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Activation-induced cytidine deaminase (AID) initiates antibody diversification processes by deaminating
immunoglobulin sequences. Since transcription of target genes is required for deamination in vivo and AID
exclusively mutates single-stranded DNA (ssDNA) in vitro, AID has been postulated to mutate transcription
bubbles. However, since ssDNA generated by transcription can assume multiple structures, it is unknown
which of these are targeted in vivo. Here we examine the enzymatic and binding properties of AID for different
DNA structures. We report that AID has minimal activity on stem-loop structures and preferentially deami-
nates five-nucleotide bubbles. We compared AID activity on cytidines placed at various distances from the
single-stranded/double-stranded DNA junction of bubble substrates and found that the optimal target consists
of a single-stranded NWRCN motif. We also show that high-affinity binding is required for but does not
necessarily lead to efficient deamination. Using nucleotide analogues, we show that AID’s WRC preference
(W � A or T; R � A or G) involves the recognition of a purine in the R position and that the carbonyl or amino
side chains of guanosine negatively influence specificity at the W position. Our results indicate that AID is
likely to target short-tract regions of ssDNA produced by transcription elongation and that it requires a fully
single-stranded WRC motif.

Somatic hypermutation and class switch recombination
(CSR) are characteristic of the secondary immune response
(21, 27). Somatic hypermutation, CSR, and immunoglobulin
gene conversion all require the enzyme activation-induced
cytidine deaminase (AID) (1, 20, 30, 36, 37, 46). AID likely
initiates these processes by deaminating cytidine to uridine
exclusively within single-stranded DNA (ssDNA) regions (7,
16, 17, 24, 40, 41, 43, 51). Despite the many advances made
over the last few years in the field of antibody diversification,
many questions still exist regarding the regulation and bio-
chemical mechanism of AID, in particular its target selec-
tion.

AID activity is believed to be regulated through interaction
with cofactors (8) and through posttranslational modification
(3, 33, 38). On the other hand, the basic enzymatic properties
of AID itself are also crucial determinants of its activity. First,
we and others found that purified AID preferentially mutates
cytidines in WRC motifs (W is A or T; R is A or G) (24, 25, 41,
58). Findings that CSR breakpoints occur at WRC motifs (22,
61) and that this specificity is highly conserved (53) argue that
the sequence preference inherent to AID plays a significant
biological role. Second, AID deaminates ssDNA processively
in vitro (41), and evidence for this type of activity has been
documented for mice (55). Third, we recently showed that AID
binds single-stranded or bubble-type DNA substrates with high
affinity and a long half-life, irrespective of nucleotide sequence
(25).

The mechanism that targets AID to immunoglobulin (Ig)
genes is not known. Although cis-acting sequences that reside

within the Ig locus have long been suspected to exist, data in
support of this notion are currently incomplete. Recent devel-
opments have suggested that proteins that bind to e-box motifs
(34) or the Ig promoter itself (56) help localize AID to Ig
sequences. Indeed, it has been well documented that AID-
generated mutation rates correlate with the transcriptional
rate of target genes (2, 39) and that transcribed double-
stranded DNA (dsDNA) is subject to AID activity in Esche-
richia coli, in mammalian cell lines, and in vitro (9, 21, 27, 29,
45). Despite this strong correlation with transcription, the pre-
cise nature of the in vivo AID substrate is unknown. It has been
postulated that AID acts directly on the ssDNA of transcrip-
tion bubbles (8, 31, 45, 51) or on R-loops formed between
long-lived RNA-DNA hybrids (57, 59). In support of this no-
tion, deoxyuridines have been reported to be generated pref-
erentially in the nontranscribed strand (32, 45, 62), as would be
predicted due to the “protection” offered by the nascent RNA
strand. However, other groups find that both strands are more
or less mutated equally in vivo (55) and in vitro (5, 49, 50).
Alternatively, positive supercoiling induced downstream of the
transcriptional machinery can generate stem-loop or G4 DNA
structures (18, 44, 54), while negative supercoiling induced
upstream of the RNA polymerase can also cause local unwind-
ing of the DNA, creating ssDNA structures (15, 28). Thus,
since transcription can generate multiple DNA structures, it is
not clear which of these are the in vivo targets of AID. Fur-
thermore, the architectural requirements of WRC specificity
have not been examined in detail. For instance, while it is
known that AID mutates cytidines in ssDNA (7), it is not
known whether only the cytidine or the entire WRC motif is
required to be single-stranded in order to be deaminated by
AID. This distinction is particularly important, since some
DNA binding proteins exhibit nucleotide sequence specificity
in the context of dsDNA (e.g., DNA-binding transcription fac-
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tors) (48) while others do so on ssDNA (e.g., NF-GMb and
H16) (14, 19). To address these issues, we measured the cat-
alytic preference and binding kinetics of AID for various DNA
structures.

