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Activation-induced cytidine deaminase (AID) introduces DNA
cleavage in the Ig gene locus to initiate somatic hypermutation
(SHM) and class switch recombination (CSR) in B cells. The DNA
deamination model assumes that AID deaminates cytidine (C) on
DNA and generates uridine (U), resulting in DNA cleavage after
removal of U by uracil DNA glycosylase (UNG). Although UNG
deficiency reduces CSR efficiency to one tenth, we reported that
catalytically inactive mutants of UNG were fully proficient in CSR
and that several mutants at noncatalytic sites lost CSR activity,
indicating that enzymatic activity of UNG is not required for CSR.
In this report we show that CSR activity by many UNG mutants
critically depends on its N-terminal domain, irrespective of their
enzymatic activities. Dissociation of the catalytic and CSR activity
was also found in another UNG family member, SMUG1, and its
mutants. We also show that Ugi, a specific peptide inhibitor of
UNG, inhibits CSR without reducing DNA cleavage of the S (switch)
region, confirming dispensability of UNG in DNA cleavage in CSR.
It is therefore likely that UNG is involved in a repair step after DNA
cleavage in CSR. Furthermore, requirement of the N terminus but
not enzymatic activity of UNG mutants for CSR indicates that the
UNG protein structure is critical. The present findings support our
earlier proposal that CSR depends on a noncanonical function of
the UNG protein (e.g., as a scaffold for repair enzymes) that might
be required for the recombination reaction after DNA cleavage.

N-terminal region deletion � point mutants � SMUG1

In response to antigen stimulation, the Ig locus of B cells
undergoes 2 types of DNA modification: class switch recom-

bination (CSR) and somatic hypermutation (SHM) (1). CSR and
SHM diversify antibodies in 2 different modes: SHM introduces
point mutations in the recombined V(D)J region, whereas CSR
changes the heavy-chain constant (CH) region by looping-out
deletion of upstream CH genes, which is mediated by DNA
cleavage and relegation of 2 different switch (S) regions located
5� to each CH gene. CSR results in switching Ig isotype from IgM
to IgG, IgA, or IgE, keeping the same antigen specificity but
altering effector functions of the expressed antibody.

AID has been shown to be essential to both CSR and SHM (2,
3), which are initiated by introducing DNA breaks in V and/or
S regions (4–6). However, the molecular mechanism of DNA
cleavage by AID has been a subject of controversy. The RNA
editing model postulates that AID edits an unknown mRNA to
generate endonuclease or its cofactor (7). On the other hand, the
DNA deamination model (8–10) proposes that AID deaminates
cytidine (C) to uridine (U) in S regions, generating U/G mis-
matches, which are recognized by the base excision or mismatch
repair pathway. The majority of Us are proposed to be processed
by uracil DNA glycosylase (UNG) and an apurinic/apyrimidic
endonuclease, generating single-stranded nicks and staggered
double-strand breaks (DSBs) in CSR.

According to the DNA deamination model, the U-removal
activity of UNG was assumed to be critical for DSB generation.

In fact, UNG-deficient B cells show only 10% CSR compared
with WT B cells. However, we have provided lines of evidence
that the U-removal activity of UNG is not required for CSR,
although the UNG protein is involved in CSR. First, series of
point mutations in the well-established catalytic sites did not
abolish CSR activity of mouse (m)UNG (11). Second, mutations
in the WxxF motif, which is known to be required for interaction
of UNG with Vpr, an HIV encoded protein, strongly reduced
CSR activity without loss of U-removal activity (12). Third,
IgM� hybridoma generated from stimulated UNG�/�Msh2�/� B
cells clearly accumulated mutations or small deletions, footprints
of DNA cleavage in the S region (12). Fourth, Ugi, a specific
inhibitor of UNG, did not block generation of �H2AX focus
formation, the hallmark of DSBs in S regions, although Ugi
severely damaged class switching (11). These results suggest the
possibility that UNG participates in CSR after DNA cleavage by
its noncanonical function.

