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ABSTRACT

DNA glycosylases UNG and SMUG1 excise uracil
from DNA and belong to the same protein super-
family. Vertebrates contain both SMUG1 and UNG,
but their distinct roles in base excision repair (BER)
of deaminated cytosine (U:G) are still not fully
defined. Here we have examined the ability of
human SMUG1 and UNG2 (nuclear UNG) to initiate
and coordinate repair of U:G mismatches. When
expressed in Escherichia coli cells, human UNG2
initiates complete repair of deaminated cytosine,
while SMUG1 inhibits cell proliferation. In vitro, we
show that SMUG1 binds tightly to AP-sites and
inhibits AP-site cleavage by AP-endonucleases.
Furthermore, a specific motif important for the
AP-site product binding has been identified.
Mutations in this motif increase catalytic turnover
due to reduced product binding. In contrast,
the highly efficient UNG2 lacks product-binding
capacity and stimulates AP-site cleavage by APE1,
facilitating the two first steps in BER. In summary,
this work reveals that SMUG1 and UNG2 coordinate
the initial steps of BER by distinct mechanisms.
UNG2 is apparently adapted to rapid and highly
coordinated repair of uracil (U:G and U:A) in
replicating DNA, while the less efficient SMUG1
may be more important in repair of deaminated
cytosine (U:G) in non-replicating chromatin.

INTRODUCTION

Uracil is a common base lesion in DNA and is introduced
into the genome by deamination of cytosine and
misincorporation of dUMP instead of dTMP during
replication. Spontaneous deamination of cytosine has
been estimated to occur at a rate of 60-500 events per day
in human cells (1-3). In addition, recent research has

revealed that enzymatic deamination of cytosine at the Ig
loci by activation-induced cytosine deaminase (AID)
initiates the antigen-dependent antibody diversification
processes (4). Uracil generated by deamination of
cytosine is 100% miscoding, and result in C:G to T:A
transition mutations if not repaired prior to replication.
Misincorporated uracil is not directly miscoding, but it
appears to be a critical source of spontaneously generated
AP-sites (apurinic/apyrimidinic-sites) in the genome (5).

Uracil and some uracil analogs generated by oxidation
of cytosine are excised from the genome by uracil-DNA
glycosylases (UDGs). Mammalian cell nuclei contain at
least four UDGs; UNG2, SMUGI, TDG and MBD4.
Current evidence suggests that UNG?2 (uracil-N-glycosy-
lase 2) and SMUGI! (single-strand-selective monofunc-
tional UDG) are the major enzymes responsible for repair
of spontaneously deaminated cytosine (6-8), while
post-replicative excision of misincorporated dUMP
(U:A) and excision of AID-generated uracil (U:G) are
performed mainly by UNG?2 alone (9—11). Consistent with
the role of UNG?2 in replication associated repair, UNG?2
binds PCNA and RPA, is localized to replication foci, and
is cell cycle regulated with the highest levels in S-phase
(9,12—15). Conversely, SMUGT, is not cell cycle regulated
and is evenly distributed in the nucleoplasm (7). SMUG1
excises uracil from DNA with a much lower efficiency
than UNG2, but has broader substrate specificity.
Only SMUGT! excises thymine with an oxidized methyl
group (7,16). UNG and SMUGT belong to a superfamily
that has apparently evolved from the same ancestral
gene (17). Comparison of crystal structures of human
UNG and Xenopus SMUGI1 has revealed that these
enzymes share a common fold and that the SMUGI
active site is a mosaic of features from UNG and MUG/
TDG enzyme families (18).

UNG is widely distributed in bacteria, eukaryotes and
even some large DNA viruses, while SMUGI has
previously been reported to be present in vertebrates and
insects only (6,17). Here we report the existence of bacteria
that contain SMUGI1 as their only identified UDG.
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Interestingly, identification of these bacterial SMUGI
orthologs shed new light on the origin of SMUGI and
UNG. Vertebrates contain both SMUGTI1 and UNG, but
their distinct roles in base excision repair (BER) of
deaminated cytosine are still not fully defined. We have
compared the repair mechanisms of human SMUGI
(hSMUGT) and human UNG2 (hUNG?2) on deaminated
cytosine, in vivo by using replicating ung~ Escherichia coli
cells containing AID-induced U:G lesions, and in vitro
using purified enzymes (h\SMUGI1, hUNG?2 and hAPEI)
including a panel of h\SMUG1 mutants. We find that only
hUNG?2 can complement E. coli Ung in repair of U:G
mismatches, whereas hSMUGT inhibits cell proliferation
in the same system. In vitro analyses reveal that A\SMUG1
and hUNG2 coordinate the initial steps of BER by
distinct mechanisms. Furthermore, we characterize a
specific motif in hSMUGI that confers U:G-substrate
preference and stabilizes the product AP-site binding.
Finally, we propose a model for how SMUGI and UNG2
initiate and coordinate repair of deaminated cytosine
(U:G) by distinct mechanisms. This model is consistent
with a role for the slow-acting SMUGI in repair of
deaminated cytosine in non-replicating chromatin, and
efficient and highly coordinated repair by UNG?2 of uracil
(both U:G and U:A) in replicating DNA.

MATERIALS AND METHODS

DNA constructs and site-directed mutagenesis

To generate pAID an Ncol site flanking the ATG start
codon of hAID ¢cDNA (Image Clone: 4853069) was made
by site-directed mutagenesis. The complete reading frame
was then cloned into the Ncol-PstI sites of the expression
vector pTrc99A (Amersham Biosciences). Cloning of
pUNG2 (p658kan-UNG2) was published previously (7).
pSMUGTI (p658kan-SMUG1) was constructed by cloning
the complete reading frame of hSMUGI cDNA
(Image Clone: 726197) as an Ndel-BamHI fragment
into the pJB658cop251kan vector (7,19). Cloning of 6 x
His-tagged hSMUGI1 (pET28a—SMUGI1) and hUNG2
(pET28a—UNG?2) was published previously (10,20). The
hAPEL1 expression vector (pET14b—APE1) (21) was a gift
from Dr Ian Hickson (Cancer Research UK Laboratories,
Oxford, UK). Site-directed mutagenesis was carried out
using the Quick-Change™ kit (Stratagene), and the
mutants were confirmed by sequencing.