MATERIALS AND METHODS

AID purification. The purification of glutathione S-transferase (GST)–AID
has been previously described (25). Briefly, GST-AID expression was induced in
E. coli Bl21(DE3), followed by incubation for 16 h at 16°C. GST-AID was
purified from the supernatant of lysed Cells using a column of Glutathione
Sepharose high-performance beads (Amersham) as per manufacturer’s recom-
mendations. GST-AID was purified on Glutathione Sepharose beads (Amer-
sham) as per manufacturer’s recommendations and stored in 20 mM Tris-Cl pH
7.5, 100 mM NaCl, 1 mM dithiothreitol.

Substrate preparation. The bubble substrates are similar to those previously
described (25) (Fig. 1A). 5� labeling was done using [�-32P]dATP and polynu-
cleotide kinase (New England Biolabs [NEB]) followed by purification through
mini-Quick spin DNA columns (Roche). A 2.5-pmol amount of the labeled
strand was mixed with at least a twofold excess of the cold strand in a volume of
25 �l and annealed by slow cooling from 94°C. The stem-loop substrates were
labeled and purified in a similar manner, but self-annealing was done in a 125-�l
volume by heating to 95°C and snap-cooling. In order to verify their structure, 20
fmol of stem-loop substrate was digested with 1 U of BamHI in a volume of 20
�l for 1 h at 37°C (Fig. 2B). A single-stranded oligonucleotide containing a
BamHI site was used to ensure that any BamHI cleavage was due to the presence
of a double-stranded recognition sequence.

AID deamination assay. The UDG-based deamination assay has been de-
scribed previously (25, 51). Briefly, 0.1 to 500 fmol of labeled substrate was
incubated with 0.3 to 0.9 �g GST-AID for 30 to 90 min at 37°C in 50 mM Tris
(pH 7.5), 100 mM NaCl, and 2 �M MgCl in a volume of 10 �l. AID was then
deactivated for 15 min at 75°C. The volume was then increased to 20 �l, and
1 U uracil DNA glycosylase and buffer (NEB) was added for a 60-min
incubation period of 37°C in order to excise the uracil, followed by incubation
at 95°C for 8 min in a final [NaOH] of 100 mM to cleave the alkali-labile
abasic site. Samples were electrophoresed on 14% denaturing acrylamide
gels, visualized using a PhosphorImager (Molecular Dynamics). ImageQuant
5.0 (Molecular Dynamics) was used for band quantitation. Product formation
velocities were calculated at each input substrate concentration for a given
amount of AID in a unit of time. Each line on a typical graph was obtained
from at least two independent experiments, for each of which at least two
independent gels were quantitated.

EMSA. Detection of AID binding using an electrophoretic mobility shift
assay (EMSA) has been previously described (25). Briefly, labeled substrate
was incubated with 0.3 to 1 �g GST-AID in 50 mM Tris (pH 7.5), 2.0 �M
MgCl, 50 mM NaCl, and 1 mM dithiothreitol in a final volume of 10 �l at
25°C for 45 min. Samples were then UV cross-linked (Stratagene) on ice at
a distance of 2 cm from the UV source with 100 mJ and an irradiation time
of 50 s. Samples were electrophoresed at 4°C on 8% native gels and visualized

FIG. 1. Minimal mismatch bubble substrates. (A) DNA substrates
containing the mismatch sequences ranging from 1 to 13 nt. The
dinucleotide 5� of the target cytidine is TG, creating a TGC hot spot
(i.e., WRC) motif for AID deamination. The asterisk indicates the
32P-labeled strand. The total substrate is 56 nt long, and the cleaved

product of deamination is 28 nt long. (B) Typical denaturing poly-
acrylamide gel electrophoresis of a deamination assay showing the
activity of AID on 0.125 to 200 fmol (0.0125 to 20 nM) of TGC bub5
(5-nt-long bubble shown in panel A). “S” indicates the substrate band,
while “P” indicates the band corresponding to the cleavage product as
a result of deamination. A control reaction without AID is shown on
the right, and UDG was added to all reactions. (C) Deamination assays
with each substrate shown in panel A. Product/substrate bands were
quantitated and divided by the incubation time (min) and AID amount
(�g) to calculate the reaction velocity at each substrate concentration
(ranging from 0.0125 to 20 nM) for each of the substrates shown in
panel A. The first part of the substrate designation indicates the WRC
motif sequence, and the last number indicates the length of the bubble.
P values were �0.01 between TGC bub5 plots at substrate concentra-
tions of �5 nM and plots for all other substrates. (D) Same as panel C,
expect with substrates that contain a different WRC motif (TAC) and
a non-WRC motif (GGC). P values were �0.001 between TAC bub7
and GGC bub7 plots, and P values were �0.01 between 7-nt bubbles
and 1-, 2-, or 3-nt bubbles at substrate concentrations of �7.5 nM.

