can be explained by assuming the
transfer of A3G from one S38 strand to another S38 strand located
close to each other during sliding. In this case, A3G that reaches
the C34 of S38 in the 30 - 50 direction for deamination will not
necessarily reach C6 in the 30 - 50 direction for deamination,
because A3G may be transferred to another S38 strand and
move toward C34 (Fig. 3c). Although the memory is kept during
sliding, it becomes lost and reset on the transfer. The prob-
ability of transfer must increase when the S38 concentration

Fig. 1 The effects of the concentration of substrate ssDNA, S38, on the deamination activity and the 30 - 50 polarity with a fixed concentration ratio of
A3G-CTD : S38 = 1 : 250. (a) The sequence of the substrate ssDNA, S38. S38 contains two CCC sequences, and the underlined C6 and C34 residues are
deaminated to uridine residues by A3G. (b) Examples of the real-time monitoring of the deamination reaction using 2D TOCSY spectra for three different
S38 concentrations, 50, 1000 and 3200 mM, respectively. Each panel shows a region of the 2D TOCSY spectrum for the H5–H6 correlation peaks of
cytidine and uridine residues for a different reaction time. The reaction time is shown in each panel. The peaks of C6, C34, U6 and U34 are labelled.
(c) The time courses of the normalized H5–H6 peak intensities of target cytidines, C6 (red) and C34 (blue). The data were fitted to a single exponential
function, by which the first order apparent rate constant, kapp, was obtained. The S38 concentration is shown in each panel. (d) Relative activities for C6
and C34 against the S38 concentrations. (e) The 30 - 50 polarity values, P, against S38 concentrations.
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increases. Thus, the observed monotonic decrease in the P
value with increasing S38 concentration suggests the involve-
ment of the intersegmental transfer of A3G between DNA in
the search for a target cytidine. It should be noted that even a
single domain of A3G, A3G-CTD, seems capable of inter-
segmental transfer.

The effects of the concentration of non-substrate DNA on the
deamination activity and the 30 - 50 polarity

To obtain further insight into the intersegmental transfer of
A3G, we examined the effects of a non-substrate ssDNA, (dA)38,
on the deamination activity and the 30 - 50 polarity. (dA)38 is a
38-mer ssDNA like S38 and does not possess a cytidine residue
that can be deaminated. So, (dA)38 is a non-substrate ssDNA.
EMSA analysis revealed that the affinity of A3G-CTD to S38 is
almost the same as that to (dA)38 (Fig. S2, ESI†), which is
consistent with a previous report that A3G does not exhibit
sequence-preference for binding to ssDNA.10 Samples were
prepared in which the concentrations of A3G-CTD and S38 were
fixed at 0.8 and 200 mM, respectively, while the concentration of
(dA)38 was varied. The deamination reaction of each sample was
monitored using the real-time NMR method (Fig. 2a), as
described in the previous section. Then, an apparent deamina-
tion rate constant, kapp, was obtained for C6 and C34 for each
(dA)38 concentration (Fig. 2b). The relative activity was defined
as the ratio of each kapp to that obtained for C6 in the absence

of (dA)38. The relative activity and P were calculated and plotted
against the (dA)38 concentration (Fig. 2c and d).

The P value monotonically decreased when the (dA)38

concentration increased (Fig. 2d), as was observed when the
S38 concentration increased (Fig. 1e). This can be explained in
the same way. A3G that reached the C34 of S38 in the 30 - 50

direction for deamination does not necessarily reach C6 in
the 30 - 50 direction for deamination, because A3G may be
transferred to a (dA)38 strand during sliding along S38. The
memory is lost and reset on the transfer. As the probability of
the transfer increases when the (dA)38 concentration increases,
P is expected to monotonically decrease.