In vivo U:G repair assay

Escherichia coli Ung-deficient strain NR8052 (Apro-lac,
thi-, ara, trp9777, ungl) or Ung-proficient strain NR8051
(Apro-lac, thi-, ara, trp9777) (22) were transformed with
the IPTG inducible constructs; pTrc99A-AID [encoding
AID wild-type and ampicillin resistance (amp®)] or
pTrc99A-AID-C87A (encoding catalytically inactive AID
as control) followed by transformation with the toluic acid
inducible p658kan-hSMUGI1 or p658kan-hUNG2 con-
structs [encoding hSMUGT! and hUNG2, respectively and
kanamycin resistance (kan®)]. Empty pJB658cop251kan
vector (7) was used as control. Single amp® + kan®
colonies were picked from plate and grown in 3ml LB

containing 100 pg/ml amp, 30 ug/ml kan, 1 mM IPTG and
I mM toluic acid at 30°C over night. Aliquots were mixed
with 3ml soft agar and plated on LB-amp + kan plates
and LB-amp + kan plates containing 100 pg/ml rifampicin
(rif) 100 pg/ml. The numbers of (amp +kan)® colonies
were counted after incubating the plates at 37°C for 24 h,
while the numbers of (amp +kan+rif)® colonies were
counted after 48 h. Mutation frequencies were calculated
as the number of (amp+ kan+rif)® colonies per 10°
(amp + kan)® colonies.

Western analysis

Expression of hUNG2 and hSMUGI in E. coli was
confirmed by western analysis. Five microgram soluble
cell lysate from cultures induced over night were separated
by SDS-PAGE (NuPAGEP®, Invitrogen) and electro-
blotted onto Immobilon PVDF membranes (Millipore).
hUNG2 and hSMUGI were detected using the
primary antibodies PU101 (23) and PSM1 (7), respec-
tively, followed by HRP-conjugated swine anti-rabbit
secondary antibody (DakoCytomation) and Super Signal
West Femto substrate (Pierce Chemical Co.) The western
blots were analysed on a Kodac Image station 2000R.

Expression and purification of recombinant 6 x His-tagged
enzymes

hSMUGI, hUNG2 and hAPEI were expressed in E. coli
BL21-CodonPlus (DE3)-RIL (Stratagene) and purified as
described (7,10). Protein concentrations were measured by
the Bradford protein assay (BioRad) using BSA as
standard, and stored at —80°C in 50% glycerol and
ImM DTT. The hSMUGI1 mutants were confirmed by
trypsin digestion followed by MALDI-TOF mass
spectrometry.

UDG activity assays

Standard UDG assays were performed as previously
described (7). Briefly, 10nM SMUGI and 1.8uM
[*H]JdUMP-containing calf thymus DNA (U:A) with
specific activity 0.5mCi/umol were incubated in a
20 ul assay mixture containing (final) 20mM Tris—HCI
pH 7.5, 10mM NaCl, 7.5mM MgCl,, 1mM EDTA,
ImM DTT, 0.5mg/ml BSA (UDG assay buffer), for
10min at 30°C. The amount of released uracil was
measured as described (24).

Limited turnover oligonucleotide assays were per-
formed by using equimolar amounts of enzyme and
[**P]-5-end-labelled oligonucleotide (U141: CATAAAG
TGUAAAGCCTGG). dsDNA substrates (U141A and
Ul41G) were prepared and assays were performed as
previously described (7). Enzyme 20nM and substrate
20 nM were incubated in 10 ul UDG assay buffer at 30°C
for 0, 5, 30 or 60min. Substrate and product were
quantified by phosphor imaging.

Multiple turnover oligonucleotide assays were per-
formed as described (7) by using 0.4nM enzyme and
20nM oligonucleotide substrates in 10ul UDG assay
buffer at 30°C for 15min. Substrate and product were
quantified by phosphor imaging.



Kinetic assays for the determination of K, and kgu
were performed under Michaelis—-Menten conditions,
using high molar excess of substrate: 20nM [**P]-
labelled and 1-20 uM non-labelled U141A, U141G and
Ul41 oligonucleotide substrates in 10pl samples were
incubated at 30°C for 10min. In this assay, enzymes
(SMUGI-WT and SMUGI-P245A) were adjusted to
give <30% uracil excision at each substrate concentra-
tion. 1nM, 20nM and 5nM enzyme were used together
with the U:G, U:A and Uss substrates, respectively.
Kinetic parameters were calculated according to the
method of Wilkinson using the Enzpack for Windows
version 1.4 (Biosoft).

UDG activity in bacterial extracts were measured using
1 g soluble cell lysate (from cultures induced with 1 mM
toluic acid at 30°C over night) and 5nM UIl41G
oligonucleotide in 10pul total volume containing
20mM Tris-HCI pH7.5, 35mM NaCl, 3mM EDTA
and 1 mM DTT with or without 0.1 ug Ugi. The samples
were incubated at 30°C for 15min and analysed as
described (7).

AP-site inhibition assays: AP-site inhibitors were
generated from an uracil-containing oligonucleotide
(U93: TGAAATTGUTATCCGCTCA). Fifteen nanomol
U93 were incubated with 1pug (40 pmol) hUNGAS4 (23)
in a total volume of 300ul containing (final) 20mM
Tris-HCI pH7.5, 10mM NaCl, ImM DTT, I mM
EDTA, 0.5mg/ml BSA at 37°C for 2h. UNG was
inactivated at 65°C for 5min, followed by addition of
the specific UNG protein inhibitor Ugi (160 pmol).
To prepare dsAP-DNA the AP-oligonucleotide was
annealed with 50% molar excess of complementary
oligonucleotides containing either A (93A) or G (93G)
opposite the AP-site, generating AP:A and AP:G,
respectively. The inhibitory effects of AP-sites were
analysed by standard UDG assays using 1.8uM
[*H]JdUMP-containing calf thymus DNA substrate,
7.5nM hSMUGI1 (WT or mutants) and 62.5nM AP:G
or 500nM AP:A inhibitor.