VOL. 27, 2007 STRUCTURAL PREFERENCE FOR AID SUBSTRATES 8039



using a PhosphorImager (Molecular Dynamics). Gel quantitation was done
using ImageQuant 5.0 software (Molecular Dynamics). Duplicate gels were
used to obtain accurate average values of bound and free fractions at each
substrate concentration. Data were plotted as bound and free fractions of the
substrate. Graphpad Prism 5.0 software was used to fit the data to the
equation derived from the law of mass action, [bound] � ([boundmax] �
[free])/(Kd � [free]) (where [bound] is the concentration of bound fraction,
[free] is the concentration of free fraction, [boundmax] is the maximum con-
centration of bound fraction, and Kd is the binding affinity of AID for the
substrate) for the determination of approximate half-saturation values. The
determination of complex half-life values was performed as previously men-
tioned (25). Briefly, binding reactions were set up using 10 fmol of radioac-
tively labeled substrate and incubated for 45 min to allow for complex for-
mation. A thousandfold excess (10 pmol) of unlabeled substrate was added to
the binding mixture, followed by incubation for various lengths of time to

allow for dissociation of AID from the labeled substrate prior to UV cross-
linking of the reaction. Graphpad Prism 5.0 was used to fit the data to an
exponential-decay model for the determination of complex half-life values.

MBN treatment of bubble substrates. Labeled bubble-type substrate (50 fmol)
was incubated with 0.1 or 1 U of mung bean nuclease (MBN) (NEB) in a buffer
containing 50 mM sodium acetate, 30 mM NaCl, 1 mM ZnSO4 (pH 5.0) for 2 to
5 min at 37°C in a final volume of 10 �l. Reactions were stopped by the addition
of 200 mM EDTA–10 mM ATP, pH 9.0 (4), electrophoresed on denaturing
acrylamide gels, and visualized using a PhosphorImager (Molecular Dynamics).

Statistical analysis. Each point on a velocity-versus-substrate-concentration
plot was obtained from at least two independent experiments. Data were ana-
lyzed by using GraphPad Prism version 5.0. A two-way analysis-of-variance test
was used for statistical analysis of the deamination assays, and one-way analy-
sis-of-variance and Tukey’s multiple comparisons tests were used for the
EMSA data.

FIG. 2. Deamination kinetics on stem-loop and bubble substrates. (A) The stem-loop substrates containing ssDNA regions of 1 to 13 nt. All
stem-loop substrates contain a WRC motif (AGC), with the exception of GGC S1, which contains a non-WRC motif (GGC) due to its structure.
The substrates were 5� labeled and self-annealed. A BamHI site was engineered in the stem to allow for the conformation of the proper dsDNA
structure. (B) BamHI digestion of GGC S1, AGC S3, and AGC S7. The denaturing polyacrylamide gel shows, from left to right, 56-nt and 28-nt
size markers and “C,” which is a 35-nt non-self-complementary oligonucleotide containing a single-stranded version of a BamHI site. (C) Native
gel electrophoresis in order to confirm that the stem-loop structures did not form concatemers due to self-complementarity. A single band
indicated a uniform single-molecule structure. (D) Deamination kinetics comparing the activity of AID on the stem-loop substrates to that on AGC
bub7, which is identical to the 7-nt bubble shown in Fig. 1A except for the dinucleotide 5� of the target C (AG instead of TG). Deamination assays
similar to that shown in Fig. 1B were carried out over a range of substrate concentration from 0.0125 to 8 nM, and the velocity of product
generation by AID was calculated at each substrate concentration. P values were �0.01 between the AGC bub7 plot and all stem-loop plots at
substrate concentrations of �3 nM.
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RESULTS

Optimal bubble size required for AID activity. Because tran-
scription can induce regions of ssDNA in different ways, we
sought to determine the substrate preferences of AID in vitro
to gain insight into its natural targets in vivo. First, we exam-
ined the optimal DNA bubble size for AID-mediated deami-
nation. Previously we found that AID preferentially deami-
nates 5-nucleotide (nt) bubble substrates as compared to larger
bubbles. However, since the 5-nt bubble was the smallest bub-
ble examined, we extended our analysis to include smaller-
bubble substrates to determine the optimal bubble size for
AID deamination. We examined the enzymatic activity of AID
using the UDG-based AID deamination assay, previously de-
scribed by us and others (25, 58), to obtain enzyme kinetic data
for AID. Figure 1B shows a typical deamination assay gel
showing the activity of AID over a range of substrate concen-
trations. Enzyme velocity plots were generated by determining
the amount of substrate deaminated by a unit of AID in a unit
of time at each substrate concentration. Using substrates that
contained bubbles ranging from 1 to 13 nt with identical WRC
motifs (i.e., TGC), we found that AID preferentially mutated
bubbles of 5 nt (Fig. 1C). For both WRC (Fig. 1C and D) and
non-WRC (Fig. 1D) motifs, we failed to detect deamination
activity on 1- and 2-nt bubble substrates, with only residual
activity on 3-nt bubble substrates.

