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ABSTRACT

The uracil DNA glycosylase superfamily consists of
several distinct families. Family 2 mismatch-specific
uracil DNA glycosylase (MUG) from Escherichia coli
is known to exhibit glycosylase activity on three
mismatched base pairs, T/U, G/U and C/U. Family
1 uracil N-glycosylase (UNG) from E. coli is an ex-
tremely efficient enzyme that can remove uracil from
any uracil-containing base pairs including the A/U
base pair. Here, we report the identification of an
important structural determinant that underlies the
functional difference between MUG and UNG. Sub-
stitution of a Lys residue at position 68 with Asn in
MUG not only accelerates the removal of uracil from
mismatched base pairs but also enables the enzyme
to gain catalytic activity on A/U base pairs. Binding
and kinetic analysis demonstrate that the MUG-K68N
substitution results in enhanced ground state bind-
ing and transition state interactions. Molecular mod-
eling reveals that MUG-K68N, UNG-N123 and fam-
ily 5 Thermus thermophiles UDGb-A111N can form
bidentate hydrogen bonds with the N3 and O4 moi-
eties of the uracil base. Genetic analysis indicates
the gain of function for A/U base pairs allows the
MUG-K68N mutant to remove uracil incorporated into
the genome during DNA replication. The implications
of this study in the origin of life are discussed.

INTRODUCTION

Enzymes in the uracil DNA glycosylase (UDG) superfamily
are well known for their role in the removal of deaminated
base damage in DNA repair. So far, six families in the su-
perfamily have been discovered and studied to varied extent
(1–7). Family 1 UNG is a highly efficient enzyme that ex-

cises uracil from all double-stranded uracil-containing base
pairs and single-stranded uracil-containing DNA (2,5). Es-
cherichia coli MUG, which belongs to family 2, is named for
its UDG activity on mismatched T/U, G/U and C/U base
pairs (8–11). In addition to its UDG activity on mismatched
base pairs, E. coli MUG is also a robust xanthine DNA gly-
cosylase (12). Like family 1 UNG, family 3 SMUG1 can re-
move uracil from double- and single-stranded DNA albeit it
does so much less efficiently (13,14). Family 4 UDGa, found
in prokaryotic organisms, is a UDG but the full spectrum
of its activity against all deaminated bases is not known
(15). Family 5 UDGb, also found in prokaryotic organisms,
is not only a UDG but also a hypoxanthine and a xan-
thine DNA glycosylase (16). However, the UDG activity
from family 5 UDGb is limited to double-stranded uracil-
containing DNA and the activity on A/U base pairs is lower
than that on mismatched base pairs (16). The newly discov-
ered family 6 enzymes are hypoxanthine DNA glycosylases
(3).

Within the UDG superfamily, different families have
evolved different specificities toward deaminated bases and
apply a multitude of catalytic elements to catalyze the
breakage of the glycosidic bond associated with pyrimidine
and purine deaminated bases (3,12,16). Two important mo-
tifs have been identified in the UDG superfamily, in which
motif 1 contains residues that form the base recognition
pocket and a water activating residue (D64 in E. coli UNG
and N18 in MUG) and motif 2 includes a catalytically im-
portant histidine residue that forms a low barrier hydro-
gen bond with O2 of uracil (1,6,17). Both family 1 UNG
and family 2 MUG contain UDG activity, however one of
the fundamental differences between the two families is that
family 2 MUG does not demonstrate any enzymatic activity
on A/U base pairs. Even though crystal structures of the E.
coli MUG enzyme are available, to our knowledge there has
been no experimental investigation to elucidate the basis for
its lack of UDG activity on A/U base pairs.
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Based on a structural comparison of E. coli MUG and
UNG enzymes, we identified Lys-68 as a potential struc-
tural element located outside of motifs 1 and 2 that can de-
termine the UDG activity on A/U base pairs. Mutational
analysis presented here demonstrates that a K68N substi-
tution not only allows E. coli MUG to act on A/U base
pairs, but also increases its catalytic efficiency on all other
double-stranded uracil-containing DNA. Binding analysis
shows that the substitution enhances the binding affinity
of K68N to all uracil-containing double-stranded DNA.
Genetic analysis suggests that the K68N mutant can act
as a UDG to remove uracil from A/U base pairs, which
are formed by misincorporation of dUMP into genomic
DNA. Molecular modeling analysis provides structural in-
formation on interactions between the Asn in the K68
position and a uracil base. Interestingly, while the sub-
stitution in E. coli UNG (N123A) substantially reduces
its UDG activity on A/U base pairs and other double-
stranded uracil-containing base pairs, the A111N muta-
tion in the same position in family 5 UDGb from Thermus
thermophiles increases its activity toward double-stranded
uracil-containing base pairs with the most notable increase
occurring on A/U base pairs. These results underscore the
role of this position as an important structural determinant
for UDG activity and specificity in multiple families. The
structural basis that underlies the gain of enzymatic func-
tion and its potential implications for the evolution of a
‘leaky MUG’ during the origin of life are discussed.