Electrophoretic mobility shift assay (EMSA)

SMUGT1 (0.05-0.50 uM) or UNG2 (0.05-0.50 uM) was
incubated with 4nM [**P]-end-labeled oligonucleotide
(U141G, Ul41A, TI141A, or Ul4lss) in 10ul UDG
assay buffer containing 2.5% glycerol for 30 min at 30°C
to generate AP-sites. Complete excision of U from the
oligonucleotides was confirmed in parallel samples by
piperidine cleavage and denaturing PAGE as described
(7). After uracil-excision, binding of enzyme to end-
products (AP-sites) was analysed by non-denaturing
8% PAGE (containing 2.5% glycerol) in 0.5 x TAE
pH&8 buffer at room temperature for 15min at 100V
followed by 30min at 150V. The gels were fixed, dried
and analyzed by phosphorimaging. The amount of
bound AP-site oligonucleotide was quantified and plotted
using a sigmoid curve fit model in GraphPad Prism®.
K4 values (concentration of enzyme giving 50% of
maximum binding) were calculated for SMUGI on
AP:A and AP:G.
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AP-endonuclease activity assay

Exonuclease III was purchased from New England
Biolabs (#M0206S). AP-site substrate was prepared by
incubating 3 pmol [**P]-end labelled U141-oligonucleotide
with 37.5ng (1.2 pmol) hUNGARS84 (23) in a total volume
of 30 ul containing (final) 20 mM Tris—HCI pH 7.5, 10 mM
NaCl, ImM DTT, 1mM EDTA, 0.5mg/ml BSA at 37°C
for 1h. The UNG enzyme was inactivated by heating
at 65°C for 10min. To generate dsAP-DNA the
AP-oligonucleotide was annealed with 50% molar excess
of complementary oligonucleotide containing G (141G)
opposite the AP-site.

AP-endonuclease assays were performed with 0.025 nM
hAPE!I or E. coli Exolll and 2nM [**P]-labelled AP:G
substrate in final volume of 10 ul UDG assay buffer and
incubated at 30°C for 10 min. AP-endonuclease cleaved
products and uncleaved AP-site substrates were separated
by denaturing PAGE and quantified by phosphorimaging.

RESULTS
SMUGT is present in both prokaryotes and eukaryotes

SMUGTI was suggested to be a relatively new evolutionary
offspring in the UDG superfamily found only in
vertebrates and insects (6,17). However, a BLAST search
using the sequence of hNSMUGT protein as query revealed
SMUGT! orthologs both in prokaryotes (proteobacteria
and planctomycetes) and in marine non-vertebrates such
as sea urchin and sea squirt (Figure 1). Remarkably,
the vertebrate SMUGT1 has highest similarity to sequences
identified in bacteria, showing 51.1% identity and 69.9%
similarity between human SMUGI and SMUGI from
Geobacter metallireducens (Figure 1). We did not find
UNG genes in the SMUGI-containing non-vertebrate
organisms identified here except in sea urchin, neither is it
present in insects. Moreover, the prokaryotes encoding
SMUGT also lack orthologs of other members of the
UDG family [MUG, UDG 4 (25) and UDG 5 (26)],
indicating that SMUGI1 may be the only uracil-DNA
glycosylase in these species.

hSMUGT1 cannot complement E. coli Ung in repair of U:G
mismatches

The observation that SMUGT is apparently the sole UDG
in some bacteria, prompted us to examine whether human
SMUGTI can act as a functional homolog of Ung in E. coli
that lacks SMUG1. Human SMUGT has been reported to
complement Ungl in Saccharomyces cerevisiae (27). In the
yeast study, antifolate agents were used to increase
misincorporation of dUMP, generating U:A base pairs.
However, mammalian SMUGT is more likely involved in
removal of deaminated cytosine rather than misincorpo-
rated uracil (6), thus U:A pairs may not represent the
most relevant in vivo substrate for SMUGT1. Here we used
an in vivo system in which the cytosine deaminase AID
was expressed in Ung-deficient E. coli to specifically
generate promutagenic U:G mispairs (28). In this back-
ground, we expressed hSMUGI1 or hUNG2. Mutation
frequencies were monitored by the rifampicin resistance
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Figure 1. Alignment of SMUGTI orthologs arranged in descending order of sequence similarity to hSMUGI. Sequences were obtained by TBLASTN
2.2.14 including GenBank, EMBL, DDBJ and PDB sequences (54). The alignment of the SMUGT! orthologs was generated using ClustalW (55); the
final alignment was made with Jalview (56). Secondary structure of xSMUGTI is illustrated above the alignment. The alignment displays the
important functional motifs characterizing the SMUGI enzyme with its description above. Individual residues within each motif are coloured
according to ClustalX colour coding. Species and accession number used are as follows: Hs (H. sapiens, AAL86910.1), Pt (Pan troglodytes,
XP_509109), Mm (M. musculus, Q6P5CS), Bt (Bos Taurus, Q59147), Rn (Rattus norvegicus, Q811Ql), Cf (Canis familiaris, XP_543623.2),
Tn (Tetraodon nigroviridis, CAF95523.1), X1 (Xenopus laevis, Q9YGNG6), Gm (Geobacter metallireducens GS-15, YP_282069.1), AE (Azoarcus sp.
EbNI1, YP_158606.1), Ci (Ciona intestinalis, AK115076.1), Sp (Strongylocentrotus purpuratus, XP_782746.1), Rb (Rhodopirellula baltica SH 1,
NP_869403.1), Tc (Tribolium castaneum, XP_971699.1), Ag (Anopheles gambiae str. PEST, XP_312038.2), Am (Apis mellifera, XP_396883.2),
Dm (Drosophila melanogaster, NP_650609.1), Dp (Drosophila pseudoobscura, EAL272349.1).

(rif®) assay (29), and cell growth was analysed by counting
viable cells. Expression of SMUGI and UNG2 in the
cells was verified by western blot analysis and uracil-
excision activity (U:G substrate) in clarified lysate from
induced cultures. The results are summarized in Figure 2.

