
Differential modes of DNA binding by mismatch
uracil DNA glycosylase from Escherichia coli:
implications for abasic lesion processing and
enzyme communication in the base excision
repair pathway
Seden Grippon1, Qiyuan Zhao1, Tom Robinson2, Jacqueline J. T. Marshall3,

Rory J. O’Neill6, Hugh Manning2, Gordon Kennedy4, Christopher Dunsby3,4,

Mark Neil4, Stephen E. Halford5, Paul M. W. French5 and Geoff S. Baldwin1,*

1Division of Molecular Biosciences, Sir Alexander Fleming Building, 2Chemical Biology Centre, Imperial College
London, South Kensington, London, SW7 2AZ, 3Department of Histopathology, Imperial College London, Du
Cane Road, London, W12 0NN, 4Department of Physics, Imperial College London, South Kensington, London,
SW7 2AZ, 5Department of Biochemistry, University of Bristol, University Walk, Bristol, BS8 1TD and 6Bioline
Ltd, 16 The Edge Business Centre Humber Road, London, NW2 6EW, UK

Received December 21, 2009; Revised September 22, 2010; Accepted September 23, 2010

ABSTRACT

Mismatch uracil DNA glycosylase (Mug) from
Escherichia coli is an initiating enzyme in the
base-excision repair pathway. As with other DNA
glycosylases, the abasic product is potentially
more harmful than the initial lesion. Since Mug is
known to bind its product tightly, inhibiting
enzyme turnover, understanding how Mug binds
DNA is of significance when considering how Mug
interacts with downstream enzymes in the base-
excision repair pathway. We have demonstrated
differential binding modes of Mug between its sub-
strate and abasic DNA product using both band shift
and fluorescence anisotropy assays. Mug binds its
product cooperatively, and a stoichiometric analysis
of DNA binding, catalytic activity and salt-
dependence indicates that dimer formation is of
functional significance in both catalytic activity and
product binding. This is the first report of
cooperativity in the uracil DNA glycosylase super-
family of enzymes, and forms the basis of product
inhibition in Mug. It therefore provides a new per-
spective on abasic site protection and the findings
are discussed in the context of downstream lesion
processing and enzyme communication in the base
excision repair pathway.

INTRODUCTION

DNA glycosylases are the enzymes that initiate
base-excision repair (BER) by recognizing and removing
base lesions. Mono-functional DNA glycosylases remove
the base lesion through cleavage of the N-glycosidic bond,
resulting in an apurinic/apyrimidinic (AP) site (1). The AP
site is a substrate for the next enzyme in the repair
pathway, an AP endonuclease, which cleaves 50 of the
abasic lesion, to leave a 30-OH, enabling completion of
repair by DNA polymerase and ligase.
The Escherichia coli mismatch uracil DNA glycosylase

(Mug) was first identified on the basis of sequence simi-
larity to the core region of the eukaryotic thymine DNA
glycosylase (TDG) (2). It is a mono-functional DNA
glycosylase initially cited as having activity against U�G
(2) and T�G (3) lesions. Subsequent studies have identified
ethenocytosine as its primary target, but with good
activity against U�G (4,5). It has been reported as
having a broad spectrum of activity against a variety of
lesions (6–9), although for many of these, including T�G,
the rates of reaction are unlikely to be of physiological
significance (5). In vivo studies have demonstrated that it
is expressed in the stationary phase of cell growth,
although Mug mutants exhibit only a minor mutator
phenotype (10), so its precise role remains something of
an enigma.
One of the notable aspects of BER is that the intermedi-

ate AP lesions are frequently more unstable and thus
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potentially more damaging than the initial base lesion.
There has thus been a great deal of interest in how the
enzymes in BER are able to coordinate their action to
minimize the escape of unstable intermediates. Several
DNA glycosylases have been noted to have very slow
rates of product dissociation including Mug (5) and
TDG (11), and it has been suggested that this may be a
general protective mechanism, whereby coordination of
enzyme activity in BER is achieved through displacement
of the DNA glycosylase by the downstream AP endo-
nuclease. Numerous DNA glycosylases have now been
cited as having an increased turnover in the presence of
an AP endonuclease (12–21).
Such studies on DNA glycosylase/AP endonuclease

interactions rarely discriminate between possible mechan-
istic models, which could either function via a passive
mode, whereby the DNA glycosylase dissociates and the
AP endonuclease then binds and cleaves the abasic site to
relieve the product inhibition; alternatively an active
mechanism would require the displacement of the
glycosylase by the AP endonuclease, thus actively
facilitating turnover of the DNA glycosylase. Many of
the cited studies use a large excess of AP endonuclease
to observe an effect, which may suggest a passive enhance-
ment, although a recent study of TDG (21) used burst
phase kinetics to demonstrate an active mechanism for
TDG displacement by HAP1.
In light of the possible downstream interactions that

delineate BER pathways, the mode of DNA binding by
glycosylases is of significant interest. DNA glycosylases
have generally been assumed to be monomeric functional
enzymes, although cooperative binding has been observed
for O6-alkylguanine-DNA alkyltransferase (22,23). TDG
has also been observed to bind DNA with a 2:1 stoichi-
ometry, although a 1:1 complex is sufficient for activity
(24). Here we investigate the binding of Mug to its abasic
DNA product and of an inactive Mug mutant enzyme to
substrate DNA. We have identified differential binding
modes between substrate and product and investigated
the effects on catalysis.