AID activity is reduced on stem-loop structures. The pref-
erence of AID for small bubble-type structures as well as the
high frequency of inverted repeat sequences in the immuno-
globulin genes (21) raise the possibility that stem-loop struc-
tures generated through DNA unwinding during transcription
may be the in vivo targets of AID rather than the transcription
bubble itself (6, 9, 50). In order to test this possibility, we
generated stem-loop structures of 1 (GGC S1), 3 (AGC S3), 7
(AGC S7), 9 (AGC S9), and 13 (AGC S13) nt, with the latter
four containing WRC motifs (Fig. 2A). In order to verify that
the proper stem-loop structure was achieved, the annealed
stem-loop structures were designed with a BamHI restriction
site in the stem region (Fig. 2A). Complete BamHI digestion
indicated the formation of a double-stranded stem (Fig. 2B).
Furthermore, the presence of a single band of the appropriate
size upon native electrophoresis indicated that the annealed
stem-loops were of a uniform monomolecular, noncon-
catamerized structure (Fig. 2C; also data not shown). As shown
in Fig. 2D, AID activity was significantly diminished on the
stem-loop substrates compared to that on AGC bub7, indicat-
ing that AID prefers to deaminate bubble substrates.

High-affinity binding is required for AID activity. We pre-
viously showed that AID bound to bubble substrates with high
affinity (i.e., nanomolar range) (25). To determine whether
high-affinity binding is necessary for deamination, we used
EMSAs to measure the bound and free fractions of substrate
over a range of substrate concentrations in order to calculate
the binding affinity (i.e., Kd) of AID for substrates that were
poorly deaminated (i.e., bub2, bub3, S3, S7, S9, and S13). A
typical EMSA experiment is shown in Fig. 3A. While the half-
saturation (Kd) values obtained for binding to 2- and 3-nt
bubbles (Fig. 3B) were approximately threefold higher than
those measured on a 7-nt bubble (i.e., 4.51 	 1.84 nM, 4.55 	
3.90 nM, and 1.41 	 0.58 nM, respectively), the amount of

bound substrate was 5- to 10-fold lower than that with a 7-nt
bubble (a point which will be addressed below; see Discussion).
We compared AID binding to bubble and stem-loop substrates
by measuring half-saturation values and the time of complex
half-life. As shown in Fig. 3C, higher levels of complex were
generated on the AGC bub7, AGC S7, S9, and S13 substrates
than on AGC S3. However, binding saturation was not
achieved with the stem-loop substrates (i.e., Kd of �10 nM for
AGC S3 and S7, S9, and S13), indicating that AID binds
stem-loop substrates with at least a 10-fold-lower binding af-
finity than that for AGC bub7. Complex decay studies indi-
cated that the half-life of AID bound to AGC bub7 was ap-
proximately 10 min (Fig. 3D), in agreement with our previous
findings (25). In contrast, AID bound to AGC S7 with a half-
life of approximately 2 min (Fig. 3D). Taken together, these
results indicate that lower binding affinities and lower levels of
bound complex result in decreased AID activity.

AID prefers to deaminate a WRC motif flanked by ssDNA.
A possible explanation for the preference of AID for the 5-nt
bubble substrate over the 1- to 3-nt bubble substrates could be
that AID prefers to target cytidines that are surrounded by
ssDNA rather than those located proximal to a single-stranded/
double-stranded DNA (ss/dsDNA) junction. In order to test this
possibility, we generated 7-nt bubble substrates containing the
same WRC motif (AGC) and varied the position of the target
cytidine (Fig. 4A, upper panel). Although weak deamination was
observed when the target cytidine was next to the ss/dsDNA
junction, AID preferentially deaminated the more central cyti-
dines of AGC bub7 pos3 and pos5 compared to the AGC bub7
pos1 and pos2 substrates (Fig. 4A, lower panel). This indicates
that the WR dinucleotide and the target cytidine must be fully
single stranded for efficient deamination by AID. The preferential
deamination of a cytidine located at positions 5 and 4 (in the case
of the optimal bub5 substrate) suggested that poor deamination
of larger bubble substrates (e.g., bub13) (Fig. 1) may be due to a
preference of AID for deaminating cytidines in close proximity to
an ss/dsDNA junction. However, we found that 17-nt bubble
substrates with the target cytidine located at either 10 or 4 nt from
the bubble junction were deaminated equally by AID (data not
shown). Thus, weak deamination of larger bubble substrates (e.g.,
13 nt and above) compared to that of optimal bubble substrates
(5- and 7-nt bubbles) is not due to differences in the position of
the target cytidine.