Expression of AID in Ung-deficient E. coli yields a
mutator phenotype, which is reversed by co-expression of
UNG?2. SMUGTI did not suppress the mutator phenotype,
but markedly inhibited cell growth in AID-expressing
Ung-deficient cells. Notably, hSMUGI1 was neither
growth inhibitory nor mutagenic in ung™ cells. The level
of genomic uracil is enhanced more than 30-fold (to 31
uracil per 10° nucleotides) in Ung-deficient E. coli cells,
probably mostly U:A base pairs caused by replicative
incorporation of dUMP (30). Importantly, SMUGI1 did
not influence growth or mutation frequency in ung™ cells
expressing the inactive AID-C87A mutant (Figure 2),
neither did induction of only SMUGI1 in Ung-deficient
cells inhibit cell growth (data not shown). This demon-
strates that the growth inhibitory effect of SMUGTI is
dependent on U:G-lesions or U:G-repair intermediates.
Taken together these results reveal that SMUGT does not
act as a functional homolog of Ung in U:G repair in
proliferating E. coli cells.

SMUGTI binds to AP-sites and inhibits APE1, while UNG2
does not bind AP-sites and stimulates APE1

To elucidate the molecular mechanisms underlying the
observed in vivo effects of SMUG1 and UNG2, we
analysed the product (AP-site) binding subsequent to

uracil-excision by purified human SMUGI1 and UNG2
using electrophoretic mobility shift assays (EMSA).
The results, illustrated in Figure 3A, demonstrate that
SMUGT readily binds to AP-sites in dsDNA (AP:G and
AP:A), while no binding to AP-sites in single-stranded
DNA (APss) or dsDNA without AP-site (T:A) was
detected. In contrast, we did not observe binding of
UNG?2 to the same set of oligonucleotides. SMUGT binds
AP:G with slightly higher affinity than AP:A with Ky
values (concentration of enzyme yielding 50% of max-
imum binding) calculated to 0.1254+0.022uM and
0.183 £0.007 uM, respectively (Figure 3B). The sigmoid
curve plotted in Figure 3B represents the EMSA data in
Figure 3A. The binding experiments were, however,
repeated several times and consistently revealed higher
affinity for AP:G than for AP:A.

To gain more insight into the coordination of the first
and the second step of BER of deaminated cytosine, we
investigated the effect of the major human AP endonu-
clease, APEI, on uracil-excision from U:G substrate by
SMUG1 and UNG2. The excision rate from U:G
substrate by SMUGI was 2-3-fold stimulated by APEI,
while no stimulatory effect was observed with Uss
substrates (Figure 3C). In contrast, uracil-excision by
UNG?2 was only weakly stimulated with both substrates
(Figure 3D). This confirms our previous quantitation of
APELI stimulation of SMUGI1 and UNG2 measured with
U:A-containing substrate (7), and is in accordance
with previously published data on SMUGT (6). Together
with the EMSA results (Figure 3A and B), this indicates
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Figure 2. Mutation frequency and cell density in cultures of Ung-
deficient and Ung-proficient E. coli ung™ cells co-expressing AID and
SMUGI1 or UNG2. U:G mispairs were introduced into chromosomal
DNA by expressing AID in E. coli ung cells (black bars) and E. coli
ung™ cells (grey bars). A catalytically inactive AID mutant (AID-C87A)
and empty vector were included as controls. Mutation frequencies were
measured by the rifampicin resistance assay (# rif®/10® cells). The error
bars represent standard deviations calculated from the number of
experiments given on top of each bar. Expression of SMUGI and
UNG?2 was confirmed by western blot (WB) analysis and UDG activity
were assayed on a U:G oligonucleotide substrate (U:G activity). Ugi
was added (+Ugi) to the extracts to verify SMUGT activity. Uncleaved
substrate (S) and cleaved product (P) are indicated.
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that uracil-turnover by SMUGT is increased by alleviation
of product-binding after cleavage of the AP-site. In
support of this, we observed that bacterial AP endonu-
clease Endo IV also stimulates SMUGT activity and that
SMUGI1 does not bind to nicked AP-sites (data not
shown).

Based on the different AP-site binding properties of
SMUGI1 and UNG2 we analysed their effects on the
activity of human APEI and bacterial Exolll. A molar
excess of hSMUGTI inhibited both hAPEl and Exolll
activity (Figure 3E), indicating that SMUGI and AP
endonucleases compete for binding to AP-sites. In
contrast, hUNG2 markedly stimulated the activity of
hAPE!1 but had no effect on Exolll (Figure 3F). Thus,
SMUGTI probably binds strongly to the product until it is
displaced by an AP endonuclease that cleaves the AP-site,
whereas UNG2 may physically interact with APE1 to
coordinate and facilitate the first and the second step in
BER.

Single amino acid substitutions in the active site pocket of
SMUGT1 have moderate effect on catalytic activity

We have previously characterized substrate specificities
and kinetic constants of human SMUGI1 and UNG2 (7).
In addition, mechanisms of uracil recognition, substrate
binding and catalysis by human UNG have been
extensively studied (23,31-39). The active site of
SMUGT is a mosaic of features from UNG and MUG/
TDG enzyme families (18) (Figure 4A). To further explore
the molecular mechanisms of SMUGI, active-site mutants
were generated (Figure 4A), purified and activities were
measured by standard UDG assays (see ‘Materials and
Methods’ section) using 1.8-uM [PH]dUMP-containing
DNA substrate (U:A). Residual activities of correspond-
ing hSMUGI and hUNG mutants, analysed by identical
activity assays, are compared and listed in Table 1.

In the structures of xenopus SMUG1 (xSMUGTI) and
hUNG an asparagine at the bottom of the catalytic pocket
binds to O4 and N3 of uracil (Figure 4B). Mutating this
residue to aspartic acid in hSMUG1 (N163D) resulted in
11% residual activity, the residual activity of the
corresponding UNG mutant (N204D) was only 0.04%
(33). H268 in hUNG is believed to have a critical function
in stabilization of the transition state intermediate (40),
and accordingly the hUNG-H268L mutant displayed only
0.32% activity compared with WT. Interestingly, the
equivalent mutation in hSMUG1 (H239L) retained 28.6%
residual activity. To rule out a possible contribution to
activity from contaminating UNG, we analysed the
H268L mutant in the presence of the specific UNG
inhibitor Ugi. Ugi did not have any inhibitory effect on
activity, demonstrating that the h\SMUG1-H268L mutant
was not contaminated by UNG (data not shown).
Mutation of the asparagine (hRSMUGI-N85A) proposed
to coordinate the active water molecule in SMUGI1 (18)
resulted in 3% residual activity, whereas mutation of the
corresponding residue in hUNG (D145N) reduced the
activity to 0.04% compared with WT.