MATERIALS AND METHODS

Protein purification

The mismatch uracil glycosylase from E. coli (Mug) was
overexpressed and purified as described earlier (5). The
concentration of the protein was calculated from the
OD280, based on an extinction coefficient of 25 590
M�1cm�1 after concentration by ultrafiltration using the
eluent for background correction. This method for
determining protein concentrations was also verified
using a Bio-Rad protein assay. Glycerol was added to
20% (v/v) based on the mass of glycerol added and its
specific gravity (1.129 at 25�C), and aliquots of the
enzyme were snap-frozen and stored at �20�C.
Concentrations were re-measured by spectrometry after
addition of glycerol to both enzyme and the eluent used
for background correction. The N18A catalytic mutant
was made by quick-change mutagenesis and was
expressed, purified and quantified as above.

Oligonucleotide synthesis and purification

All oligonucleotides were synthesised by Eurogentec S.A.
(Seraing, Belgium) and supplied HPLC purified, where
necessary they were re-purified by HPLC as described
earlier (25), but using a Thermo-Electron Surveyor
HPLC system. Abasic and non-specific oligonucleotides
have the same sequence 50 GCT ATG GAC TAA XAA
TGA CTG CGT G 30 where X is the abasic tetra-
hydrofuran analogue (AP), cytosine (C) or uracil (U).
Both oligonucleotides were labeled with 6-carboxy-
20,4,40,50,7,70-hexachlorofluorescein (Hex) on their
50-terminus. Double-stranded substrates were made by an-
nealing the AP, C or U strand with an equimolar amount
of the complementary strand containing a G opposite the
abasic/non-specific site (50 CAC GCA GTC ATT GTT
AGT CCA TAG C 30). The strands were annealed by
heating to 90�C and cooling slowly to room temperature.
The double-stranded substrates are referred to as
HexAP�G, HexC�G or HexU�G. Unlabelled abasic com-
petitor that was used for competition titration experiments
contained the same sequence as HexAP�G, except it wasn’t
labelled, and is referred to as AP�G. Oligonucleotides used
in band shift assays were 50 Hex GAC TAA XAA TGA
CTG CG 30, where X is the abasic furanose analogue,
cytosine or uracil, and annealed to the complementary
strand (50 CGC AGT CAT TGT TAGTC 30), as above,
to give 17–AP�G, 17–C�G and 17-U�G, respectively.
17-U�G was also used in the glycosylase activity assays,
and uracil was replaced by ethenocytosine in the relevant
assays.

Oligonucleotide concentrations were determined
by OD260 using extinction coefficients based on their
nucleotide composition. Where Hex labels were present
these were included in the calculation using e260
31 580M�1 cm�1 (Glenn Research). These were
measured as single strands following purification to
avoid hyperchromicity changes on formation of
double-stranded DNA.

Equilibrium DNA binding assays

Equilibrium DNA binding assays were performed to
examine the binding of Mug glycosylase to the
50-hexachlorofluorescein-labelled oligonucleotides
(HexAP�G, HexC�G and HexU�G). A Fluoromax-3
spectrofluorometer, fitted with automated polarization
filters (Horiba Scientific) was used to measure fluorescence
anisotropy. Data were recorded using an excitation wave-
length of 535 nm and an emission wavelength of 556 nm.
The binding assays were conducted at 25�C in 400 ml
reaction volume in standard Mug binding buffer (50mM
Tris–HCl, pH 8.0, 1mM EDTA and 50mM NaCl), or
with alternative concentrations of NaCl, as indicated.
Small amounts of the enzyme were titrated into 100 nM
of HexAP�G, HexC�G or HexU�G. Five measurements of
anisotropy were made and averaged and each protein ti-
tration repeated at least in duplicate. Data were fitted
using Grafit 6 with a Hill equation (Erithacus Software)
or a tight binding equation (26).
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Time-resolved fluorescence anisotropy analysis

Fluorescence decays were collected using a custom built
time-resolved spectrofluorometer, incorporating a tunable
picosecond excitation source with spectrally and polariza-
tion resolved detection by time-correlated single photon
counting, as previously described in Manning et al. (27).
Enzyme titrations were performed as described earlier.
Excitation was set to 530 nm with emission collected at
550 nm. Decays were measured at polarizations angles
parallel, perpendicular and at the magic angle to the exci-
tation. Typical acquisition times were 30 s at each polar-
ization setting. An instrument response function was
measured using a scattering solution of LUDOX and a
G-factor was measured using rhodamine B in methanol.