The WRC motif may be recognized in transiently ssDNA but
only in cis. Since we detected low but measurable levels of AID
activity on the bubble substrate with the target cytidine placed
next to the ss/dsDNA junction (i.e., AGC bub7 pos1) (Fig. 4A),
we sought to determine whether the activity of AID on junc-
tional cytidines could be modulated by the upstream dinucle-
otide in the double-stranded region of the substrate. We gen-
erated bubble substrates where the dinucleotide preceding the
target cytidine was placed in the double-stranded region of the
bubble and was varied to form WRC (TGC bub7 pos1 or TAC
bub7 pos1) or non-WRC (GGC bub7 pos1) motifs (Fig. 4B,
upper panel). The results show that AID preferentially deami-
nated WRC over non-WRC motifs even when the WR was
placed in the double-stranded region (Fig. 4B, lower panel).
This suggests either that AID has sufficient DNA melting ac-
tivity to expose the WR motif, that it recognizes the WR in
dsDNA (albeit to a lesser degree than in ssDNA based on
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results shown in Fig. 4A), or that the WR sequence can be
exposed by transient denaturation (“breathing”) of the dsDNA
region. To distinguish between these possibilities, we used two
approaches. First, digestion of TGC bub7 pos1 by MBN, an
ssDNA endonuclease (4), revealed a major expected product
of 23 nt corresponding to complete digestion of ssDNA up to
the edge of the double-stranded bubble stem (Fig. 4C, 0.1u
lane). However, in the presence of larger amounts of MBN,
weaker products of 21 and 19 nt corresponding to digestion
products inside the double-stranded region of the substrate
were also detected (Fig. 4C, 1u lane). Second, with substrates
labeled on the top strand, we were able to detect weak AID
activity on the cytidines located within the dsDNA region of
bubble substrates (e.g., Fig. 4D, top panel, arrow pointing to
top-strand cytidine; data not shown), confirming that these
positions were at least transiently single-stranded since the
primary amino group on cytidine must be accessible for AID
deamination. Taken together, these results indicate that the

weak activity observed when the WR motif was in the double-
stranded region was due to transient ssDNA formation as a
result of “breathing” allowing for the recognition of the WR
dinucleotide features by AID. Thus, these data show that a
fully single-stranded WRC motif is required for deamination
by AID.

Since we found that the deamination was strongly inhibited
if the WR motif was placed within the dsDNA region of a
bubble, we tested whether the WR motif could be placed in
ssDNA but on the opposite strand of the bubble (Fig. 4D,
upper panel). We designed target bubble structures in which
the sequence of the top (cold) strand was varied to form WRC
or non-WRC motifs in trans with respect to the target cytidine
located on the bottom strand (Fig. 4D, upper panel). We found
that AID activity on the target cytidine was not affectedby the
WR sequence of the top strand (Fig. 4D, lower panel), indi-
cating that WRC preference must be enforced 5� to 3� in the
context of the same DNA strand.