However, an alternative interpretation was recently proposed,
claiming that barely detectable residual catalytic activities of
mUNG, which presumably range between 0.05% and 0.5% of
WT, as in the case of hUNG (13), were sufficient for generating
DSBs in S regions (14). It is therefore necessary to verify the
contribution of residual catalytic activities because the DNA
deamination model absolutely relies on the U-removal activity of
UNG for CSR and SHM.

To examine the effect of residual U-removal activities of
catalytically defective mutants, Escherichia coli (e)UNG is most
suitable because their reaction kinetics have been precisely
determined (15, 16). Unexpectedly, 2 eUNG catalytic mutants
showed totally different CSR activities. We found that the
N-terminal region, which is missing from eUNG and not re-
quired for the catalytic activity, is critical to the CSR activity of
many mUNG mutants at the catalytic sites as well as the WXXF
motif. In addition, single-stranded monofunctional uracil DNA
glycosylase1 (SMUG1) mutants at equivalent catalytic sites
retained moderate U-removal activities but little CSR activity.
Furthermore, we confirmed that Ugi did not block DNA cleav-
age in the S region by a direct detection method of cleaved ends.
Taken together, the present study strengthens the idea that UNG
is not involved in CSR as a U-removal catalyst.

Results
Differential CSR Activities by Catalytic Mutants of eUNG. To verify
the contribution of residual catalytic activities of UNG mutants
in CSR, we took advantage of eUNG and its catalytic mutants,
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whose residual activities have been precisely measured with a
highly sensitive UNG assay (15, 16). First, we confirmed the
expression and localization status of eUNG in mammalian cells
and showed that they are comparable with mUNG (Fig. 1A).
Next we tested the CSR rescue ability of eUNG by retroviral
transduction of eUNG-IRES-GFP reporter construct into
UNG-deficient B cells. IgG1 switching efficiency was measured
in the GFP-positive population expressing WT and mutant
eUNGs. Fig. 1B shows typical FACS profiles obtained for eUNG
WT and catalytic mutants D64N and H187Q, equivalent to
D145N and H268L of mUNG, respectively. Unlike the mUNG
mutants, which are highly proficient in CSR, one of the eUNG
catalytic mutants (D64N) failed to rescue CSR, whereas the
other mutant (H187Q) showed the same CSR activity as mUNG
H268L mutant (11) (Fig. 1C). It is important to stress that both
D64N and H187Q mutants of eUNG have 10�3 and 3 �
10�3–10�2 WT enzymatic activity on double-stranded DNA and
single-stranded DNA, respectively (15). Nonetheless, only the
H187Q mutant retained CSR activity. The result clearly indicates
dissociation of CSR activity from the enzymatic activity of eUNG.

N-Terminal Region Requirement for CSR by D145N and N204V mUNG
Mutants. To explore the reason for the difference in CSR activity
between D64N eUNG and D145N mUNG, which are mutated
at the equivalent residue in the catalytic center on the 3D
structure, we compared the primary amino acid sequences of
eUNG and mUNG. The amino acid sequence of eUNG is 77
residues shorter in the N terminus than in mUNG, although their

catalytic domains are highly conserved (Fig. S1). We generated
the N-terminally truncated D145N mutant of mUNG to deter-
mine whether the N-terminal region of mUNG is important for
CSR. Comparison between D145N and �86D145N mutants of
mUNG revealed that the CSR activity by D145N mutant entirely
depended on the N-terminal region (Fig. 2A). The results are
incompatible with the idea that CSR is mediated by the residual
catalytic activity of mUNG mutants because the N-terminal
region is known to be dispensable for catalysis (13), thus
divergent between nuclear and mitochondrial isoforms of UNG
and also among the species (17). Because the N terminus of
mUNG possesses the major nuclear localization motif, we ver-
ified the intracellular distribution of �86 mUNG and �86D145N
mUNG by GFP fusion. Both appeared to be distributed in the
cytoplasm and nucleus (not shown), and no obvious defect was
observed at their expression levels (Fig. 2B).

To verify whether this was the case for other mutants as well,
we applied the same approach and generated the N-terminally
truncated form of the other catalytic mutants of mUNG (i.e.,
N204V and H268L). �86N204V shared the same features as
�86D145N (Fig. 2 A and B). However, H268L mutant did not
show any significant reduction in CSR activity in the absence of
the N terminus (Figs. 2D and 3D), consistent with H187Q eUNG
(Fig. 1C). The finding suggests that 2 key residues (D145 and
N204) in the active pocket play a critical role in CSR in
collaboration with the N terminus, which is unlikely to be
catalytic function.

