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Summary

A novel site-specific cytosine DNA glycosylase has
been rationally engineered from the active site scaffold
of the DNA repair enzyme uracil DNA glycosylase
(UDG). UDG, which operates by a nucleotide flipping
mechanism, was first converted into a sequence non-
specific cytosine DNA glycosylase (CDG) by altering
the base-specific hydrogen bond donor-acceptor
groups in the active site. A second mutation that ren-
ders UDG defective in nucleotide flipping was then
introduced, and the double mutant was rescued using
a substrate with a “preflipped” cytosine base. Sub-
strate-assisted flipping was engineered by incorpora-
tion of an unnatural pyrene nucleotide wedge (Y) into
the DNA strand opposite to the target cytosine. This
new enzyme, CYDG, can be used to target cleavage
of specific cytosine residues in the context of a C/Y
base pair in any DNA fragment.

Introduction

DNA glycosylases initiate the process of base excision
repair (BER) by cleaving the N-glycosidic bond of dam-
aged or mismatched bases in DNA [1]. One of the most
frequent base modifications is the conversion of cyto-
sine to uracil by hydrolytic deamination [2]. This lesion
may directly disrupt the interactions of proteins with
their specific sites in DNA [3, 4], and if replicated, results
in C/G — T/Atransition mutations. Thus, a highly efficient
uracil excision repair pathway has evolved, which be-
gins with enzyme-induced flipping of the deoxyuridine
nucleotide from the DNA duplex, followed by cleavage
of the glycosidic bond by the enzyme uracil DNA glyco-
sylase (UDG) [5]. UDG has evolved under tremendous
selection pressure not to excise normal bases in DNA,
because such events lead to toxic abasic lesions [6].
Indeed, it has been impossible to detect the removal of
any other naturally occurring base by UDG, which sets
a lower limit on its specificity of = 10° [(kea/ Kin)*/(Koa/
K)ATC or €] [7]. This remarkable specificity of UDG for
uracil results from a number of factors including steric
selection [8, 9], hydrogen bonding [10-13], and more
importantly an induced fit conformational step that
serves as a secure gateway to the powerful catalytic
machinery of UDG [14, 15].

Steric effects play a major role in selecting against
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other bases entering the active site. The small size of the
uracil binding pocket easily prevents access of normal
purine bases to the active site, and the conserved active
site residue, Tyr66 of Escherichia coli UDG (eUDG), which
corresponds to Tyr147 of human UDG (hUDG), forms a
rigid wall that prevents thymine from entering the pocket
[8,9, 16]. Indeed, UDG activity is very sensitive to substi-
tutions at the 5 or 6 positions of the pyrimidine ring,
and DNA analogs such as 5-bromodeoxyuridine are not
substrates for the enzyme [17]. Consistent with the pro-
posed steric role for this tyrosine residue in generating
specificity, the Y147A mutant of hUDG removes uracil
as well as thymine bases from DNA [8].

Hydrogen bonding is used to form energetically favor-
able interactions that are highly specific for the uracil
base (Figure 1A). Selection against cytosine involves the
side chain amide of Asn123 that is rigidly positioned
to donate a hydrogen bond to uracil O4 and accept a
hydrogen bond from H3 [13], which is the opposite pat-
tern required to recognize cytosine (Figure 1A). Perhaps
more important is the observation that the N123G mu-
tant is severly damaged with respect to an induced fit
conformational change that allows wtUDG to clamp
around the uracil base [15]. It would therefore appear
that the 04 and H3 hydrogen bonding interactions are
key to achieving the catalytically productive Michaelis
complex.

The induced fit conformational change in UDG links
the steps of uracil flipping and glycosidic bond cleavage
and is the single most important determinant of specific-
ity [14, 15]. UDG is a prototypic base flipping enzyme
that extrudes the damaged uracil base from the DNA
duplex prior to cleavage of the glycosidic bond [7, 9,
14, 15, 18]. In general, induced fit is a powerful mecha-
nism for generating specificity when it leads to catalytic
interactions that are available for one preferred sub-
strate, such as deoxyuridine, but not other potential
substrates. Leu191 of eUDG has been strongly impli-
cated in the induced fit specificity mechanism of UDG
by pushing the cognate uracil base from the DNA duplex,
and by increasing its lifetime in the active site by steri-
cally blocking its exit [19]. Like the N123G mutant, L191A
is severely crippled with respect to the conformational
change that is required for catalysis [14, 15], showing
that the mechanical role of Leu191 is tightly coupled to
the formation of the active enzyme-substrate complex.