MATERIALS AND METHODS

Plasmid construction, cloning and expression of E. coli MUG
and E. coli UNG

The E. coli MUG gene (Uniprot accession number
P0A9H1) was amplified by polymerase chain reaction
(PCR) using the forward primer Ec.MUG F (5′-TGG GGT
ACC CCA TGG GTT GAG GAT ATT TTG GCT CCA
GGG- 3′; the NcoI site is underlined) and the reverse primer
Ec.MUG R (5′-CCC GGA TCC TTA TCG CCC ACG
CAC TAC CAG CGC CTG GTC-3′; the BamHI site is
underlined). The PCR reaction mixture (50 �l) consisted
of 8 ng of E. coli genomic DNA, 200 nM forward primer
Ec.MUG F and reverse primer Ec.MUG R, 1 x Taq PCR
buffer (New England Biolabs), 200 �M each dNTP and 5
units of Taq DNA polymerase (New England Biolabs). The
PCR procedure included a predenaturation step at 94◦C for
3 min, 30 cycles of three-step amplification with each cy-
cle consisting of denaturation at 94◦C for 40 s, annealing at
60◦C for 40 s and extension at 72◦C for 1 min, and a final
extension step at 72◦C for 10 min. The PCR product was
purified with DNA gel extraction kit (Zymo Research). Pu-
rified PCR product and plasmid pET32a without the thiore-
doxin tag (pET32a(-)) were digested with NcoI and BamHI,
purified with Gene Clean 2 Kit and ligated according to
the manufacturer’s instructional manual. The ligation mix-
ture was electroporated into E. coli strain JM109 competent
cells. The sequence of the E. coli MUG gene in the result-
ing plasmid (pET32a(-)-MUG) was confirmed by DNA se-
quencing.

E. coli UNG gene (Uniprot accession number P12295)
was amplified by PCR using the forward primer UDG-NdeI

(5′-GGG AAT TC CAT ATG GCT AAC GAA TTA ACC
TGG CAT GAC-3′; the NdeI site is underlined) and the re-
verse primer UDG-HindIII (5′-CCC AAG CTT CTC ACT
CTC TGC CGG TAA TAC TGG-3′; the HindIII site is un-
derlined). The PCR reaction mixture (50 �l) consisted of 8
ng of E. coli genomic DNA, 200 nM forward primer UDG-
NdeI and reverse primer UDG-HindIII, 1 x Taq PCR buffer
(New England Biolabs), 200 �M each dNTP and 5 units of
Taq DNA polymerase (New England Biolabs). The PCR
procedure included a predenaturation step at 94◦C for 3
min, 30 cycles of three-step amplification with each cycle
consisting of denaturation at 94◦C for 40 s, annealing at
60◦C for 40 s and extension at 72◦C for 1 min, and a fi-
nal extension step at 72◦C for 10 min. The PCR product
was purified with DNA gel extraction kit (Zymo Research).
Purified PCR product and plasmid pET21a were digested
with NdeI and HindIII, purified with Gene Clean 2 Kit and
ligated according to the manufacturer’s instructional man-
ual. The ligation mixture was electroporated into E. coli
strain JM109 competent cells. The sequence of the E. coli
UNG gene in the resulting plasmid (pET21a-UNG) was
confirmed by DNA sequencing.

The N-terminal His-6-tagged E. coli pET32a(-)-MUG
and C-terminal His-6-tagged E. coli UNG were electropo-
rated into E. coli strain BH214 (mug−, ung−). An overnight
E. coli culture was diluted 100-fold into Luria–Bertani (LB)
medium supplemented with 100 �g/ml ampicillin. The E.
coli cells were grown at 37◦C while being shaken at 250 rpm
until the optical density at 600 nm reached ∼0.6. The cul-
tures were cooled down to 22◦C, induced with 1 mM iso-
propy beta-D-thiogalactopyranoside (IPTG) and grown at
22◦C for 20 h. The cells were collected by centrifuging at
4000 rpm at 4◦C for 20 min with JLA-8.1000 rotor in Avanti
J-26S XPI (Beckman Coulter) and washed once with pre-
cooled sonication buffer [20 mM Tris-HCl (pH 7.5), 1 mM
ethylenediaminetetraacetic acid (EDTA) (pH 8.0), 0.1 mM
dithiothreitol (DTT), 0.15 mM phenylmethylsulfonyl fluo-
ride and 50 mM NaCl].

To purify the E. coli MUG, the cell pellet from a 500-ml
culture grown to late exponential phase was suspended in
7 ml of sonication buffer and sonicated at output 5 for 3 ×
1 min with 1-min rest on ice between intervals using Q125
sonicator (Qsonica). The lysate was clarified by centrifug-
ing at 12000 rpm at 4◦C for 20 min. The supernatant was
transferred into a fresh tube and loaded into a 1 ml HiTrap
chelating column. The column was washed with chelating
buffer A [20 mM sodium phosphate (pH 7.4), 500 mM
NaCl and 2 mM imidazole]. The bound protein in the col-
umn was eluted with a linear gradient of 0–100% chelating
buffer B (chelating buffer A and 500 mM imidazole without
adjusting pH). Fractions of elution were analyzed by 12%
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and those fractions containing MUG pro-
tein at around 23.5 kD were pooled. The partially purified
MUG protein was loaded onto HiTrap SP column equili-
brated with HiTrap SP column buffer A [20 mM HEPES
(pH 8.0), 1 mM EDTA and 0.1 mM DTT] and eluted with
HiTrap SP column buffer B [20 mM HEPES (pH 8.0), 1 mM
EDTA, 0.1 mM DTT and 1 M NaCl]. The MUG protein
was considered highly purified as there were no other pro-
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tein bands detected by SDS-PAGE analysis (Supplementary
Figure S1). The pooled E. coli MUG were concentrated,
quantified and stored at −20◦C. E. coli UNG proteins were
purified using the same protocol as described above for E.
coli MUG proteins.