In UNG, Tyr147 blocks the entrance of thymine to the
active site pocket (29,31,33). SMUGTI has glycine in the
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Figure 3. Product binding, effects of the AP-endonuclease APEI and
effects on AP-endonucleases APE1 and Exo III. (A) EMSA analysis of
SMUGI! and UNG2 on AP-sites; 50, 100, 200, 300, 400 and 500 nM
hSMUGI1 and hUNG2 were incubated with 4nM ds oligonucleotide
(with complementary bases as indicated) or ss oligonucleotide,
following uracil-excision binding to the product AP-sites were analysed
by non-denaturating PAGE. (B) Percent bound AP:G and AP:A oligo
plotted against the concentration of SMUGI (uM) using a sigmoid
curve fit model in GraphPad Prism®. The K4 values were calculated

corresponding position, explaining its ability to accept
uracil with hydrophilic substitutions at C5 position
(Figure 4A and B). Substitution of this glycine with the
much larger tyrosine (SMUGI-G87Y) resulted in a
catalytically dead enzyme, suggesting a side-chain orienta-
tion of this residue that completely blocks entrance of all
substrates to the binding pocket. However, except from
this latter substitution, corresponding active-site muta-
tions have generally less effect on SMUGT activity than on
UNG activity, when measured on a U:A substrate.

To quantify residual activity of the hSMUGI mutants
towards U:G, we used a multiple turnover oligonucletide
assay (see “‘Materials and Methods™ section) with a 50-
fold molar excess of U:G substrate. Interestingly, the
residual activities of the mutants were even higher when
analyzed with U:G substrate as compared with U:A
substrate (Table 1). To minimize the effect of product
binding, the SMUGI1 mutants were also analysed using
equimolar amounts of enzyme and oligonucleotides with
uracil in either U:G, U:A or Uss contexts. Under these
conditions, the U:G preference of the SMUGI mutants
was even more pronounced (Figure 5). A stable enzyme-
substrate complex with a long residence time will increase
the possibility for catalysis to occur, thus these results
indicate that SMUGI1 binds U:G substrate (not only
AP:G product) with higher affinity than U:A and Uss
substrates.

A wedge motif in SMUGT1 confers sequence specificity,
U:G-substrate preference and stabilizes AP:G product
binding

The crystal structure of the xSMUGI-DNA complex
reveals a DNA-helix penetrating wedge formed by a loop
followed by a short a-helix (18). This structural architec-
ture suggests a more invasive interaction with dsDNA
than observed for UNG, and the wedge motif apparently
also contacts base pairs adjacent to the flipped out lesion
(Figure 6A and B). Thus, we examined to what extent the
nature of these bases influences the catalytic activity
SMUGI and UNG2. As demonstrated in Figure 6C,
SMUGTI activity was markedly influenced by the bases
flanking uracil, with a preference for A:T base pairs.
Conversely, no such preference was observed for UNG2
using the same dsDNA substrates (Figure 6D). These
results support the hypothesis that SMUGT interacts with
the base pairs flanking the lesion in the DNA helix, and
possibly disrupts the Watson—Crick hydrogen bonds.

and represent the concentration of SMUGI giving 50% of maximal
binding to the AP-oligo. (C) Multiple turnover oligonucleotide assay
with 0.85nM SMUGI and 20nM U:G substrate (solid lines) or 20 nM
Uss substrate (dotted lines) in the absence or presence of 8.5nM APEI.
(D) Multiple turnover oligonucleotide assay with 0.085nM UNG?2 and
20nM U:G substrate (solid lines) or 20nM Uss substrate (dotted lines)
in the absence or presence of 8.5nM APEIl. Uracil excision was
quantified after piperidine cleavage of the AP-site and separation by
PAGE. (E) AP-cleavage activity of APEl and Exolll in the presence of
SMUGI. (F) AP-cleavage activity of APE] and ExollIl in the presence
of UNG2. In (E) and (F), the AP-endonucleases (0.025nM) were
incubated for 10 min with 2nM oligonucleotide substrate containing a
central AP-site opposite guanine (AP:G) together with increasing
amounts (0—1 uM) of SMUGI1 or UNG2. AP-endonucleolytic cleavage
was quantified after separation by PAGE.
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Figure 4. Alignment of important motifs and structural organization of active-site residues. (A) SMUGI! orthologs from human (AAL86910.1),
mouse (XP_509109.1), & proteo-bacteria (YP_383069.1) and sea urchin (XP_782746.1) aligned in ClustalW (55) with human UNG (NP_550433.1),
human Cytomegalovirus (CMV) UNG (P16769), human TDG (NP_003202.3) and E. coli MUG (POA9HI). Final alignment was made in Jalview
(56) and individual residues coloured according to ClustalX colour codes. SMUGTI residues mutated in this work are indicated above. (B) Structural
organization of the active sites of SMUGI1 (PDB entry 10ES) and human UNG (PDB entry 1SSP), showing key residues (numbered according the

hSMUGTI orthologs) in catalysis, lesion binding and specificity.

The N-terminal part of the wedge (239-HPSPR-243)
faces the uracil-containing strand, and resembles the
intercalating leucine loop in UNG (268-HPSPL-272)
(34), except that SMUGTI has arginine in the position
corresponding to hUNG-Leu272 (Figure 6A and B). This
residue aids expulsion of the uracil residue from the DNA-
helix and subsequently fills the gap left by the flipped out
nucleotide (34). Similar to SMUGI1, UNG encoded by
human cytomegalo- and vaccinia virus has arginine at this
position (Figure 4A). To analyse this uracil-flipping
residue in SMUGI in more detail we mutated the
Arg243 to leucine and alanine. The R243L mutation
reduced the activity to about 3% on U:A substrate and
7% on U:G substrate, while the R243A mutation had
little effect on enzyme activity (Table 2). Notably, there is
alanine at this position in SMUGI] from bacteria and sea
squirt and isoleucine in sea urchin (Figures 1 and 4A).