Analysis of the fluorescence anisotropy decays was per-
formed using TRFA data processor (Scientific Software
Technologies Center, Minsk, Belarus). The data were
fitted using the anisotropy model shown in Equation 1
(28). In this equation m(t) is the polarization intensity
at time t. A is the parameter that accounts for the different
detection efficiencies of the system at different polariza-
tion angles and in this case the measured G-factor was
used. �j is the pre-exponential associated with the
lifetime value �j, � is the polarization angle, r1 is the
limiting anisotropy and �k the pre-exponential associated
with the rotational correlation time �k.

mðtÞ ¼A�
X
j

�j exp �t=�j
� �(

� 1+ 3 cos2 �� 1
� �

r1+
X
k

�k expð�t=�kÞ

 !" #)

ð1Þ

The goodness of fit was judged based on the reduced
�2-value and visual inspection of the residuals. The data
were best fitted using two fluorescence lifetime compo-
nents and two rotational correlation times.

Bands shift assays

In a standard assay (50 ml volume), 100 nM Hex-labelled
oligonucleotide duplex was incubated with increasing con-
centrations of either wild-type or N18A Mug in reaction
buffer [50 mM Tris–HCl, pH 8.0, 50mM NaCl, 1mM
EDTA and 0.1mg ml�1 bovine serum albumin (BSA)] at
25�C for 30min. Prior to loading, samples were mixed
with glycine betaine to a concentration of 1 M, left for
5min and then mixed with 6� loading buffer (0.042%
bromophenol blue) and loaded immediately onto an 8%
polyacrylamide gel, which had been pre-run at constant
40 V in 1� TBE buffer for 60min at 4

�

C. Glycine betaine
has been shown to act as an osmolyte that stabilizes
protein–DNA interactions, which is particularly import-
ant during loading of a native gel (29). PAGE was per-
formed at constant 40 V in 1� TBE buffer for 220min at
4�C. The gels were visualized using a Fuji FLA-5000 fluor-
escent image analyzer and band intensities quantified
using PhoretixTM 1D software. Data were fitted using
GraFit 6 (Erithacus Software).

DNA glycosylase activity assays

In order to determine the optimal Mug:DNA ratio for
maximum glycosylase activity, 200, 400, 600 nM 17-U�G
was incubated with increasing amounts of Mug for
15min. The substrate was reacted at 25�C with Mug in
reaction buffer (50mM Tris–HCl, pH 8.0, 50mM NaCl,
1mM EDTA and 0.1mg ml�1 BSA), or with NaCl con-
centration as indicated. At selected time points, 10 ml
samples were removed and quenched with 10 ml aliquots
of 0.1 M NaOH. The quenched samples were then heated
to 90�C for 30min to cleave the abasic site. An equal
volume of formamide loading buffer (95% formamide,
0.02% bromophenol blue and 20mM EDTA) was added
before loading onto a 20% denaturing PAGE. Imaging
and analysis was as above.

RESULTS AND DISCUSSION

Time-resolved measurements of fluorophore in DNA
binding by Mug

The binding of enzymes to fluorescently labelled DNA can
be monitored via fluorescence anisotropy since the binding
of DNA by Mug increases the size of the fluorescent entity
and therefore slows its rotational diffusion (rotational cor-
relation time). This can be conveniently read out by
steady-state fluorescence anisotropy measurements,
which have frequently been used as a convenient means
for measuring DNA binding in free solution (30,31).
Unfortunately, while the steady-state anisotropy varies
with the rotational correlation time, it is also a function
of the fluorescence lifetime, and changes in fluorescence
lifetime upon binding can introduce significant ambiguity
into anisotropy measurements (32). Experiments directly
measuring the rotational correlation time are more
rigorous, but also much more time-consuming and
require more complex instrumentation. Here we aim to
monitor DNA binding processes using convenient
steady-state fluorescence anisotropy measurements and
would like also to validate such measurements as well an
estimation of the size of the bound complex from the ro-
tational correlation time.
We used a multidimensional fluorimeter (27) to deter-

mine the variation in rotational correlation time, fluores-
cence lifetime and steady-state anisotropy as a function of
Mug binding to double-stranded 50 Hex labelled oligo-
nucleotides. The DNA molecules either contain an
abasic analogue (AP), or are non-specific and are simply
composed of normal DNA bases. In the former case the
labelled oligonucleotide with the AP site is annealed to an
unlabelled complementary strand so that the AP site is
opposite a G, and is thus equivalent to the enzymes
reaction product (HexAP�G); in the non-specific DNA a
C in the labelled strand is opposite the same G (HexC�G).
Time-resolved fluorescence anisotropy measurements