Site-directed mutagenesis

Site-directed mutagenesis of E. coli MUG was performed
using an overlapping extension PCR procedure (18). The
first round of PCR was carried out using pET32a(-)-MUG
as template DNA with two pairs of primers, Ec.MUG-
F and K68N-R (5′-ACG GTC TAC CAG ATT GGT
GAC GCC ACA ACG ATA ATC-3′) and Ec.MUG-R and
K68N-F (5′-CGT TGT GGC GTC ACC AAT CTG GTA
GAC CGT CCA ACG-3′), respectively. The PCR mixture
(50 �l) contained 10 ng of pET32a(-)-MUG as a template,
200 nM each primer, 200 �M each dNTP, 1× Taq DNA
polymerase buffer and 5 units of Taq DNA polymerase. The
PCR procedure included a predenaturation step at 95◦C for
3 min, 30 cycles of three-step amplification with each cy-
cle consisting of denaturation at 95◦C for 50 s, annealing
at 65◦C for 50 s and extension at 72◦C for 1 min, and a fi-
nal extension step at 72◦C for 10 min. The resulting two ex-
pected DNA fragments were used for overlapping PCR to
introduce the desired mutation. This second run of PCR re-
action mixture (100 �l), which contained 1 �l of each of the
first run PCR products, 100 �M each dNTP, 1× Taq DNA
polymerase buffer and 5 units of Taq DNA polymerase, was
initially carried out with a predenaturation at 95◦C for 2
min, five cycles with each cycle of denaturation at 95◦C for
30 s and annealing and extension at 60◦C for 4 min, and
a final extension at 72◦C for 5 min. Afterward, 100 nM
outside primers (Ec.MUG-F and Ec.MUG-R) were added
to the above PCR reaction mixture to continue the over-
lapping PCR reaction under the same reaction condition
with 25 cycles. The PCR product was cloned into pET32a(-
) as described above. The recombinant plasmid (pET32a(-
)-MUG-K68N) containing the desired mutated gene was
confirmed by DNA sequencing and electroporated into E.
coli strain BH214 (mug−, ung−).

The E. coli UNG-N123A mutant was constructed simi-
larly. The first round of PCR was carried out using pET21a-
UNG as the DNA template and two pairs of primers,
UDG-NdeI and N123A-R (5′-CGT CAA CAC AGT TGC
GAG TAG CAG AAC GCC CTG ACG-3′) and UDG-
HindIII and N123A-F (5′-GGC GTT CTG CTA CTC
GCA ACT GTG TTG ACG GTA CGC-3′), respectively.
The PCR mixture (50 �l) contained 10 ng of pET21a-UNG
as a template, 200 nM each primer, 200 �M each dNTP,
1× Taq DNA polymerase buffer and 5 units of Taq DNA
polymerase. The PCR procedure included a predenatura-
tion step at 95◦C for 3 min, 30 cycles of three-step ampli-
fication with each cycle consisting of denaturation at 95◦C
for 50 s, annealing at 65◦C for 50 s and extension at 72◦C
for 1 min, and a final extension step at 72◦C for 10 min. The
resulting two expected DNA fragments were used for over-
lapping PCR to introduce the desired mutation. This sec-
ond run of the PCR reaction mixture (100 �l), which con-
tained 1 �l of each of the first run PCR products, 100 �M
each dNTP, 1× Taq DNA polymerase buffer and 5 units of

Figure 1. Substrates, sequence alignment, structure and UDG activity.
(A) Sequences of uracil-containing DNA substrates. (B) Sequence align-
ment of E. coli MUG (GenBank accession number P0A9H1.1), E. coli
UNG (GenBank accession number NP 417075.1) and Tth UDGb (Gen-
Bank accession number YP 144415.1). (C) Structure of E. coli MUG (PDB
1MUG) with uracil. Motifs 1 and 2 are shown in orange and purple, re-
spectively. K68 and uracil are colored by atom type. (D) DNA glycosylase
activity of MUG-WT on uracil-containing substrates. Cleavage reactions
were performed as described in the Materials and Methods section with
100 nM MUG-WT protein and 10 nM substrate. (E) DNA glycosylase ac-
tivity of MUG-K68N on uracil-containing substrates. Cleavage reactions
were performed as described in the Materials and Methods section with
100 nM MUG-K68N protein and 10 nM substrate.