When the (dA)38 concentration increased, the relative activity
initially increased and then decreased for both C6 and C34 (Fig. 2c).
The relative activity reached a maximum when the (dA)38 concen-
tration was B800 mM. It is supposed that as the binding affinities
of A3G to S38 and (dA)38 are almost the same, some A3G first binds
to (dA)38 and then is transferred to closely located S38 (Fig. 3d). In
this case, a (dA)38 strand serves as an initial landing point of A3G,
and which raises the possibility for a S38 strand to be bound and
scanned by A3G. This effect causes the increase in relative activity
when the (dA)38 concentration is relatively low. In the case of
simple dissociation and re-association of A3G to ssDNA, a (dA)38

strand cannot serve as an initial landing point of A3G to raise
the possibility for a S38 strand to be bound and scanned by A3G.
Then, the increase in relative activity should not be observed.

Fig. 2 The effects of the concentration of non-substrate ssDNA, d(A)38, on the deamination activity and the 30 - 50 polarity with constant
concentrations of 0.8 mM A3G-CTD and 200 mM S38. (a) Examples of the real-time monitoring of the deamination reaction using 2D TOCSY spectra
for three different (dA)38 concentrations, 0, 800 and 3200 mM, respectively. (b) The time courses of the normalized H5–H6 peak intensities of target
cytidines, C6 (red) and C34 (blue). The data were fitted to a single exponential function. The (dA)38 concentration is shown in each panel. (c) Relative
activities for C6 and C34 against the (dA)38 concentrations. (d) The 30 - 50 polarity values, P, against the (dA)38 concentrations.
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Therefore, observation of the increase in the relative activity clearly
indicated the presence of the intersegmental transfer.

When the (dA)38 concentration is high, A3G that binds first to
(dA)38 is more likely transferred to another closely located (dA)38

rather than to S38 (Fig. 3e). Transfer of A3G from one (dA)38

strand to another (dA)38 strand may even be repeated many times
under high (dA)38 concentrations, and A3G may thus hardly reach
S38 (Fig. 3e). This situation causes a decrease in relative activity
when the (dA)38 concentration is relatively high. (dA)38 is sup-
posed to have two contrary effects on the activity of A3G, an
increase and a decrease, depending on its concentration. This
would be the reason why the (dA)38 concentration–relative activity
plot exhibited a bell-shaped curve. Thus, the examination of the
effects of the (dA)38 concentration on the deamination activity
and the 30 - 50 polarity also indicated the involvement of the
intersegmental transfer of A3G (and A3G-CTD) between DNA in
the search for the target cytidine.

Intersegmental transfer of a single domain, A3G-CTD, in the
search for the target cytidine

Monitoring and analysis of the deamination reaction by
A3G-CTD using the real-time NMR method indicated that in
addition to sliding the intersegmental transfer of A3G is involved
in the search for the target cytidine. Intersegmental transfer was
mostly observed for proteins with two DNA-binding surfaces such
as multi-domain proteins.21,22 Each surface binds to a different
segment of DNA, a bridging intermediate being formed, for sub-
sequent intersegmental transfer. However, intersegmental transfer
was reported also for a monomeric protein, human alkyladenine
DNA glycosylase (AAG), which has only one DNA binding surface.25

It was claimed that a monomeric DNA-binding protein is capable of
intersegmental transfer via microscopic dissociation and capture
by a new DNA strand during a transient encounter, without the
requirement for a bridging intermediate.25 We revealed that a
single domain of A3G, A3G-CTD, is also capable of intersegmental
transfer in the search for the target cytidine. A3G-CTD may utilize a
similar mechanism as is suggested for AAG for intersegmental
transfer. When either the temperature or pH changes, the rate of
the microscopic dissociation would change, which could affect the
occurrence of the intersegmental transfer.

Conclusion

Using the real-time NMR method, the effects of the concen-
tration of the substrate DNA, S38, on the deamination activity
and the 30 - 50 polarity of A3G-CTD with a fixed concentration
ratio of A3G-CTD to S38 were examined. The effects of the
concentration of a non-substrate DNA, d(A)38, on the deamina-
tion activity and the 30 - 50 polarity with constant A3G-CTD and
(dA)38 concentrations were also examined. A monotonic decrease
in the P value, a measure of the 30 - 50 polarity, was observed
when either the S38 or (dA)38 concentration increased. With
increasing (dA)38 concentration, the deamination activity first
increased, but then decreased. These results indicated that even
a single-domain, A3G-CTD, undergoes intersegmental transfer,
in addition to sliding, in the search for the target cytidine.
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