were made as Mug was titrated into HexAP�G DNA
(100 nM) with the magic angle position serving as an
internal control. Analysis of the fluorescence and anisot-
ropy decay profiles required that the data were fitted to a
double exponential model resulting in short and long
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rotational correlation times (Supplementary Figures S1
and S2, Table S1). The short rotational correlation time
(0.28±0.08 ns) did not change significantly with the
addition of Mug and can be attributed to the fast

rotational diffusion of the Hex about its flexible linker,
which would not be affected by the binding of Mug (31).
The second rotational correlation time increased from
�3 to 19 ns (Figure 1A), and was attributed to the
overall rotational diffusion of the enzyme–DNA
complex, which varied as expected with increased Mug
binding. Comparison with calculated values for rotational
correlation times demonstrate that the observed satur-
ation values of 19 ns are in line for what is expected for
two molecules of Mug binding to one molecule of DNA
(18.7–22.6 ns; Supplementary Table S2) and is significantly
higher than the calculated value for a single Mug binding
to DNA (7.3–8.8 ns).

While this is a useful and robust readout of Mug
binding, the data acquisition and analysis is time
consuming and steady-state anisotropy measurements
would be more convenient. Figure 1B shows how the cor-
responding steady-state anisotropy calculated from the
same data set varied with Mug binding and it clearly re-
produces the same trend as the long rotational correlation
time (Figure 1A). This suggests that there is not a signifi-
cant change in fluorescence lifetime of the Hex upon Mug
binding and this is confirmed by Figure 1C, which shows
the average lifetime variation is relatively small (�5%)
and will thus have only a minor affect on steady-state
anisotropy measurements.

DNA binding by Mug

Having validated the steady-state anisotropy measure-
ments, we used a conventional fluorimeter
(Fluoromax-3) to measure the binding of the Mug
enzyme to labelled oligonucleotides by titrating Mug
into both abasic HexAP�G and non-specific HexC�G
DNA molecules. When Mug was titrated against abasic
product DNA, a sigmoidal response, characteristic of co-
operative binding, was observed and the data is shown
with the best fit to the Hill equation, which describes co-
operative binding of multiple ligands (Figure 2A). The
Hill coefficient is a measure of the cooperativity of the
system, it gives a measure of the minimum number of
interacting ligands, although it is not a direct measure of
stoichiometry (33). It should also be noted that the Kd is
an average value of all bound protomers and thus does not
represent a discrete value for binding to the abasic product
site.

When Mug was titrated into the non-specific HexC�G
DNA an increase in anisotropy was observed that was
best fitted to a tight binding equation, with a Kd of
7 nM (Figure 2B). This demonstrates that Mug binds
tightly to the non-specific DNA, but that it does so in a
non-cooperative manner.

Substrate binding by Mug

The above data clearly indicate a different mode of
binding for product and non-specific DNA. It is also
valuable to consider how Mug binds its substrate. To
this end we made a mutation in the active site of Mug.
Based on structural homology to the well-characterized
uracil DNA glycosylase enzymes, it has been predicted
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Figure 1. Time-resolved anisotropy measurements of HexAP�G DNA
upon binding by Mug. The rotational correlation times were
determined from the fluorescence lifetime decay profiles collected with
a vertical excitation polariser, and the emission polariser set at vertical,
horizontal and magic angle positions. The decay of the fluorescence
anisotropy over the lifetime of the fluorophore could then be
determined and fitted to a double-exponential to resolve two rotational
correlation times y1 and y2, which are shown plotted against Mug con-
centration (A). The variation in the corresponding steady-state anisot-
ropy (B) and Hex average fluorescence lifetime (C) have also been
calculated from the same acquired data set. (Supplementary Data).
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that the N18 residue of Mug is an essential catalytic
residue (3,34). Mutation of the equivalent residue TDG
(N140) to alanine effectively abolishes catalytic activity
of the enzyme, but remains proficient in binding both sub-
strate and product (35). We have made the N18A Mug
mutant and determined that it is deficient in catalytic
activity with both U�G and ethenocytosine�G (eC�G) sub-
strates (Supplementary Figure S3).