WxxF Mutants Require N Terminus for CSR. Previously, we also
showed that the Vpr binding site of UNG, namely the WxxF
motif, is critical for CSR because mutants of this site lose the
CSR restoration property in UNG�/� B cells (12), although these
mutants retain easily detectable U-removing activity. Because
previous WxxF mutants were created on the N-terminally trun-
cated UNG, the current observation prompted us to examine
whether the N terminus of UNG can support the CSR function
of the WxxF mutants. To our surprise, W231A, F234G, and
F234Q mutants in the presence of the N-terminal region showed
as strong CSR rescue function as WT (Fig. 2C). However,
W231K mutant remained inactive in the presence or absence of
the N-terminal region (Fig. 2D). The results again indicate that
the selected residues within the protein interaction motif of
UNG cooperate with the N-terminal region and play a critical
role in CSR through a pathway independent of the U-removing
activity. We plotted the relative activities of CSR and enzymatic
activities of each mutant with or without the N terminus (Fig.
2D). This plot suggests that CSR activities of many UNG
mutants correlate better with the presence of the N terminus
rather than their enzymatic activities.

A Limited Region of UNG N Terminus Influences CSR. Next we wanted
to narrow down the critical region in the N terminus required for
the restoration of CSR by the catalytic mutant D145N (Fig. 3 A
and B). Studies on serial N-terminal deletion of mutant D145N
showed that the deletion of the initial 28 aa, including the
proliferating cell nuclear antigen (PCNA) binding site, did not
affect the CSR restoration property. Deletion at residue 65
almost completely abolished CSR activity. Although further
deletion up to residue 77 slightly enhanced CSR, it dropped to
the basal level by truncation at residue 86. We further examined
the enzymatic activity of various deletion forms of D145N in the
presence and absence of 10 mM NaCl. We confirmed that all
truncation mutants carried a similar level (detectable or unde-
tectable depending on assay conditions) of U-removal activity,
indicating that residual activities of mUNG do not correlate with
CSR function (Fig. 3C). To confirm the essential region of the
N terminus for CSR, we made similar deletion mutants of
H268L, W231A, F234G, and F234Q. The H268L mutant was
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Fig. 1. CSR rescue efficiency differs between catalytic mutants of E.coli UNG.
(A) Immunofluorescence microscopy of nuclear isoform of mUNG (mUNG2)
and eUNG in 293T cells. EGFP and DsRed were fused to the N terminus of
mUNG2 and eUNG, respectively. (B) Flow cytometric (FACS) analysis of ung�/�

spleen cells after retroviral transduction of WT and catalytic mutants of eUNG.
CSR efficiency was measured as percentage of surface IgG1-expressing cells in
GFP-positive (infected) cells and indicated next to the gate box. (C) CSR
complementation efficiency by WT and mutant eUNG was plotted from 3
experiments.
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active regardless of the absence or presence of the N-terminal
region. It is clear that the deletion at residue 65 led to almost
complete abolition of CSR for W231A and F234G. F234Q
retained CSR activity by truncation at residue 77 but lost the
activity by truncation at residue 86 (Fig. 3D). Apparently resi-
dues 28–65 seem to be critical for the CSR function of D145N,
W231A, and F234G, whereas residues 28–65 and residues 77–86
were involved for the CSR rescue function of the F234Q mutant.
Conservation of CSR activity by deletion of 1–28 aa and
additional internal deletions within 28–65 aa ruled out possible
involvement of 2 phosphorylation sites (17), which were con-
served between mouse and human UNG (Fig. 3B). The presence
of the replication protein A (RPA) binding site seems unnec-
essary for CSR activity. The loss of nuclear localization signal
(NLS) is not responsible for reduction of CSR activity because
exogenous NLS addition to �86 mutants did not restore CSR
activity (Fig. 3D).