FIG. 3. Determination of AID binding parameters to bubble and stem-loop substrates. (A) Typical native EMSA gel showing the binding of
AID to TGC bub7 over a range of substrate concentrations from 0.0125 to 10 nM. Bound and free substrate are shown. 
, GST alone as a control
for AID-specific complexes. (B) EMSA was carried out in the presence of increasing substrate concentrations ranging from 0.0125 to 10 nM for
TGC bub1, TGC bub2, TGC bub3, and TGC bub7. In order to obtain half-saturation (Kd) values of interaction, fractions of bound and free
substrate were quantitated at each substrate concentration and a bound-versus-free plot was generated. P values were �0.05 between TGC bub7
and other substrates. (C) Same as panel B, but comparing the binding of AID to AGC bub7, AGC S3, AGC S7, AGC S9, and AGC S13 over a
substrate concentration range of 0.0125 to 6 nM. Binding saturation kinetics were not observed for either of the stem-loop substrates, indicating
a significantly lower affinity of AID binding. P values were �0.05 in a comparison of AGC bub7 results to those for AGC S3. (D) EMSA comparing
the complex half-life of GST-AID bound to AGC bub7 and AGC S7. All reactions were carried out in duplicate, and the average values at each
time point (as indicated on the x axis) are shown. The amount of bound substrate after each incubation time with cold competitor is expressed as
a percentage of the total bound substrate at time zero (no incubation with competitor) and is shown on the y axis. Complex half-life was determined
to be 10 min for AGC bub7 and 2 min for AGC S7.
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FIG. 4. Deamination kinetics on 7-nt bubble substrates. (A) Upper panel shows substrates with the target cytidine in the context of the WRC
motif (AGC) placed in different positions (pos1, -2, -3, or -5) in the bubble region of the substrate. The bubble and surrounding sequences are
shown, and the substrates are otherwise identical to those shown in Fig. 1A. The velocity of deamination by AID was measured for each substrate
over a range of substrate concentrations from 0.0125 to 20 nM and is shown in the lower panel. P values were �0.001 for a comparison between
AGC bub7 pos5 and pos3 to AGC bub7 pos2 and pos 1 results at a substrate concentration of �5 nM. (B) Upper panel shows substrates with a
first position target cytidine and the 
1 and 
2 nucleotides placed in the stem region of the bubble substrate and varied to form WRC (TGC or
TAC) or non-WRC (GGC) motifs. The lower panel shows deamination kinetics similar to those described above over a substrate concentration
of 0.0125 to 20 nM. P values were �0.001 between the WRC (TGC and TAC) and the non-WRC (GGC) motifs at a substrate concentration of
�7.5 nM. (C) MBN digestion of TGC bub7 pos1, which is shown in panel C. The upper panel shows the bubble and surrounding regions of the
bubble and the expected sizes of digestion products at various positions. Substrate (50 fmol) was digested with 0.1 U or 1 U of MBN for 5 min
at 37°C, and the mixture was electrophoresed on a 14% denaturing gel along with labeled oligonucleotide size markers ranging from 18 to 30 nt.
(D) The upper panel shows substrates with the cytidine in the first (TTC bub7 inter1 and TAC bub7 inter1) or second (GGC bub7 inter2 and AGC
bub7 inter2) position in the context of a non-WRC motif (GGC). Top strands were varied such that if the WRC motif were read in trans (as
indicated by the arrows inside the bubble), the target cytidine would be place in either a WRC or non-WRC motif (TTC versus TAC or GGC versus
AGC). The lower panel shows deamination kinetics determined as described for part A over a substrate concentration of 0.0125 to 15 nM along
with a 5-nt bubble containing a WRC motif (TAC bub5) as a positive control for the deamination activity of AID. P values were �0.001 between
results for TAC bub7 and all other substrates at substrate concentrations of �5 nM.
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FIG. 5. Importance of nucleotide side chains in WRC specificity. (A) The nucleotide analogues inosine and 2-aminopurine are shown with
adenosine and guanosine. Inosine and 2-aminopurine harbor, respectively, only the carbonyl or amino side chain of G. Seven-nucleotide bubble
substrates similar to TGC bub7 shown in Fig. 1A were constructed with different combinations of A, G, inosine, and 2-aminopurine in either the

2 or 
1 position. (B) Deamination kinetics comparing the activities of AID on a range of substrate concentrations for substrates containing
inosine or 2-aminopurine in the 
2 position along with a natural purine in the 
1 position, which is either A (right plot) or G (left plot). Each
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Recognition of specific nucleotide side chain groups by AID.
Although we have previously shown that the WRC specificity
of AID represents a catalytic rather than a binding preference
(25), the reason for this specificity is unknown. AID’s prefer-
ence for R nucleotides (i.e., A or G) in the 
1 position relative
to the cytidine could simply reflect a requirement for a purine
rather than a pyrimidine at this position. However, the reasons
for AID’s preference of a W nucleotide (i.e., A or T) in the 
2
position relative to the cytidine are less clear, since one purine
(A) or pyrimidine (T) generates a hot spot while the other
purine (G) or pyrimidine (C) results in a cold spot. In order to
gain insight into the WRC specificity of AID, we utilized the
purine analogues inosine and 2-aminopurine in catalytic assays
described above. As shown in Fig. 5A, inosine and 2-aminopu-
rine resemble G, with the former harboring the carbonyl group
and the latter the amino group of G. We reasoned that sub-
stitution of A or G by either of these purine analogues would
facilitate the identification of the purine features that are im-
portant for AID activity in the 
1 and 
2 positions. Thus, we
created 7-nt bubble substrates (similar to TGC bub7, shown in
Fig. 1A) in which we inserted inosine or 2-aminopurine in the

1 or 
2 positions relative to the cytidine in various combi-
nations and assessed AID deamination in parallel with con-
ventional WRC and non-WRC substrates.

First, we examined the effect of either purine analogue in the

2 position (W), while the 
1 position (R) was either G (Fig.
5B, left panel) or A (Fig. 5B, right panel). Neither inosine nor
2-aminopurine, like guanosine, was able to substitute for a W
(A or T) in the 
2 position (i.e., AID deamination was greater
with TGC or AGC than with IGC, 2GC, or GGC and greater
with TAC than with IAC, 2AC, or GAC) (Fig. 5B). We con-
clude that the carbonyl and amino moieties of guanosine have
a negative effect on AID deamination in the 
2 position rel-
ative to the cytidine. We next examined the effects of either
purine analogue in the 
1 position relative to the cytidine in
the AID deamination assays while the 
2 position was either
an A (Fig. 5C, left panel) or T (Fig. 5C, right panel). In
contrast to the results described above, here either inosine or
2-aminopurine was able to support efficient AID deamination.
These results show that AID prefers a purine at the 
1 posi-
tion relative to the cytidine. Interestingly, if the 
2 position
was an A, inosine supported better deamination than 2-amino-
purine in the 
1 position (i.e., greater deamination with AIC
than with A2C) (Fig. 5C). In contrast, if the 
2 position was a
T, 2-aminopurine supported better deamination than inosine
in the 
1 position (i.e., deamination was greater with T2C than
with TIC) (Fig. 5C). This result reflects an interdependence of
the 
1 and 
2 positions on each other (see Discussion).