Initially we examined the binding of N18A Mug to
HexAP�G, and a similar response was observed to the
wt enzyme (Figure 2C). With the non-specific HexC�G
the data fitted better to a cooperative equation than the

tight binding equation, although there was clearly a less
pronounced sigmoidal response than for either enzyme
with HexAP�G DNA (Figure 2D). With the N18A
enzyme, it was notable that the sigmoidal binding curve
for the abasic DNA was exaggerated and that the
non-specific binding was slightly weaker, as compared to
wild-type. We cannot exclude the possibility that the
N18A preparation contains a proportion of inactive
enzyme, which would account for these minor differences
from wild-type. However, it is clear from the general trend
that DNA binding properties are similar for both the
wild-type and mutant enzymes.
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Figure 2. DNA binding. Wild-type and N18A Mug were titrated into Hex labelled DNA and the anisotropy of the fluorophore monitored as
described for binding reactions (‘Materials and Methods’ section). Representative data are shown for abasic HexAP�G (A and C), HexC�G (B and D)
and substrate HexU�G (E) oligonucleotides, with the enzyme indicated. In each case 100 nM DNA was used and anisotropy was observed on Mug
titration. Data are shown with the best fit to either the Hill equation or the tight binding equation with the following values: (A) Hill equation,
Kd=187±3nM, nH=3.4±0.2; (B) tight binding, Kd=7±0.9 nM; (C) Hill equation, Kd=260±2nM, nH=5.5±0.2; (D) Hill equation (solid
line), Kd=126±2nM, nH=1.8±0.1; tight binding (dashed line), Kd=17±4nM and (E) Hill equation (solid line), Kd=119±2nM,
nH=1.6±0.04; tight binding (dashed line), Kd=60±3nM.
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When N18A Mug was titrated into HexU�G substrate
DNA, a binding isotherm was obtained that was essential-
ly identical to the non-specific HexC�G (Figure 2E). The
degree of cooperativity for the substrate DNA was in fact
slightly less pronounced than for the non-specific DNA. It
is notable that the overall change in anisotropy is compar-
able for both DNAs, indicating that the overall binding
stoichiometry is similar.
There is clearly a different mode of binding for

wild-type enzyme between non-specific and product
DNAs, while for the N18A mutant the same is true
when comparing product to substrate and non-specific
DNAs. It cannot be ruled out that the similarity of
binding for the N18A mutant with substrate and
non-specific DNA is due to perturbation of the Mug
enzyme by the mutation. However this seems unlikely
given the similarity to the wild-type binding isotherms
with product and non-specific DNAs. The implication,
therefore, is that cooperative binding of DNA by Mug is
a much more significant feature of product binding, rather
than substrate or non-specific DNA binding.

Salt dependence of DNA binding by Mug

The interactions of proteins and DNA are typically highly
salt dependent, due to the electrostatic interactions with
the phosphodiester backbone. We investigated the binding
of Mug to abasic and non-specific DNA with increasing
NaCl concentrations to determine the effects on
cooperativity in binding (Supplementary Figure S4).
With non-specific HexC�G DNA, increasing the NaCl
progressively decreased binding affinity: at 150mM Kd is
reduced 3-fold; at 300mM NaCl binding is so weak that
saturation cannot be reached. With abasic HexAP�G
DNA increasing NaCl reduced the cooperativity: at
150mM NaCl, nH is reduced to 1.9, suggesting a coopera-
tive interaction between two Mug enzymes, while at
300mM NaCl cooperativity disappears (nH=1) and a
hyperbolic response is observed with a significantly
weaker Kd.

Competition binding

To further investigate the stoichiometry of Mug:DNA
binding we performed competition experiments, starting
with a pre-bound mixture of Mug and HexAP�G DNA
and competing off the enzyme with increasing concentra-
tions of unlabelled AP�G. The initial concentration of
HexAP�G was at 500 nM, to be above the Kd for the
abasic product and the concentration of Mug in the
initial complex was increased in stoichiometric equivalents
from a 1:1 ratio with the DNA up to 4:1 (Figure 3). With
an initial 1:1 stoichiometry of Mug:HexAP�G, the initial
observed anisotropy was very low, and this was readily
competed off with unlabelled competitor AP�G DNA.
At 2:1 the initial anisotropy was much higher, and this
was competed off directly with unlabelled AP�G. At
higher stoichiometric equivalents of 3:1 and 4:1, the
starting anisotropy was slightly higher than with 2:1, but
there was a lag before the unlabelled DNA was able to
compete off the labelled Mug:DNA complex.

At low Mug concentration the initial observed anisot-
ropy was very low, indicating that the majority of the
DNA was unbound and that a 1:1 stoichiometry of
Mug:DNA was insufficient to fully bind the abasic
HexAP�G. At 2:1 the observed anisotropy was much
higher, consistent with a near-saturated complex. The
relatively small increase in anisotropy observed with
higher Mug concentrations was most likely due to add-
itional non-specific binding of Mug. The lag observed with
higher enzyme concentrations is consistent with the un-
labelled competitor first binding excess free Mug, or
Mug bound in a weak non-specific manner. Only once
this excess Mug has been bound, does the competitor
begin to compete for Mug bound in a tighter, specific
complex.