Comparison of Catalytic Mutants of UNG and SMUG1. If simple
U-removal activity is required for S region cleavage, any U-
removing enzyme, including SMUG1, is supposed to compen-
sate the CSR function in UNG deficiency. It has been shown that
SMUG1 is inefficient in rescuing CSR by transgenic expression
in vivo (18). However, retroviral delivery of SMUG1 could fully
restore CSR of UNG-deficient B cells (14). Because we revealed
several novel features of UNG mutants, we examined whether
UNG equivalent catalytic mutants of SMUG1 can restore CSR
activity. We tested mouse (m)SMUG1 mutants that are struc-
turally equivalent (19, 20) to mUNG mutants (Fig. S2), as
summarized in Table 1. FACS profiles show that all mutants of

mSMUG1 failed to restore CSR, although WT mSMUG1 could
rescue CSR in place of mUNG (Fig. 4A). We next examined the
U-removal activity of mSMUG1 and its mutants. Interestingly,
most of the mSMUG1 mutants retained much more U-removal
activity compared with equivalent UNG mutants (Fig. 4B), in
agreement with the previous report (21). All catalytic mutants
of mSMUG1, despite having a range of residual U-removal
activities, are unable to rescue CSR. Most striking in contrast are
G87Y and G87V, which have none and 58% of the U-removal
activity of WT, respectively (21), despite their total loss of CSR
activity. Loss of CSR rescue activity was also observed for
conserved WxxF site mutants of mSMUG1 (data not shown).
The results indicate that the role of U-removing activity in CSR
remained in question and that a noncanonical function of
mUNG and mSMUG1 is more likely to be involved in CSR.

S Region Cleavage Without CSR in Ugi-Expressing Cells. Ugi tightly
binds to UNG and completely prevents UNG from interaction
with DNA (22). Previously we generated a CH12F3–2–derived
cell line (UAR), which expresses Ugi under the tetracycline-
regulated promoter, and showed that DNA cleavage in the S
region is not inhibited by Ugi using the �H2AX focus formation
assay (11). However, this method detects DSB indirectly and in
a broad area. We therefore re-examined the effect of Ugi on
DNA cleavage directly by break-end labeling, as recently de-
scribed (4, 23). S� DNA break ends were labeled in situ in CH12
cells by biotin-dUTP and terminal deoxyribonucleotide trans-
ferase (TdT) in the presence or absence of Ugi expression. After
DNA isolation and restriction digestion, biotin-dUTP–labeled
fragments were trapped by streptavidin beads and subjected to
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Fig. 2. N-terminal–dependent CSR activity of mUNG mutants. (A) Representative FACS profile showing IgG1 switching efficiency in ung�/� spleen cells 2 days
after retroviral transduction of 2 types of catalytic mutants, with and without N terminus. Surface IgG1 expression in GFP-positive (infected) cells was indicated
in the FACS profile. (B) Immunoblot analysis of mutant proteins and tubulin as a loading control. (C) N-terminal–dependent CSR restoration by WxxF site mutants
of mUNG. Flow cytometric analysis of ung�/� spleen cells to IgG1 switching. WT and WxxF site mutants, with or without N terminus, were expressed by retroviral
transduction. Percent IgG1 expression was calculated from infected GFP-positive cells and indicated next to the gated population. (D) A scatterplot showing the
catalytic activity vs. CSR efficiency of various mutants at catalytic and WxxF sites. Enzyme assay and IgG1 switching were measured using the same population
of retrovirus-infected cells. Relative percentages were calculated in reference to WT as 100%. Data are representative of 3 independent experiments.
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S region–specific PCR. Despite severe CSR inhibition by Ugi
(Fig. 5A), S�-break signal can be readily detected in the biotin-
dUTP–labeled DNA processed from stimulated cells, both in the
presence or absence of Ugi, but not in the labeled DNA from
nonstimulated cells (Fig. 5B). Detection of specific signals at the
S� region but not at the �2m locus suggests that our established
in situ end-labeling method detects breaks with specificity. The
results are in agreement with previous DNA break assessment by
�H2AX focus formation (11).