Thus, different UNG and SMUGI family members may
either have a large hydrophilic (Arg) or a large hydro-
phobic side chain (Leu or Ile) or surprisingly even a small
side chain (Ala) as the residue expelling uracil.

The C-terminal part of the wedge is completely different
in SMUGI1 and UNG (Figure 6A and B). Whereas no
direct interaction between enzyme and the bases in the
distal strand was observed in the hUNG-DNA crystal
structure (32), the xXSMUG-DNA structure indicates that
the C-terminal part of the wedge in SMUGT interacts with
the distal strand. To investigate this in more detail, a series
of site-specific alanine mutants were generated in the
C-terminal part of the wedge motif (243-RNPQANK-249)
(Figures 4A and 6E).

Strikingly, mutations in the 244-NPQANK-249 region
of hSMUGT! significantly increased the U:G activity
(Table 2), an effect that was most pronounced for the



3886 Nucleic Acids Research, 2007, Vol. 35, No. 12

Table 1. Activity of SMUGI active-site mutants compared with activity of corresponding UNG mutants

Residue function hSMUGI1 mutant

Activity (% of WT)

hUNG mutant Activity (% of WT)

UA UG UA
H,O coordination NB85A 3.0+0.2 7.0+04 D145N 0.04°
Thymine expulsion G87V 21.84+1.5 58+£2 Y147A 0.05°
G87Y Not detectable Not detectable
Substrate binding N163D 11.2+1.5 3240.2 N204D 0.04°
Stabilisation of transition state H239L 28.6+0.9 26+5 H268L 0.32%

U:A activities are measured by standard UDG assays using 7.5nM SMUGI and 1.8uM dUMP-containing calf thymus DNA substrate.
U:G activity is measured by multiple turnover oligonucleotide assays using 0.4nM SMUGI and 20nM UI141G substrate. SDs are calculated

from triplicates.
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Figure 5. Uracil-substrate preference of SMUGI active-site mutants.
Limited turnover oligonucleotide assay of SMUG1 mutants. Equimolar
amounts (20nM) of enzyme and [*°PJ-labelled uracil oligonucleotide
substrate (U:G, U:A and Uss) were incubated for 5, 30 and 60 min.
Uracil excision was quantified after piperidine cleavage of the AP-site
and separation by denaturing PAGE.

SMUGI1-P245A mutant. To investigate this phenomenon
in more detail we performed kinetic analysis of SMUG-
WT and SMUGI1-P245A on U:G, U:A and Uss oligonu-
cleotide substrates. The effect of mutating Pro245 to Ala

turned out to be specific (7-fold increase in k.,) to U:G
substrates, since no significant changes were observed
using U:A and Uss substrates (Figure 7). This strongly
suggests that SMUG1-P245 is involved in making specific
interactions with guanines opposite uracil-lesions prob-
ably by pushing into the base-stack opposite the lesion as
suggested by Wibley and colleagues (18) (Figure 6E).
Thus, mutation of Pro245 most likely increases turnover
by destabilizing binding to the AP:G product. Supporting
this view we have previously reported that AP-sites in
dsDNA, but not in ssSDNA, are inhibitors of hSMUGI,
and that AP-sites opposite guanine are much more potent
inhibitors than AP-sites opposite adenosine (7). The
activities of the SMUGI1 wedge mutants were therefore
analysed in the presence of oligonucleotides containing
AP-sites opposite adenine (AP:A) or guanine (AP:G)
(Table 2). SMUG]1 mutated in residues pointing towards
the distal strand, SMUGI1-R243A, SMUG1-P245A and
SMUGI1-K249A (Figure 6E), were less inhibited (~47%)
by AP:G than WT (70%), indicating a weaker binding to
AP:G. As expected from the U:A activity, the wedge
mutations had a less pronounced effect on the inhibition
by AP:A (Table 2).

The side chain of SMUGI-Asn248 is not oriented
towards the distal strand, but stabilizes the wedge by
making hydrogen bonds to hSMUGT residues Pro242 and
Argl4l (Figure 6E). Mutating this residue (SMUGI-
N248A) increased both U:G and U:A activity. Inhibition
by AP-sites was, however, only marginally reduced
compared with wild-type. This indicates that the increased
enzyme activity of the SMUGI1-N248A mutant probably
is the result of a more flexible wedge, and not due to
reduced AP-site binding.

Taken together, these results support our proposed
function for the C-terminal part of the wedge motif in
binding the distal strand base with a preference for
guanine opposite the product AP-site.

DISCUSSION

The existence of SMUGT orthologs in bacteria suggests
that SMUGTI is of older origin than previously assumed.
Notably, non-vertebrates (except from sea urchin) appear
to have UDGs of either the SMUGI- or the UNG-type,
while vertebrates contain both. In vertebrates, SMUGI
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on oligonucleotides with wuracil in different sequence contexts.
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oligonucleotide assays (0.04nM UNG2 and 20nM substrate) on
substrates with uracil in different sequence contexts. (E) Close-up
presentation of the SMUGI wedge motif (PDB entry 10OES).
Residues with side-chains facing the distal strand (hRSMUGI-R243,
-P245, -K249) are colored orange. hSMUGI-N248 (colored green)
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sequence.
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and UNG2 have probably evolved to carry out different
and specialized functions in processing of genomic uracil
(and some uracil analogous) in the most appropriate way
depending on uracil context, gene locus (e.g. Ig-genes), cell
type, proliferative status, cell cycle phase, sub-nuclear
localization and mutagenic potential of the lesion. In the
present work, we have compared and characterized some
of these specialized molecular functions of hNSMUGTI and
hUNG?2 by both in vivo and in vitro experiments, and
demonstrated that they coordinate the initial steps in BER
by different molecular mechanisms.