The stoichiometry can be further examined by plotting
the anisotropy versus the stoichiometric balance,
calculated from the stoichiometry of Mug:DNA
minus the stoichiometric equivalents of competitor DNA
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Figure 3. Competition binding experiments. 500 nM Hex-AP�G was
incubated with 500, 1000, 1500 or 2000 nM Mug in standard Mug
binding buffer at 25�C for 15min to reach equilibrium. Increasing
amounts of unlabelled abasic DNA (AP�G) were titrated in and anisot-
ropy was measured. Representative anisotropy data are shown plotted
(A) versus concentration of competitor DNA and (B) versus the stoi-
chiometric balance, calculated as the stoichiometry of Mug:HexAP�G
[(Mug)/(HexAP�G)], minus the stoichiometric equivalents of unlabeled
DNA added [(AP�G)/(HexAP�G)].
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added (Figure 3B). Plotting the data in this way clearly
demonstrates that the specific complex is only competed
off once there is a stoichiometry of 2:1 Mug:HexAP�G
remaining. The slight shift to the right of the higher con-
centration curves can be accounted for by additional
non-specific binding of Mug to HexAP�G. The observed
competition data are thus consistent with cooperative
binding of Mug to the abasic DNA product in a specific
complex with a 2:1 stoichiometry.

Analysis of Mug:DNA complexes

To further our understanding of the complexes formed by
Mug on binding DNA, we performed band-shift assays
with both abasic product DNA and non-specific DNA.
Band shift assays depend on the change in migration of
DNA upon binding by a protein during non-denaturing
PAGE. It has the advantage that species of different MW,
due to binding of one or more proteins, can be resolved by
a change in mobility. Initial experiments indicated that the
25 bp DNA molecules used in the anisotropy assays gave
rise to multiple bands that complicated the analysis,
further experiments were therefore performed with 17 bp
DNA molecules (17-AP�G and 17-C�G; Supplementary
Figure S5).

When Mug is titrated into 17-AP�G DNA, a clear
shifted band is formed, while at higher concentrations
a second higher MW band is formed (Figure 4A).

Analysis of this extended titration quantified the bound
fraction, but a tight-binding equation was unable to fit the
data with a defined DNA concentration of 100 nM,
although fitting the same data to a cooperative equation
provided a good fit to the data with a Kd of 111 nM, and
nH of 1.7 (Figure 4B). The stoichiometry of the complex
was determined by replotting this data against (Mug)/
DNA, where fitting to the tight binding equation gave a
stoichiometry of 2.08 and Kd of 115 nM (Figure 4B, inset).
This analysis concurs with an inspection of the band

shift, where it can be seen that, at 1:1 Mug:DNA
(100 nM Mug), <50% of the DNA is bound, and the
bound complex does not begin to reach saturation until
it approaches a 2:1 stoichiometry at 200 nM Mug.
Therefore, the best interpretation of this data is that the
first bound complex corresponds to two molecules of Mug
binding to the abasic DNA product in a cooperative
manner. The formation of the higher retarded complex
is due to the binding of further Mug molecules,
although since this band forms a minor component it
cannot be analysed in detail, but most likely arises from
additional, non-specific binding.
When band shift assays were performed with the

non-specific 17-C�G DNA, it was notable that there was
a greatly increased level of smearing (Figure 4C). Despite
the tight binding of Mug to non-specific DNA in the an-
isotropy assays, it is evident that under the conditions of
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the band shift assay the non-specific complexes are not as
stable; this is most likely governed by the off-rate of the
complex, which must be higher for non-specific DNA.
Although the bands are not easy to resolve, examination
of the lane profiles demonstrates the presence of two
distinct bands, one migrates faster than the product
complex and the other, better defined complex, migrates
slower (Figure 4C and D). These most likely correspond to
the binding of one or two molecules of Mug to the DNA.
Comparison of the abasic and non-specific complexes is
revealing, as it is evident that the first shifted band with
the abasic DNA is significantly more retarded than the
first non-specific complex. This is consistent with the
abasic complex being a dimer of Mug bound to DNA,
but in a more compact enzyme–DNA complex, which
migrates faster than two non-specifically bound Mug
molecules.
We also performed band shift experiments with N18A

Mug, and with both abasic and non-specific DNA mol-
ecules identical band shift patterns to the wt enzyme were
observed (Supplementary Figure S6). When band shift ex-
periments were performed with N18A Mug and the same
sequence of DNA containing a U�Gmismatch (17-U�G) in
place of the abasic site, the same banding pattern and
affinity as non-specific DNA was observed
(Supplementary Figure S6). With both the wild-type and
N18A enzymes and the non-specific or substrate DNAs,
the higher retarded band is more pronounced suggesting
some degree of cooperativity in these interactions,
although the poor resolution of these complexes prevented
detailed analysis.

Analytical ultracentrifugation

Since we have observed the binding of multiple molecules
of Mug to DNA in both anisotropy and band-shift assays,
we wished to determine whether Mug exists as a monomer
or dimer in free solution. Analytical ultracentrifugation
was therefore performed with Mug. The data provided
an unequivocal analysis that in solution Mug is in a mono-
meric form (Supplementary Figure S7). Further analysis
of Mug:DNA complexes was not possible since band shift
assays clearly demonstrated that it exists in multiple
species. Analysis of multiple components by analytical
ultracentrifugation is very complex and this prevented
further examination of DNA binding by Mug using this
technique.