Discussion
According to the DNA deamination model (8–10), DNA cleav-
age in the S region depends on U-removal activity of mUNG. In
the present study we have shown that 2 catalytic mutants of
eUNG, whose residual activities have been precisely character-
ized to be at the level of 10�2–10�3 of WT (15), have totally

different activities for CSR rescue in UNG-deficient mouse B
cells. Because eUNG does not have the sequence corresponding
to the N terminus of mUNG, we re-examined mUNG catalytic
mutants and found that the presence of the N-terminal region of
mUNG is critical to many of the catalytic as well as WxxF motif
mutants. The results suggest that the N-terminal region, which
is not required for U-removal activity, may be involved in CSR
function of UNG. This clearly suggests that the U-removal
activity is not critical but rather that the protein structure of
UNG is more important to CSR.

Further evidence to support this conclusion was obtained by
the analysis of mSMUG1 and its mutants. mSMUG1 mutants
showing considerable levels of U-removal activity showed little
CSR activity, although WT mSMUG1 can rescue CSR in
UNG�/� B cells. mSMUG1 mutants were clearly far less active
in CSR compared with equivalent mUNG mutants. This could
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Fig. 3. Identification of the N terminus sequence responsible for CSR. (A) Flow cytometry of ung�/� spleen cells after retroviral introduction of full-length (FL)
and serial truncations of D145N mutant. Switching to IgG1 was examined 4 days after retroviral transduction and indicated in the respective FACS profile. (B)
N-terminal amino acid sequence of mUNG. Arrowheads indicate positions of deletions. Phosphorylation sites conserved between mouse and human are indicated
by circles, and other relevant motifs are underlined. (C) Denaturing polyacrylamide gel showing U-removal activity of ung�/� spleen cell extracts expressing
different truncated mutants of D145N as indicated. Control cell extract was prepared from cells infected with retroviral vector alone. s, intact oligo-substrate;
p, cleaved product. (D) Efficiency of IgG1 switching of 3 WxxF site mutants and 2 catalytic mutants that were subjected to serial N-terminal truncations as
indicated. Mutants were introduced into ung�/� spleen cells by retroviral transduction, and percentage IgG1 switching was determined from infected
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Table 1. Summary of CSR efficiency vs. enzymatic activity of SMUG1 and UNG mutants

Catalytic sites mSMUG1
CSR
(%)

U-removal
activity* mUNG

CSR
(%)

U-removal
activity†

WT 100 100 WT 100 100
H2O coordination N85A 9 � 0 7 D145N 118 � 20 0.04
Stabilization of transition state H239L 0 26 H268L 100 � 10 0.32

Substrate binding N163D 9 � 0 32 N204V 82 � 9 0.52
N204D 9 � 0‡ 0.04

Thymine expulsion G87V 0 58 Y147A 9 � 0‡ 0.05
G87Y 0 nd

Data of U-removal activity of SMUG1 and UNG are taken from the references indicated. Background switching of ung�/� spleen cells (vector) was subtracted
from all. For clarity, numbering of mouse catalytic mutants was kept the same as human catalytic mutants. nd, not detectable. *, Ref. 21. †, Refs. 13 and 25. ‡,
Ref. 24.
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be due to their structural difference, despite their similarity in
catalytic function. Again, the finding supports our conclusion
that the structure of the UNG protein is critical to CSR. In
addition, we confirmed that UNG blocking by Ugi did not affect
DNA cleavage in the S region by a direct DNA cleavage assay
although Ugi blocks CSR severely, clearly indicating that UNG
plays a role after DNA cleavage in CSR.

Taking all these results together, we confirm our previous
claim that UNG is involved in CSR at a repair step after DNA
cleavage. The N-terminus requirement is consistent with our
previous proposal (11, 12, 24) that UNG serves as a scaffold
for other proteins by interacting with unknown association
protein(s) critical for CSR at several positions, such as D145
and N204 in the catalytic center, the WxxF motif, and the
N-terminal region. As shown in Fig. 6, the N-terminal region
requirement is minimal in WT UNG for interaction with the
unknown association protein (F). However, the N-terminal
region is critically required when either the catalytically active
site or the WxxF site is mutated so that their interaction with
F becomes weaker.

Materials and Methods
Mice and Cell Line. UNG-deficient mice and UAR cells expressing Ugi and AIDER
were described previously (11).