We show that hUNG2, but not hSMUGI, can repair
U:G lesions in proliferating E. coli cells in vivo. In
contrast, hSMUGT expression inhibits cell growth in this
system. Interestingly, it was reported that hNSMUGI1 can
functionally compensate for Ungl in yeast cells treated
with antifolate agents to increase misincorporation of
uracil in the genome (27). In WT cells, antifolate treatment
results in S-phase arrest and cellular toxicity due to uracil
excision and single-strand breaks. Antifolate-treated
Aungl cells are, however, able to complete DNA
replication, but when hSMUGT is expressed the cells are
arrested in S-phase like the WT. This indicates that
SMUGT can target misincorporated uracil in the yeast
genome and generate cytotoxic AP-sites. However,
complete repair of the lesion was not monitored in the
yeast study. Since the authors use S-phase arrest and
cellular toxicity as a measure of complementation, their
results are in agreement with our results, although their
conclusion is different. In conclusion, SMUG1 and UNG2
can both target uracil residues, but only UNG2 can
initiate complete BER in rapidly growing cells. It cannot
be excluded, however, that SMUGT1 can compensate for
Ung in U:A repair both in yeast and in bacteria.
Furthermore, it would be interesting to find out whether
SMUGI1 from a prokaryote can complement Ung-
deficient bacteria.

We have previously characterized the catalytic domain
of hUNG in detail (23,32,33). Here we generated active
site mutants of hSMUGI and compared their activities
with those of the corresponding mutants of hUNG.
Interestingly, using the same standard UDG assay
protocol, single active-site mutations in SMUGI have
less effect on catalytic activity than the corresponding
mutations in UNG. Analysis of hSMUGI active-site
mutants has also been published by another group (41),
and they report a more dramatic reduction in activity of
several of the mutants. This is probably because they
measured SMUGT activity using a very high molar excess
of enzyme (up to 670-fold) and substrate concentrations
about three orders of magnitude below the K, value of
hSMUGI1-WT (7) (Figure 7A). Such assay conditions will,
however, mainly reflect substrate affinity and not catalytic
turnover, because the substrate is the limiting factor. By
using a high substrate concentration (1.8 uM), we here
focused on catalytic turnover and less on substrate
affinity. The relatively high residual uracil-excision activity
(measured with molar excess of substrate) in the SMUGI
active-site mutants, especially against U:G substrates, may
in part be explained by the specific helix-inserting motif
that probably is important for binding to dsDNA
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Table 2. Activity and AP-site inhibition of SMUGI mutated in the distal strand interacting motif

hSMUGI1 mutant

Activity (% of WT)

AP-site inhibition (%)

UA U.G AP:A AP:G
WT 100 100 6743 7041
R243A% 94+2 94+10 5942 47+2
R243L 3+1 T+2 Not determined Not determined
N244A 77+5 13948 7242 76 +1
P245A% 82+6 22747 6542 4741
Q246A 98 +7 168 +22 6741 68+1
N248A 12743 268 +13 6041 6243
K249A% 122+6 169+11 5743 48+1

U:A activity and AP-site inhibition (500nM AP:A and 62.5nM AP:G) are measured by standard UDG assays using 7.5nM SMUGI! and 1.8 uM
dUMP-containing calf thymus DNA substrate. U:G activity is measured by multiple turnover oligonucleotide assays using 0.4nM SMUGI and

20nM U141G substrate. SDs are calculated from triplicates.
“Amino acids with side chains pointing towards the distal strand.

substrate and product. When SMUGI is bound to the
substrate, the DNA substrate itself may be important to
drive the reaction forward by so-called ‘substrate auto-
catalysis’. For glycosylases in the UDG superfamily, it has
been reported that the substrate itself is a major
contributor to lowering of the activation energy, thus
explaining residual activity in mutants lacking catalytic
key residues (38). This ‘substrate autocatalysis’ phenom-
ena may also explain the discrepancy between residual
activity of SMUGT active-site mutants measured at very
low substrate concentrations (41) and those presented here
measured at high substrate concentrations.

Interestingly, one of the active-site SMUGI mutants
was, however, catalytically dead. Introducing a UNG like
thymine expulsion residue in SMUG! (SMUGI1-GS87Y)
abolished the activity completely. The superimposed
structures of xSMUGT1 and hUNG reveal that the thymine
expulsion loops do not follow the same path, bringing the
side-chains of SMUGI1-G87Y and UNG-Y 147 in different
orientation in the substrate binding pockets of the
enzymes. Additionally, in SMUGT this residue is sand-
wiched between two prolines that restrict conformational
flexibility in this loop segment. Thus, a large-residue in
this position will most likely block the entrance of the
substrate in the active site pocket of SMUGTI.

We find that hSMUGT1 binds to product AP-sites in
dsDNA in vitro, with the strongest binding to AP:G, while
no product binding was observed for UNG?2. The growth-
inhibitory effect of SMUGT in E. coli cells containing U:G
lesions is most likely explained by this product binding.
SMUGT attached to AP-sites may probably interfere with
replication, and thereby prevent cell division, a situation
that is especially prominent when SMUGI is over-
expressed. Under these circumstances, the endogenous
level of AP-endonuclease activity is likely insufficient to
alleviate the product binding and replication is blocked. In
support of this, we find that SMUGT inhibits activity of
both the human APEl and the bacterial Exolll AP-
endonucleases (Figure 3D). Thus, a high level of SMUG1
likely interferes with the downstream processing of the
AP-sites and prevents complete repair. This is in agree-
ment with the observation that expression of hNSMUGTI in

Aungl yeast cells did not suppress the spontaneous
mutator phenotype, but rather caused an increased
mutation frequency (27).

It is well known that APEl stimulates the excision
activity of many DNA glycosylases (6,7,42—44). However,
stimulation of APEl by a DNA-glycosylase has to our
knowledge not previously been reported. Here we find that
UNG?2 stimulates the cleavage activity of APE1, indicat-
ing that UNG2 may physically interact with APEIL. In
support of this, we have previously isolated UNG2-
associated complexes containing all factors required for
complete BER of uracil, including APEI, from human cell
extracts (45).