Taq DNA polymerase, was initially carried out with a pre-
denaturation at 95◦C for 2 min, five cycles with each cycle
of denaturation at 95◦C for 30 s and annealing and exten-
sion at 60◦C for 4 min, and a final extension at 72◦C for 5
min. Afterward, 100 nM outside primers (UDG-NdeI and
UDG-HindIII) were added to the above PCR reaction mix-
ture to continue the overlapping PCR reaction under the
same reaction condition with 25 cycles. The PCR product
was cloned into pET21a as described above. The recom-
binant plasmid (pET21a-UNG-N123A) containing the de-
sired mutated gene was confirmed by DNA sequencing and
electroporated into E. coli strain BH214 (mug−, ung−). The
E. coli MUG and UNG mutant proteins were expressed
and purified as described above. The cloning, protein ex-
pression and site-directed mutagenesis of Thermus ther-
mophilus HB8 (Tth) UDGb gene (Uniprot accession num-
ber Q5SJ65) were performed as previously described (16).

DNA glycosylase activity assay

The sequences of the fluorescently labeled oligodeoxynu-
cleotide substrates are shown in Figure 1A and prepared
as previously described (12). DNA glycosylase cleavage as-
says for E. coli MUG and UNG were performed at 37◦C
for 60 min in a 10-�l reaction mixture containing 10 nM
DNA substrate, 100 nM DNA glycosylase, 20 mM Tris-
HCl (pH 7.5), 100 mM KCl, 5 mM EDTA and 2 mM 2-
mercaptoethanol. The glycosylase assay for Tth UDGb was
performed as previously described (16). The resulting aba-
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sic sites were cleaved by incubation at 95◦C for 5 min af-
ter adding 0.5 �l of 1 N NaOH. Reactions were quenched
by addition of an equal volume of GeneScan stop buffer.
Samples (3.5 �l) were loaded onto a 7 M urea-10% denatur-
ing polyacrylamide gel. Electrophoresis was conducted us-
ing an Applied Biosystems 3130xl Genetic analyzer. Cleav-
age products and remaining substrates were quantified us-
ing GeneMapper analysis software for Applied Biosystems
3130xl Genetic analyzer.

Gel mobility shift assay

The binding reactions were performed on ice for 10 min in
a 10-�l volume containing 50 nM DNA substrate, 20 mM
Tris-HCl (pH 7.2), 50 mM NaCl, 5 mM EDTA, 1 mM DTT,
0.1 mg/ml bovine serum albumin, 10% glycerol and the in-
dicated amount of E. coli MUG protein. Samples were sup-
plemented with 2 �l of 100% glycerol and electrophoresed
at 200 V on a 6% native polyacrylamide gel in 1 x TB buffer
(89 mM Tris base and 89 mM boric acid) supplemented with
5 mM EDTA. The bound and free DNA species were ana-
lyzed using a Typhoon 9400 Imager (Molecular Dynamics)
with the following settings: photomultiplier tube at 600 V,
excitation at 495 nm, and emission at 535 nm. To determine
the KD values of the E. coli MUG enzymes to G/U base
pairs, the mobility shift reactions were performed with 50
nM G/U-containing substrate and 0, 25, 50, 100, 150, 200,
250, 300, 400 or 500 nM of E. coli MUG enzyme (MUG-
WT or MUG-K68N). To determine the KD values of the E.
coli MUG-K68N to the A/U base pair, the mobility shift re-
actions were performed with 100 nM A/U-containing sub-
strate and 0, 50, 100, 200, 300, 400, 500, 600, 800 or 1000 nM
E. coli MUG K68N protein. The intensities of the bands
were quantified by Image J program. It has been reported
that E. coli MUG exhibits cooperative binding to DNA
(19). Accordingly, Hill plot was used for the KD calculation
using Deltagraph software,

[S]Free = [S]T − [S]T × [E]h

Kh
D + [E]h

,

where KD is the equilibrium dissociation constant, [E] is the
enzyme concentration, [S]T is the total substrate concentra-
tion, h is the Hill coefficient and [S]Free is the free substrate
concentration.

In vivo assay

The plasmids pET32a-MUG and pET32a-MUG K68N
were amplified using Ec.MUGPBS-F: 5′-GG CTG CAG
GAA TTC CAT GGT TGA GGA TAT TTT GGC TC-
3′and Ec.MUGPBS-R: 5′-GAA TTC AAG CTT TTA
TCG CCC ACG CAC TAC CAG C-3′ and PCR products
were digested with EcoRI and HindIII, and the fragment
containing the MUG gene was cloned to pBluescript SK (+)
to generate pBS-MUG. The resulting plasmids were con-
firmed by sequencing and electroporated to E. coli BW276
(Δxth, dut-1, ung-1). Tester cultures, inoculated as a single
colony, were grown in LB medium (with 100 �g/ml ampi-
cillin and 125 �g/ml thymidine) at 22◦C for 48–72 h and
diluted 100-fold into prewarmed media at 22◦C and inocu-
lated with shaking for 3–4 h until optical density at 600 nm

reached 0.6. After adding IPTG to a final concentration of
1 mM, the cultures were incubated at 22◦C for additional 4
h. Before plating, 40 �l of 100 mM IPTG was spread on the
LB plates containing ampicillin and thymidine. Afterward,
106-diluted cells (100 �l) were plated on LB plates contain-
ing ampicillin and thymidine. Cell numbers were scored af-
ter 24 h of incubation at 42◦C or after 72 h of incubation
at 22◦C. The relative plating efficiencies were taken as the
ratios of the cell numbers between 42 and 22◦C. Data were
calculated based on six independent experiments.