Retroviral Constructs and Class Switch Assay. Genomic DNA of E. Coli-K12
strain was used to PCR-amplify eUNG. Catalytic mutants of eUNG were gen-
erated according to the instructions of the Quick Change Mutagenesis kit
(Stratagene) and subcloned into retroviral vector pFB-IRES-GFP. SMUG1 was

cloned by RT-PCR from CH12 cell RNA, and desired mutations were introduced
by quick-change mutagenesis. WT and all mutants of SMUG1 and UNG were
constructed in pFB-IRES-GFP vector. For the convenience of expression analysis
a parallel set of mutants was produced by Flag-tag fusion. For intracellular
localization study either DsRed or EGFP was fused at the N terminus of UNG.

Retroviral sap was prepared according to the standard method and Plat-E
retroviral packaging line. Splenocytes were prepared from UNG�/� mice and
preactivated for 1.5 days in the presence of lipopolysaccharide (50 �g/mL) and
IL-4 (15 ng/mL). Either 2 days or 4 days after retroviral transduction, cells were
prepared for FACS analysis by staining with biotinylated anti-IgG1 and allo-
phycocyanin-labeled streptavidin.

U-Removal Assay. The uracil DNA glycosylase assay in single-stranded DNA
substrate was carried out using a 5�-FITC-labeled oligonucleotide of 30-mer
with an internal single U residue. Reactions were performed at 37 °C using
cleared spleen cell lysates and 10 pmol of substrate, as described previously
(12). SMUG1 assay was performed using double-stranded oligo (14) with
single U/G mismatch and as described by Pettersen et al. (21).

DNA Break Assay. The CH12F3–2–derived UAR line cells were stimulated by
both tamoxifen (OHT) and CIT (CD40L, IL-4, and TGF-�) as described previously
(11), and switching efficiency was assayed by surface IgA staining. A modified
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population were calculated from infected GFP-positive cells. WT or catalytic
mutants are indicated above each plot. (B) Uracil-removing activity of mS-
MUG1 and mUNG (Top) and Western blot of expressed proteins (Bottom). WT
and indicated mutants were expressed in ung�/� spleen cells, and the same
batch of cells was used for enzyme assay and protein expression. S, substrate.
P, product.
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Fig. 5. Detection of S� DNA break in Ugi-expressing cells by in situ labeling
of DNA break end. (A) FACS data showing IgA switching efficiency of UAR cells
24 h after induction. (B) UAR cells were cultured in the presence and absence
of tetracycline to obtain Ugi-suppressed and -expressed conditions, respec-
tively. Both types of cells were either left untreated as control or stimulated by
CIT and OHT. After an overnight induction, cells were harvested for DNA break
assay as described in Materials and Methods. Pulled-down DNA labeled with
biotin-dUTP at the cleaved ends was subjected to S�-specific PCR. Samples
were 3-fold serially diluted.
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Fig. 6. A scheme illustrating a possible mechanism for N-terminal–
dependent CSR by catalytic and WxxF site mutants of UNG. UNG is assumed to
interact with an unknown associated protein (F) or proteins for CSR. Del86 WT
may interact with F at the catalytic and WxxF sites. Many mutants at these sites
cannot interact with F without N terminus.
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S� DNA break assay (4, 23) was used to label the free ends of cleaved switch
regions. UAR line cells were stimulated overnight. The next day, live cells were
separated through Percoll gradient, followed by mild fixation and in situ DNA
end-labeling by biotin-16-dUTP and TdT. Genomic DNA was prepared by
phenol:chloroform extraction, and 20 �g of DNA was subjected to HindIII
digestion. DNA fragments labeled with biotin-dUTP were captured by strepta-
vidin magnetic beads (Promega) and subjected to 32 cycles of PCR (95 °C for
30 s, 55 °C for 30 s, and 72 °C for 30 S). The following primers were used for PCR
of S� and �2microglobulin (�2m): S�, forward: 5�-GCTTCTAAAATGCGCTA-

AACTGAGGTGATT-3�; S�, reverse: 5�-GTTTAGCTCTATTCAACCTAG-3�; �2m,
forward: 5�-GGTGACGACCTCCGGATCTG-3�; �2m, reverse: 5�-GCCGAGTAG-
CAGCCACTGAAA-3�.
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