DISCUSSION

Preferential deamination of small-bubble substrates. It has
been proposed that AID might target the transcription bubble
itself or other ssDNA structures generated upstream or down-
stream of the elongation complex (6, 9, 21, 31, 45, 50). Thus, to
gain insight into the in vivo substrate of AID, we examined its
requirements in vitro. We reasoned that AID is likely to have
an in vitro pattern of activity that is reflective of its in vivo
targets, a correlation that is observed for many enzymes. In
support of this rationale, we and others have shown that other
properties of AID, such as WRC specificity, when measured in
vitro, intimately match the pattern of hot-spot mutations in
vivo (24, 25, 41). As another well-studied example of immu-
nological relevance, the pattern of RAG1/2 cleavage and bind-
ing to different immunoglobulin recombination signal se-
quences in vitro correlates with the usage of gene segments in
vivo (23, 26, 35, 60).

We found that deamination was optimal on 5-nt bubble
substrates, undetectable or very weak on 1- to 3-nt bubble
substrates or stem-loop substrates of 3 to 13 nt, and reduced on
larger bubbles of 9 to 13 nt. Our finding that 7-nt bubbles
contained transiently ssDNA at the dsDNA junctions (Fig. 4D)
suggests that 3-nt bubbles would also be subject to this effect
and thus the poor but measurable activity on 3-nt bubbles
could simply reflect AID’s deamination of “breathing” 3-nt
bubbles. This would indicate that the minimal DNA binding/
catalytic domain for AID is likely greater than 3 nt in length.
Although our work argues against AID deaminating stem-loop
structures in vivo, we cannot exclude the possibility that larger
stem-loops or R-loops may be acted on by AID. However,
based on the results shown here, bubble, stem-loop, or R-loop
structures greater than 7 nt in length are probably recognized
by AID as less efficiently ssDNA and than small bubbles, pos-
sibly due to the more rigid structure of the latter. An earlier
report showed that the optimal substrate for AID activity was
a 9-nt bubble substrate (7), a discrepancy that we propose
might be due to different preparations of AID or various re-
action conditions. Additionally, we found that AID activity
levels may appear similar at low substrate concentrations and
differences may become apparent only when enzymatic veloc-
ities are examined over a wide range of substrate concentra-
tions, which can also explain this discrepancy. We suggest that
since transcription bubbles are proposed to be �18 nt long
(12), with the majority of their length occupied by the elonga-
tion complex, the preference of AID for deamination of WRC
motifs in 5-nt-long bubbles reflects its optimization for target-
ing the accessible regions of the transcription bubble. Alterna-
tively, AID may have evolved to react with small regions of

velocity value is the average for two independent experiments, and error bars are shown. P values were �0.001 between results for the natural
hot-spot motifs TGC, TAC, and AGC (shown in panel C, left) and those for all other plots at substrate concentrations of �6 nM. (C) Deamination
kinetics comparing the activities of AID on a range of substrate concentrations for substrates where either inosine or 2-aminopurine was placed
in the 
1 position in combination with a natural W nucleotide in the 
2 position, which is either T (right plot) or A (left plot). The non-WRC
substrate GTC was used as a typical cold spot to highlight the range of AID activity. For the left panel, P values were �0.001 in a comparison of
AGC and AIC results to those for A2C at substrate concentrations of �8 nM and comparing A2C results with those for IIC and GTC at substrate
concentrations of �4 nM. For the right panel, P values were �0.001 in a comparison of TGC and T2C results to those for TIC at substrate
concentrations of �6 nM and comparing TIC results to those for GTC at substrate concentrations of �4 nM.
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transcription-induced denatured DNA, as was recently ob-
served for hypermutating genes (47).

As mentioned in the introduction, current literature has not
addressed whether the WR motif must also be fully single
stranded. That is, significant data show that AID can react with
WRC motifs in ssDNA but don’t rule out that AID can react
with a WRC motif which is only partially located in ssDNA,
such as would occur at the edges of DNA gaps or transcription
bubble junctions in vivo. To this end, we examined whether the
WR motif can be recognized in dsDNA as well as ssDNA. By
using bubble substrates in which the position of the target
cytidine was varied as well as substrates in which the WR motif
was placed in the stem rather than the bubble region, we
showed that the most efficient deamination target consisted of
a WRC motif flanked by ssDNA. This result indicates that in
contrast to sequence-specific dsDNA recognition enzymes
(e.g., restriction endonucleases and transcription factors), AID
is not capable of discerning nucleotide features in dsDNA.