Molecular modeling

The crystal structure of family 2 (E. coli MUG), family 1
(E. coli UNG) and family 5 (Tth UDGb) UDG was ac-
quired from the RCSB Protein Data Bank (accession codes
1MUG, 2EUG and 2DEM, respectively) and used as a
model for subsequent computational analysis. The crystal
structure of the human UDG–DNA complex (PDB acces-
sion code 1EMH) was used as the DNA model to build the
flipped out double-stranded DNA complexed with the pro-
tein MUG using the Swiss-Pdb Viewer (SPDBV) program
(20). The single amino acid mutants MUG-K68N, UNG-
N123A and UDGb-A111N were also made using the mu-
tation tool in the Swiss-Pdb Viewer program and the ‘best
rotamer’ was chosen with the lowest clash score (Supple-
mentary Table S1).

RESULTS

Amino acid substitutions at the K68 position and UDG activ-
ity on A/U base pairs

Enzymes in the UDG superfamily contain two motifs that
are important for substrate binding and catalysis (Figure
1B). The N123 between the two motifs in E. coli UNG inter-
acts with uracil by forming bidentate hydrogen bonds with
the N3 and O4 moieties (Figure 1B and Supplementary Fig-
ure S2). E. coli MUG is a small protein of 168 amino acids
with UDG activity that excises uracil from a mismatched
base pair. The sequence and structural equivalent position
to the N123 in E. coli UNG in the MUG enzyme is K68
(Figure 1B). The crystal structure of MUG protein suggests
that the bidentate interaction with uracil is lost in MUG due
to the occupation of this position by a Lys residue (Figure
1C). To test the role of K68 in determining the catalytic ef-
ficiency and substrate specificity, we converted it to Asn in
MUG. The MUG-K68N mutant became an enzyme that
can remove uracil from an A/U base pair (Figure 1D and
E). In addition, the UDG activity on all double-stranded
uracil-containing base pairs was enhanced, but no activ-
ity on single-stranded uracil-containing DNA was observed
under the assay conditions (Figure 1D and E).

Based on this observation, we made 10 additional substi-
tutions at the K68 position (Figure 2). Three hydrophobic
amino acid substitutions, K68A, K68M and K68I, reduced
the UDG activity, with the most hydrophobic substitution
by Ile showing the greatest effect (Figure 2B–D). K68Q,
K68D and K68E substitutions all increased the UDG ac-
tivity on mismatched T/U, G/U and C/U base pairs (Fig-
ure 2F–H). It was reported that human UNG-N204D mu-
tation allowed the enzyme to gain cytosine DNA glycosy-
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Figure 2. Analysis of DNA glycosylase activity of wt MUG and K68 mu-
tants on uracil-containing substrates. Cleavage reactions were performed
as described in the Materials and Methods section with 100 nM E. coli
MUG protein and 10 nM substrate. Data are the averages of at least three
independent experiments. (A) MUG-WT. (B) MUG-K68A. (C) MUG-
K68M. (D) MUG-K68I. (E) MUG-K68N. (F) MUG-K68Q. (G) MUG-
K68D. (H) MUG-K68E. (I) MUG-K68S. (J) MUG-K68T. (K) MUG-
K68R. (L) MUG-K68Y. Statistical analysis was performed using T-test.
*P < 0.05.

lase (CDG) activity (21). Under the assay conditions, we
did not detect CDG activity in E. coli MUG-K68D. The
K68Q mutant, which bears the closest chemical similarity
to K68N, also showed weak activity on the A/U base pair
and increased activity toward the mismatched base pairs as
compared with the wild-type MUG enzyme (Figure 2F).
The K68S, K68T and K68R mutants all reduced the UDG
activity, and K68Y abolished the activity to below detec-
tion (Figure 2I–L). These results indicate that Asn, within
the UDG structural context, is the most optimal choice for
the UDG activity.

Binding affinity and catalytic efficiency of K68 mutants to
G/U and A/U base pairs

To examine how the K68N substitution may alter the bind-
ing affinity toward uracil-containing DNA, we determined
the KD values of the WT and K68N enzymes by gel mo-
bility shift analysis (Figure 3). For the G/U base pair, the
K68N substitution reduced the KD value from 292 to 146
nM, resulting in a 2-fold increase in affinity (Figure 3A
and B and Table 1). For the A/U base pair, the wild-type
MUG enzyme did not show any noticeable affinity (Figure
3C). However, the K68N substitution increased the binding
affinity from not detectable to a KD value of 566 nM (Figure
3D and Table 1).

To determine the effect of the substitution on catalysis, we
measured the single turnover rate constants of the wild-type
and the K68N mutants. For the G/U base pair, the K68N
substitution improved the kst value from 2.7 per min to 27.7
per min, a 10-fold increase (Table 1). The kst value of the
wild-type MUG obtained here for the G/U base pair is sim-
ilar to that reported in a previous study (11). For the A/U
base pair, the K68N mutant exhibited a single turnover rate
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Figure 3. Gel mobility shift analysis of wt MUG and K68 mutants on
uracil-containing substrates. Binding reactions were performed as de-
scribed in the Materials and Methods section with 50 nM G/U base pair
and 100 nM A/U base pair substrates and indicated amount of MUG pro-
tein. (A) MUG-WT with G/U base pair. (B) MUG-K68N with G/U base
pair. (C) MUG-WT with A/U base pair. (D) MUG-K68N with A/U base
pair. Data are the averages of three independent experiments.