Activity of Mug: DNA complexes

The data presented above clearly demonstrates higher
order binding complexes of Mug with its abasic product
DNA. However, it does not provide any indication of
whether this has an impact on the catalytic function of
the enzyme. We therefore performed activity assays with
Mug and a Hex labelled oligonucleotide containing a U�G
mismatch. Different concentrations of DNA were
incubated with increasing concentrations of Mug under
standard reaction conditions. All reactions were allowed
to proceed for 15min before being quenched with NaOH.
Under saturating conditions, Mug is known to cleave this
substrate fully in 100 s (5), so this reaction provides ample

time for full cleavage of the substrate. Since we have also
established that Mug has very poor turnover kinetics (5)
there will be very few multiple reactions of the enzyme
within this time phase.

The results of these reactions are plotted as the decrease
in substrate against the Mug:DNA ratio (Figure 5). As the
concentration of Mug is increased, the concentration of
substrate decreases in a linear fashion until complete
cleavage is observed. In each case, complete cleavage co-
incides with an enzyme concentration that is double the
DNA concentration (Figure 5). This is consistent with the
2:1 binding stoichiometry observed above (Figure 3).

Salt dependence of Mug activity

We observed above that the interaction of Mug with DNA
was significantly affected by NaCl: as NaCl increased Kd

also increased, and with the abasic DNA cooperativity
decreased. Reactions were performed with 100 nM Hex
U�G and 5 mM Mug, binding analysis has demonstrated
that this will provide a saturated enzyme–DNA complex
under all salt conditions (Supplementary Figure S4). Each
reaction was sampled at increasing time points and
analysed by denaturing PAGE as before.

At 50mM NaCl the rate of reaction was consistent with
that previously observed under saturating conditions (5).
At 150mM NaCl, the observed rate drops only 4-fold,
whereas at 300mM NaCl the reaction fails to go to com-
pletion after 30min, and the reaction rate is �400-fold
lower than at 50mM NaCl (Figure 6).

CONCLUSIONS

DNA Binding

We have investigated the binding of wild-type and a cata-
lytic mutant of Mug with substrate, product and
non-specific DNAs. The sigmoidal response of the DNA
binding isotherms with abasic DNA demonstrates a
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significant degree of cooperativity in product binding by
Mug. This cooperativity can only arise through inter-
actions between molecules of Mug once bound to the
DNA, and analytical ultracentrifugation demonstrates
that Mug is a monomer in solution (Supplementary
Figure S7). Multiple binding of non-interacting proteins
would produce a hyperbolic response with a Kd equal to
the mean value for all bound molecules. The results there-
fore establish a differential binding mode between abasic
product DNA and non-specific DNA.

The N18A catalytic mutant bound to substrate and
non-specific DNAs in exactly the same manner.
Although we cannot rule out that the mutant had an
effect on the mutant’s ability to recognize its substrate,
binding of both non-specific and product DNA closely
resembled wild-type behaviour, suggesting that DNA
binding was not significantly altered by the mutation.
Furthermore, structural analysis of the N18 residue
predicts that it has a catalytic role, but is not involved in
substrate recognition (3), and mutation of the equivalent
catalytic residue in the structurally homologous TDG and
uracil DNA glycosylase (Udg) does not affect substrate
recognition (26,35). While there are some indications of
cooperative binding to substrate and non-specific DNAs,
this is clearly less pronounced than with the abasic DNA.
Both mutant and wild-type data indicate that Mug forms
strongly cooperative interactions when binding to abasic
product DNA.

Stoichiometry of DNA binding and activity

The stoichiometry of the Mug:abasic DNA complexes
were investigated using a number of techniques. Both
competition anisotropy binding and gel shift experiments
indicate that there is a major 2:1 Mug:DNA complex, with
additional non-specific binding (Figures 3 and 4). The
band shift assays provide a clear perspective on this, and

additionally indicate that the specific product complex has
a significantly faster migration than two Mug enzymes
bound to non-specific DNA: the faster migration
indicating formation of a tight complex. This conclusion
is supported by the calculation of the rotational correl-
ation time of the bound enzyme-product complex, which
is clearly too long for a monomer complex, but is within
the region expected of a dimeric complex (Figure 1,
Supplementary Table S2).
While these data indicated the formation of a specific