The significance of binding affinity for AID activity. To un-
derstand why some structures are preferentially deaminated
over other substrates, we examined whether AID binding af-
finity correlates with deamination activity. First, we found that
stem-loop substrates, which were poorly deaminated by AID,
were also bound by AID with lower affinity than was the case
with optimal substrates (i.e., 5- to 7-nt bubble substrates). The
notable difference in AID binding between a 7-nt bubble and
a 7-nt stem-loop substrate suggests that AID can discern spe-
cific shape differences, possibly due to DNA bending. Second,
we found that 2- or 3-nt bubbles, which were poorly deami-
nated by AID, exhibit highly diminished boundmax values de-
spite only slightly reduced affinity compared to that for bub7.
This indicates heterogeneity in the substrate or the enzyme
pool, such that a smaller fraction of the substrate is bound. As
discussed above, since the bubble substrates contain ss/dsDNA
junctions which are “breathing,” we believe that the lower
boundmax values obtained with 3-nt bubbles are due to AID
interacting with “opened-up” bubbles that exist at a constant
but low concentration relative to the “closed” 3-nt length bub-
bles. Collectively, our data suggest that high-affinity binding of
AID to DNA substrates is required for efficient deamination in
vitro. Definitive confirmation of this notion would require in
vitro and in vivo data correlating substrate affinity with activity
using mutants of AID.

Our finding that AID binds ssDNA with high affinity pro-
vides an explanation for AID processivity (41). That is, because
AID binds rapidly and dissociates slowly, it is more likely to
bind the same substrate molecule after dissociation (25, 42),
thus accounting for the short-track processivity of AID (13).
Substrate “jumping” has also been shown to account for the
processive-like behavior of some restriction endonucleases
(52), in contrast to substrate “sliding,” which accounts for the
processivity of polymerases (10). Nonetheless, formal proof is
lacking that AID processivity is necessary for biological func-
tion, and this might be satisfied by the experiments mentioned
in the previous paragraph.

Target requirements for WRC preference. Since direct anal-
ysis of the AID catalytic site is not yet possible due to the lack
of an X-ray crystal structure, we aimed to gain insight into the
mechanism of WRC specificity by understanding the specific
nucleotide side chains that are of importance for the recogni-

tion of a WRC by AID. By using the purine analogues inosine
and 2-aminopurine in the 
1 position in combination with a
natural W (A or T) in the 
2 position relative to the target
cytidine, we showed that both analogues support efficient
deamination. This indicates that AID prefers any purine at the

1 position. However, as noted in Results, the nucleotide
preference of AID at the 
2 position is paradoxical. We found
that when placed in the 
2 position in combination with nat-
ural R nucleotides (i.e., A or G) in the 
1 position, both
inosine and 2-aminopurine functioned similarly to a G, rather
than A. This indicates either that the amino moiety of A is
recognized by the catalytic site of AID in this position or that
the carbonyl and amino moieties of G are a hindrance to
recognition. The former model would predict that G, inosine,
and 2-aminopurine would all be equally inefficient at support-
ing deamination. However, our observation that in the 
2
position G is slightly less efficient than either inosine or
2-aminopurine, each of which carries only one of its side
chains, supports the latter model. Overall, the result that no
trinucleotide combination with an analogue was a significantly
better deamination substrate than natural WRC motifs indi-
cates that the catalytic site of AID is optimized for its natural
targets in vivo. We propose that the catalytic site of AID
possesses two recognition pockets for the 
2 position, one that
fits the purine A and one that fits the pyrimidine T. Since any
purine could support efficient deamination in the 
1 position,
this suggests that interactions between AID and DNA might
occur on shared groups between purines via involvement of
amino acids such as Asn, Gln, Ser, Thr, Tyr, Arg, and Lys, all
of which are thought to form hydrogen bonds with the penta-
mer or hexamer backbone of purines (11). However, our find-
ing that AID’s preference for a nucleotide in the 
1 position
depended on which nucleotide was present in the 
2 position
(i.e., preference for T2C over TIC but preference for AIC over
A2C) suggests that different amino acid side chains of the 
1
pocket of AID prefer different purine side chains, such that
depending on which 
2 pocket is occupied, either a carbonyl
or an amino side chain bearing purine is preferred in the 
1
position. We note that this model represents the simplest sce-
nario for an AID catalytic site compatible with the current in
vitro data but that alternative models are possible, since stack-
ing interactions between adjacent nucleotides and the recog-
nition of a dinucleotides motif by a single amino acid may be
important.
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