We have examined whether sequence context of the
substrate influenced on uracil-excision activity of SMUG1
and UNG2. Surprisingly, the nature of the bases flanking
the uracil had only impact on uracil-excision activity of
SMUGI and not of UNG2, measured on the same
double-stranded oligonucleotide substrates. The latter was
rather unexpected since sequence preference of UNG from
several sources [a truncated form of UNG purified from
calf thymus, E. coli Ung and the catalytic domain of
human UNG (UNGAR84)] has previously been demon-
strated in our laboratory (23,46,47) and by others (herpes
simplex virus UDG) (48). However, all these enzymes lack
the regulatory N-terminal sequence. In the present study
we have analysed the full-length human UNG2 enzyme in
presence of Mg”>", which has a strong stimulatory effect
particularly on UNG2 (7,20,49). It is possible that the
N-terminal domain of UNG2 diminishes the sequence
specificity observed for the truncated forms of UNG in
order to obtain the most efficient repair of uracil in all
contexts at the replication fork.

Taken together, it is clear that SMUGI and UNG2
have evolved distinct mechanisms for the coordination of
the second step in BER. Based on previous results and the
new data presented here, we propose a model for how
SMUGI1 and UNG?2 initiates and coordinates repair of
deaminated cytosine (U:G) by distinct ‘hand-over’
mechanisms (Figure 8). This model is consistent with a
role for SMUGT in repair of deaminated cytosine in non-
replicating chromatin and repair of uracil (U:G and U:A)
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Figure 7. Michaelis-Menten plots of SMUGI-WT and SMUGI-P245A. Each point is the mean value calculated from three independent
experiments. Uracil excision at each point is below 30%. Kinetic parameters (K., Ke.) were calculated by the Wilkinson method using the Enzpack
1.4 (Biosoft) software package. (A) InM SMUGI-WT and SMUGI1-P245A measured on U:G oligonucleotide substrate (1-10 uM). (B) 20nM
SMUGI1-WT and SMUGI1-P245A measured on U:A oligonucleotide substrate (2-20 uM). (C) SnM SMUGI-WT and SMUGI1-P245A measured on
Uss oligonucleotide substrate (2-20 uM). Note the different values on the axis.

by UNG?2 in replication foci. The catalytically highly
efficient and context-independent UNG2 enzyme is
probably important in rapidly dividing cells to remove
deaminated cytosine in front of the moving replication
fork (pre-replicative repair), in addition to post-replicative
repair of misincorporated uracil (13). This pre-replicative
repair of U:G by UNG?2 is supported by the observed
5.2-fold increased mutation frequency in Ung-deficient
mouse embryonic fibroblasts (MEFs), mostly G:C to A:T
transitions (8). SMUGI, on the other hand, is not
designed to rapidly repair uracil during replication,
and is probably more important in non-replicating
chromatin, outside S-phase and in resting cells where
the level of UNG2 is low (15). However, SMUGI
counteracts mutations also in cycling mouse cells

(MEFs). Knocking down Smugl by siRNA in MEFs
resulted in 2.4-fold increased mutation frequency at the
HPRT locus (8). Thus, the slow-acting, product-binding
SMUGI may efficiently recognize deaminated and some
oxidized cytosine derivatives in non-replicating dsDNA
(especially in A-T rich regions where the cytosine
deamination rate is expected to be higher due to increased
DNA breathing), excise the lesion and remain attached to
the cytotoxic AP-site product until APEl arrives and
initiates further repair.

Notably, in mouse SMUGTI, the residue corresponding
to the conserved Pro245 in the hSMUGI wedge motif is
alanine (Figure 4A). Kinetic analysis of the hSMUGI-
P245A mutant, mimicking mouse SMUGTI, revealed that
this mutant has more than a 7-fold increased turnover
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Figure 8. Repair of deaminated cytosine; model illustrating distinct
coordination of BER initiated by SMUGI and UNG2 in non-
replicating chromatin and in replicating chromatin (foci), respectively.
(A) 1. SMUGTI binds to the lesion and interacts with both strands in
the DNA-helix. Uracil is probably flipped out of the helix and into the
active site. 2. The catalysis is not very efficient because the active site is
relaxed to be able to bind several other lesions. SMUGI stays bound to
the AP-site after excision. 3. APEI competes with SMUGT for AP-site
binding. 4. SMUGI is released form the product and is free to bind
new lesions. 5. APEI cuts the DNA strand, and Polp/XRCCI/Liglla
is recruited and completes BER. (B) 1. UNG?2 is likely part of a highly
coordinated and efficient repair complex scanning for lesions (U:G)
in front of the replication fork (UNG?2 is localized in replication foci).
2. Encountering the lesion uracil is flipped out of the DNA-helix and
into the highly specific catalytic pocket of UNG2. Uracil is released by
efficient hydrolysis of the N-glycosidic bond. Note, UNG?2 interacts
only with the uracil-containing DNA strand. UNG2 is immediately
released from the AP-site and APEI binds. 3. UNG?2 stimulates APEI
cleavage of the AP-site and BER is completed.

number (ke,) on U:G substrate compared with WT
(Figure 7A). The increased U:G activity of this mouse
SMUGI1 mimicking mutant could thus provide a mechan-
istic explanation for the apparently higher SMUGT activity
in extracts from mouse cells than from human cells (6,7).
This observation should be kept in mind when using mice
as model organisms for uracil repair in mammals.

The presence of at least one family member of the
uracil-removing glycosylases in all known organisms
points to the importance of this repair mechanism.
The present article demonstrates new distinct properties

of SMUGT1 and UNG?2 that point to different mechanisms
for coordination of the initial steps in BER. Considering
functional differences, SMUGT1 still seems to be able to
compensate for UNG-deficiency in most somatic tissues
(6), and is apparently sufficient to maintain genomic
stability in some organisms. However, from Ung~/~ mice
and human UNG-deficient patients it is evident that
SMUGTI is not able to compensate for UNG2 in Ig
diversification in B-cells (10,11,50,51). Furthermore, old
Ung~'~ mice develop B-cell lymphomas (52,53). Whether
human individuals lacking UNG will develop malignan-
cies remain unknown since they are yet too few identified
and too young for conclusions to be made (51). A more
comprehensive knowledge of the short-term and long-
term consequences of deficient uracil removal require
further studies of the Ung™/~ mice and generation and
characterization of Smugl™/~ mice and Ung/Smugl
double knockout mice.
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