Table 1. Binding affinity and rate constants of E. coli MUG wild type and
K68N on G/U- or A/U-containing substratesa

KD (nM) kST (min−1)

WT G/U 292.3 ± 16.5 2.7 ± 0.2
K68N 146.0 ± 15.3 27.7 ± 1.9

WT A/U n.d.b n.d.
K68N 565.6 ± 25.1 1.8 ± 0.06

aTo determine the single turnover rate of the wild-type MUG and the
K68N mutant enzymes with the G/U substrate, the reaction mixtures con-
taining 5000 nM E. coli MUG enzyme, 50 nM G/U substrate and the re-
maining components as described above were incubated at 37◦C. Samples
were withdrawn at 0 s, 2 s, 5 s, 10 s, 20 s, 30 s, 1 min, 2 min and 5 min. To
determine the single turnover rate of the K68N mutant enzyme with the
A/U substrate, the reaction mixtures containing 10000 nM E. coli MUG-
K68N enzyme, 50 nM A/U substrate and the remaining components as
described above were incubated at 37◦C. Samples were withdrawn at 0 s,
10 s, 20 s, 30 s, 1 min, 2 min, 3 min and 5 min. Based on the KD values for
the G/U or A/U substrates, the enzyme and the substrate reached at least
95% saturation in the single turnover measurements. The rate constants
were determined by curve fitting using the integrated first-order rate equa-
tion (Deltagraph), P = Pmax (1-e−kt), where P is the product yield, Pmax
is the maximal yield, t is time and k is rate constant. Data are the averages
of three independent experiments.
bNot determined.

of 1.8 per min (Table 1). For comparison, the wild-type en-
zyme did not show any detectable UDG activity on the A/U
base pair under the assay conditions.

In vivo repair of A/U base pair by K68N mutant

UDG may remove uracil bases in DNA that are gener-
ated from two sources. First, deamination of cytosine in a
G/C base pair will convert cytosine to uracil, resulting in
a G/U base pair. Second, dUMP may be misincorporated
from dUTP in the nucleotide pool into DNA to become
an A/U base pair, especially when the dUTP concentration
is high. Given that K68N gained enzymatic activity on an
A/U base pair, we would like to know whether the activ-
ity could remove uracil from misincorporation. Previously,
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Figure 4. The survival of E. coli BW276 containing mug-wt and mug-
K68N genes at 42 and 22◦C. (A) Principle of the in vivo assay. dut: gene for
dUTPase; tms: gene for thymidylate synthase; TS: temperature sensitive.
(B) The survival of E. coli BW276 containing pBS-MUG-WT and pBS-
MUG-K68N at 42 and 22◦C. Cells with A600 value of 1 were diluted 1 ×
106 times. Diluted cells (100 �l) were spread on the LB plates containing
ampicillin and thymidine and incubated for 24 h at 42◦C or 72 h at 22◦C.
(C) Quantitative analysis of survival. The relative plating efficiencies were
calculated by the ratio of the cell numbers between 42 and 22◦C. The data
are the averages of six independent experiments.

we established an E. coli-based genetic system to test the
repair in vivo (16). The basic premise of the system is that
it contains ung- xth- (xth encodes the major AP endonu-
clease called exonuclease III) dutts. Because the dUTPase
gene (dut) is temperature sensitive, uracil will be incorpo-
rated into DNA at higher temperatures (Figure 4A). DNA
polymerases can incorporate dUMP with similar efficiency
as dTMP to form A/U base pairs (22). E. coli cells can tol-
erate a limited amount of uracil in its genomic DNA (23).
On the other hand, the introduction of a UDG with activity
on A/U base pairs would continuously remove uracil bases,
resulting in AP sites, which would render the cells unviable
(Figure 4A). When the MUG-K68N was introduced into
the E. coli BW276 cells, its relative plating efficiency (a ratio
of cell counts at 42◦C versus 22◦C) was reduced compared
to the MUG-WT (Figure 4B and C). These results indi-
cated that the UDG activity on A/U base pairs obtained
through the K68N substitution enabled MUG to remove
uracil resulting from polymerase misincorporation during
DNA replication.

E. coli UNG-N123A and Tth UDGb-A111N mutants

It is clear that the K68N substitution greatly increased the
UDG activity in E. coli MUG (Figure 5A and B). The wild-
type family 1 E. coli UNG is a highly efficient enzyme. As
shown in Figure 5C, the enzyme completed the reaction
within seconds. In E. coli UNG, the homologous position to
MUG-K68 is a highly conserved Asn residue (Figure 1B).
To test the effect of losing the bidentate hydrogen bonds in
family UNG, we changed UNG-N123 to Ala. The single
amino acid substitution caused a dramatic loss of UDG ac-
tivity. As indicated in Figure 5D, the N123A substitution
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Figure 5. Effect of E. coli MUG-K68N, E. coli UNG-N123A and Tth
UDGb-A111N substitutions on uracil DNA glycosylase activity. Cleavage
reactions were performed as described in the Materials and Methods sec-
tion with 100 nM E. coli MUG, E. coli UNG or Tth UDGb protein and 10
nM substrate. Time course analysis was conducted from 0 to 60 min. Data
are the averages of three independent experiments. ( ) C/U; ( ) G/U; ( )
A/U; ( ) T/U; ( ) single-stranded U. (A) Time course analysis of uracil
DNA glycosylase activity of E. coli MUG-WT on uracil-containing sub-
strates. (B) Time course analysis of uracil DNA glycosylase activity of E.
coli MUG-K68N mutant on uracil-containing substrates. (C) Time course
analysis of uracil DNA glycosylase activity of E. coli UNG-WT on uracil-
containing substrates. Inset: time course analysis between 0 and 20 s. (D)
Time course analysis of uracil DNA glycosylase activity of E. coli UNG-
N123A mutant on uracil-containing substrates. (E) Time course analysis
of uracil DNA glycosylase activity of Tth UDGb-WT on uracil-containing
substrates. (F) Time course analysis of uracil DNA glycosylase activity of
Tth UDGb-A111N mutant on uracil-containing substrates.