2:1 complex with product DNA, it was not clear whether
this was of importance for the catalytic activity of the
enzyme, since binding to non-specific and substrate
DNA is either non-cooperative or only relatively weakly
cooperative (Figure 2). Activity assays with varying
Mug:DNA ratios were performed to address this
question, and clearly demonstrated that a 2:1 ratio was
required for cleavage of the substrate. However, it is
known that the single turnover cleavage rate of Mug is
reasonably slow for an enzyme, at 0.04 s�1 for this sub-
strate (5). It is therefore possible that Mug cleaves the
substrate as a monomer, but then cooperative binding to
the abasic product sequesters Mug out of the reaction,
limiting turnover and resulting in the observed 2:1
dependence.
As a further investigation to this we also performed salt

dependent reactions with Mug, as the cooperativity with
the abasic DNA is still present at 150mM NaCl, but
absent at 300mM NaCl (Supplementary Figure S4). The
data exhibited a 4-fold decrease in rate at 150mM NaCl,
but a 400-fold decrease at 300mM NaCl (Figure 6). On
the basis of these two experiments it may be postulated
that the dimeric binding of Mug to DNA facilitates
cleavage, although it does not constitute proof. It would
be difficult to discriminate between models whereby a
second Mug enzyme facilitates cleavage through stabiliza-
tion of the enzyme-substrate complex, and the above men-
tioned product sequestration model. Regardless of the fine
mechanism, cooperative binding has a functional impact
on Mug activity.
Taken together, these results clearly demonstrate the

importance of the 2:1 stoichiometry for product binding
by Mug. Furthermore, the salt dependence of DNA
binding by Mug also indicates a reduction in non-specific
binding at physiologically relevant salt concentrations
leading to a minimal functional dimer. Although
indirect, this implies that the dimerization is of relevance
to in vivo conditions. DNA glycosylases have generally
been assumed to act as monomers. There has previously
been no report of a member of the uracil DNA glycosylase
superfamily (36) either acting as a dimer, or binding its
product in a cooperative manner. However, there has been
a report that MutY acts as a dimer (37). In addition, the
O6-alkylguanine-DNA alkyltransferase also binds DNA
in a highly cooperative manner and is proposed to form
multimers on DNA (22,23).

Enzyme–DNA complexes

In the first reported enzyme–DNA structures of Mug, the
DNA formed an unusual structure, whereby it formed an
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overlapping pseudo-continuous DNA helix with a nick
opposite each abasic site (3). Although this resulted in
mispaired DNA bases, it enabled every Mug enzyme in
the crystal to bind to an abasic DNA site. Intriguingly,
there are contacts between neighbouring pairs of Mug
enzymes on the same extended DNA molecule (PDB,
2RBA). This was not reported in the original paper
since there was no indication that they were anything
other than fortuitous crystal contacts. However, given
the results that we present here, it is possible that this
interaction may be of greater significance.
TDG is a homologue of Mug and recent reports of its

crystal structure have demonstrated a very high degree of
structural conservation between the two enzymes.
Interestingly, a recent structure of the TDG catalytic
domain (TDGcat) revealed two TDGcat enzymes simultan-
eously bound to the same DNA molecule (24): one is
bound at an AP site, while the other is bound
non-specifically, but forms contacts with the specifically
bound enzyme. The relative positions of the two
enzymes in the Mug crystal are not the same as in the
TDGcat crystal; the relative positionings are also
mutually exclusive, so that both complexes could not
form simultaneously. However, these structures could
provide a starting point to test potential modes of
protein–protein interactions on DNA.

Downstream processing of abasic lesions

The work presented here clearly demonstrates a differen-
tial binding mode for Mug with its abasic product DNA.
The cooperative formation of a specific dimeric complex is
a new observation within the Udg and Mug superfamily of
DNA glycosylases. It is evident that the slow turnover of
Mug, which has been reported earlier (5), must arise from
this cooperative binding, rather than specific interactions
with the widowed guanine, which may well be involved in
substrate recognition (3).
It has been widely argued that binding of abasic DNA

lesions by DNA glycosylases could help protect what are
unstable intermediates in the BER pathway. This may be
of particular importance for Mug, since it is established
that Mug is active in the stationary phase of the cell cycle
(10). Under such growth conditions enzymes normally
associated with DNA replication and repair will be less
abundant, so that protection of unstable intermediates
may be of greater importance. In contrast, Udg is
present during exponential cell growth and is known to
remove uracil that arises due to misincorporation, it is
notable therefore that Udg is not a product inhibited
enzyme (26,38).
There has been much interest in the interaction between

DNA glycosylases and their downstream AP endonucle-
ases, which could delineate sub-pathways of BER,
mediated by communication between enzymes in the
BER pathway. It has been suggested that modulation of
DNA glycosylase binding could be achieved through
transmission of structural changes at the
glycosylase-DNA interface induced by binding of the AP
endonuclease (14). Cooperative interactions between
DNA glycosylases and their abasic products could

provide an alternative mechanism by which downstream
repair may be coordinated, since disruption of the pro-
tein:protein interface will facilitate dissociation from the
abasic DNA product.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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