reduced the activity to such a degree that the reactions with
the A/U base pair and the single-stranded uracil substrate
could not be completed even with 1-h incubation.

The scenario above represents a case in which the natural
amino acid in this position is an Asn. Like E. coli MUG,
another scenario is that the natural amino acid is not an
Asn. The position equivalent to MUG-K68 is an Ala in
family 5 Tth UDGb (Figure 1B). The wt UDGb enzyme
already contained UDG activity on A/U base pairs (Fig-
ure 5E). By substituting A111 with Asn, the UDG activ-
ity was increased for C/U, G/U and T/U (Figure 5E and
F). The UDG activity on A/U was also higher following
the A111N substitution (Figure 5E and F). These results
indicate that within the sequence and structural context of
family 5 UDGb, the Asn substitution can also enhance the
UDG activity especially for A/U base pairs.
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Figure 6. Modeling of interactions between glycosylase and uracil. The
hydrogen bonds are shown in blue. (A) Interactions between MUG-WT
and uracil based on a model built from the solved crystal structure (pdb
1MUG). K68 and uracil are colored by atom type. (B) Interactions be-
tween MUG-K68N and uracil. MUG-K68N structure was modeled from
pdb MUG-K68N. K68N and uracil are colored by atom type. (C) Interac-
tions between UNG-WT and uracil based on the solved crystal structure
(pdb 2EUG). N123 and uracil are colored by atom type. (D) Interactions
between UNG-N123A and uracil. UNG-N123A structure was modeled
from pdb 2EUG. N123A and uracil are colored by atom type. (E) Interac-
tions between Tth UDGb-WT and uracil based on the solved crystal struc-
ture (pdb 2DEM). A111 and uracil are colored by atom type. (F) Inter-
actions between UDGb-A111N and uracil. UDGb-A111N structure was
modeled from pdb 2DEM. A111N and uracil are colored by atom type.

Molecular modeling of MUG-uracil, UNG-uracil and
UDGb–uracil interactions

To understand the structural effect of the K68N substi-
tution on MUG, we modeled the Asn substitution to the
MUG structure. While the K68 in WT MUG is pointing
away from the uracil base, K68N allowed the amide side
chain to rotate and form bidentate hydrogen bonds with
uracil, as seen in E. coli UNG (Figure 6A and B and Sup-
plementary Figure S2A and B). To understand how N123A
may alter the interactions with uracil, we modeled UNG-
N123A structure. In comparison with UNG-WT, UNG-
N123A lost hydrogen bonds with the uracil base (Figure
6C and D and Supplementary Figure S2C and D). Like-
wise, Tth UDGb-A111N again formed bidentate hydrogen

bonds with uracil (Figure 6E and F and Supplementary Fig-
ure S2E and F).

DISCUSSION

E. coli MUG differs from E. coli UNG in specificity and cat-
alytic efficiency (1,2,11,12,24–26). Structural studies have
defined how UNG specifically recognizes a uracil base in
the binding pocket (27,28), in which N123 forms bidentate
hydrogen bonds with N3 and O4 of uracil. Substitution of
N123 with Asp in human and E. coli UNG causes a pro-
found loss of uracil excision activity yet one of the human
UNG mutants gains the ability to excise cytosine in DNA
(21,29), suggesting that N123 in family 1 UNG is an impor-
tant determinant for the UDG activity. Structural investiga-
tions reveal the lack of specific interactions resulting from
the lysine (K68) at the equivalent position in E. coli MUG
(8,9).

This study examined the role of position 68 in determin-
ing the UDG specificity and catalytic efficiency in E. coli
MUG. Conversion of K68 to Asn enables the MUG enzyme
to excise uracil from an A/U base pair (Figures 1 and 2).
Among the 11 substitutions tested, only K68N and K68Q
gained UDG activity on A/U base pairs, indicating the
critical role of the bidentate hydrogen bonds in facilitating
the excision of uracil from an A/U base pair. Even though
K68D and K68E did not show any detectable UDG activity
on the A/U base pair, the activity on the mismatched uracil-
containing T/U, G/U and C/U base pairs was noticeably
enhanced (Figure 2G and H). Likewise, K68N and K68Q
not only allowed MUG to gain UDG activity on A/U base
pairs, they also enabled MUG to act more efficiently on the
three mismatched uracil-containing base pairs (Figure 2E
and F). The fact that the WT MUG can only act on mis-
matched uracil-containing base pairs suggests the reliance
of catalysis on spontaneous base flipping by the MUG en-
zyme. Our previous potentials of mean force analysis has
already indicated that the mismatched T/U, G/U and C/U
base pairs have a greater tendency to flip out of the DNA
helix (12), thus allowing capture by the base recognition
pocket in the MUG enzyme. Other studies also underscore
the role of thermal stability of base pairs and duplex stabil-
ity in substrate recognition (30–33). Evidently, the possibil-
ity to form bidentate hydrogen bonds offered by the K68N
mutant greatly enhances the productive MUG-uracil bind-
ing, which leads to more efficient excision of uracil from all
the base pairs (Figures 1, 6 and 7).

Similar to previous studies (29,34,35), we also find N123
in E. coli UNG to be profoundly important for UDG ac-
tivity. Structurally, N123 forms bidentate hydrogen bonds
with N3 and O4 of uracil (Figure 6). Previous analysis has
emphasized the role N123 plays in bringing an induced fit
conformational change to allow UNG to become catalyti-
cally competent (29,34–36). Based on the time course anal-
ysis presented in Figure 5, we estimated that the UDG ac-
tivity on mismatched C/U, G/U and T/U base pairs was re-
duced by two orders of magnitude, and the activity on A/U
and single-stranded uracil-containing DNA diminished by
three to four orders of magnitude, respectively. These results
indicate that the N123A mutation renders the family 1 E.
coli UNG much like a family 2 MUG with respect to UDG
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activity. Similar to MUG, the substitution of A111 in fam-
ily 5 Tth UDGb with Asn increases all UDG activity on
double-stranded uracil-containing DNA several-fold with
the largest increase seen with the A/U base pair (Figure 5).
These results indicate that this position is also an important
determinant for the family 5 UDGb. The caveat is that fam-
ily 5 Tth UDGb possesses UDG activity on A/U base pairs
even in the wt enzyme in which position 111 is occupied by
an Ala residue. Therefore, this position is a critical but not
a sole determinant of the UDG activity on A/U base pairs.

The quantitative analysis of the binding affinity and the
effect on catalysis offers insight into how the E. coli MUG
enzyme becomes a UDG with much enhanced catalytic ef-
ficiency on uracil-containing DNA, in particular the A/U
base pair. At the ground state, the K68N substitution appar-
ently increased the binding affinities of the mutant toward
either G/U and A/U base pairs (Figure 3 and Table 1). For
the G/U base pair, the K68N substitution resulted in a 2-
fold increase in the ground state binding (Table 1). To deter-
mine the effect of K68N substitution on the transition state,
we compared the single turnover rate constants between the
wild-type enzyme and the mutant. Remarkably, the single
amino acid substitution changed the kst by 10-fold for the
G/U base pair (Table 1). The transition state catalytic rate
analysis, combined with the ground state binding analysis,
demonstrates that the K68N substitution greatly enhances
the transition state interactions between the enzyme and the
uracil, which results in a significant reduction in the ��G at
the transition state (Figure 7). Meanwhile, the formation of
the bidentate hydrogen bonds facilitates the recognition and
retention of the uracil base in the binding pocket to allow
MUG to enter a catalytically competent state for glycosidic
bond cleavage (Figure 7).

According to the RNA world theory, RNA played a dual
role as a storage molecule for genetic material and a cata-
lyst to accelerate biochemical reactions. During the transi-
tion from the RNA world to the modern DNA world, uracil
was replaced by thymine and ribose was replaced by de-
oxyribose. The advantage of selecting thymine over uracil in
DNA may be 2-fold. First, A/T base pairs confer increased

stability to double helical DNA relative to A/U base pairs
(37). Second, a prevailing view is that the replacement of
uracil with thymine is needed in order to distinguish endoge-
nous uracil in A/U base pairs from uracil generated from
cytosine deamination in G/U base pairs (38). This model
implies that the prototypic enzyme involved in the repair of
cytosine deamination must have possessed activity toward
both A/U and G/U base pairs. If endogenous uracil in A/U
base pairs is not marked by adding a methyl group to be-
come thymine, it will be subject to constant removal by a
UDG, thus, creating a futile cycle (39). It is suggested that
the replacement of uracil by thymine is due to the nature of
a prototypic UDG (coined as a leaky MUG) that preferen-
tially excised uracil from G/U base pairs yet occasionally
removed uracil from A/U base pairs (39). The occasional
removal of uracil from A/U base pairs, although tolerated,
provides a selection force to replace endogenous uracil with
thymine. Data presented here suggest that a leaky MUG can
be generated through a small number of mutations starting
from a family 1 UNG-like enzyme or a family 2 MUG-like
enzyme. Within the sequence and structural context of E.
coli MUG, a single amino acid substitution at the K68 po-
sition can create a leaky MUG that maintains a low-level ac-
tivity toward endogenous A/U base pairs as demonstrated
by the in vitro and in vivo analysis. Likewise, an ancestral
family 1 UNG-like enzyme may lack N123 residue, thereby
acting similarly as a leaky MUG-type UDG. Understand-
ing the evolutionary history of UDG superfamily will reveal
valuable insight regarding this hypothesis.
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