Based on this information, we wondered whether
these elements of specificity could be manipulated to
transform UDG into a site-specific cytosine DNA glyco-
sylase. Previous mutagenesis studies have shown that
the N204D mutation of hUDG, and the corresponding
N123D mutation for eUDG, transformed these enzymes
into cytosine DNA glycosylases (CDG), while retaining
a good portion of the original UDG activity (Figure 1A)
[8, 20]. The structural basis for this new CDG activity
presumably arises from the complementary hydrogen
bonds between the newborn aspartic acid side chain
and the exocyclic and endocyclic nitrogen atoms on the
cytosine base (Figure 1A). However, neither of these
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Figure 1. Engineering a New Base-Specific Glycosylase Activity of UDG

N123D/L191A

(A) Mutation of Asn123 to Asp generates an enzyme that exhibits specificity for cytosine bases, as previously demonstrated for hUDG [8].
(B) The low catalytic activity of the L191A UDG base flipping mutant can be fully rescued by incorporation of a pyrene nucleotide wedge into
the DNA strand opposite to the position of uracil.

(C) A new sequence-specific (C/Y) DNA glycosylase activity (CYDG) was designed by combining the two mutations, N123D and L191A.

previous reports removed the aspartic acid side chain
to test the requirement for these hydrogen bonds in the
new CDG activity. More recently, it has been shown that
the L191A flipping-deficient mutant of eUDG can be
converted into a glycosylase that has enhanced speci-
ficity for unnatural uracil/pyrene base pairs (Figure 1B)
[14, 15, 19]. The physical basis for this specificity arises
from two effects: the L191A mutational effect, which
greatly hinders active base flipping by removing the
wedge group, and substrate rescue by the bulky pyrene
nucleotide (Y), which acts as a surrogate wedge for
Leu191. In other words, the pyrene wedge preorganizes
the uracil base in an extrahelical conformation, allowing
recognition and catalysis to occur in the absence of
enzyme-induced flipping [14, 15, 19].

In this report, we demonstrate that these two specific-
ity mechanisms can be combined to generate a new
DNA glycosylase that is extraordinarily specific for a C/Y
base pair (Figure 1C). The double mutant, N123D:L191A,
locates and cleaves cytosine in a C/Y base pair, but

does not cleave cytosine in a normal C/G base pair.
This specificity should allow targeted cleavage of any
cytosine residue in a given gene fragment by simply
hybridizing a complementary DNA strand that contains
an unnatural pyrene nucleotide in the correct position.

Results

Constructing and Expressing the D123N:L191A
Double Mutant

In general, attempts at engineering a DNA glycosylase
to recognize a normal base will be met with adversity
because such enzymes will remove normal bases in the
genome and will be highly toxic to the organism that
harbors the gene. Indeed, the initial mutagenesis study
where hUDG was converted into a cytosine DNA glyco-
sylase (N204D) reported that this gene construct was
highly toxic to bacteria, and that the expression con-
structs were not stable unless a recombination-deficient
recA- Escherichia coli strain was utilized [8]. For the
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Figure 2. pH Dependence of CYDG Activity

(A) The middle base of the 11-mer DNA sub-
strate was varied to generate U/Y, U/A, C/Y,
or C/G base pairs. The 5'-end of the top
strand was labeled with %P (*).

(B) The pH dependence of the CYDG activity
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analogous eUDG mutation (N123D), we were unable to
obtain transformants under any conditions (not shown),
suggesting that this mutation was even more toxic than
reported for the human enzyme.

One general strategy to overcome this severe toxicity
problem is to generate the toxic N123D mutation in a
background of the L191A mutation, which prevents base
flipping of normal bases and therefore cleavage of these
bases in vivo. This approach allowed isolation of stable
transformants of the N123D:L191A mutant, and the cor-
responding enzyme was easily overexpressed and puri-
fied. The expected cytosine/pyrene DNA glycosylase
(CYDG) activity could then be characterized in vitro us-
ing a DNA substrate containing a cytosine/pyrene base
pair (Figure 1C). Of course, an alternative strategy would
be to use an in vitro transcription and translation system
to express the N123D enzyme [20]. However, the N123D
single mutant does not exhibit any sequence specificity,
as previously reported for the analogous mutation in
human UDG [8].

pH Dependence of CYDG Activity
As a first step in characterizing this new enzyme, we
determined the pH dependence of its activity against

four potential substrates that contained U/Y, U/A, C/Y,
and C/G base pairs (Figure 2A). The 5’-end of the DNA
strand containing the target base was labeled with 3P,
and after reaction with CYDG for 30 min the substrates
were treated with 1 M piperidine to cleave the DNA
backbone at the abasic site of the product DNA. The
11-mer substrates and 6-mer products were then re-
solved by 20% denaturing PAGE (Figure 2B).

CYDG shows a pronounced bell-shaped pH-rate pro-
file with a maximal rate occurring in a narrow pH range
centered at pH 6.2, indicating that a protonated and
unprotonated group on the enzyme or substrate is re-
quired for activity against the C/Y substrate (open cir-
cles, Figure 2C). This pH dependence differs signifi-
cantly from wtUDG [21], which only requires a single
unprotonated group for activity under k.; conditions
(dashed line, Figure 2C). In the pH range 5 to 8, CYDG
showed activity against the C/Y, U/Y, and U/A sub-
strates. For all of these substrates, k., diminished by
almost 10-fold between pH 6.3 and 8, suggesting acom-
mon requirement for a protonated group on CYDG for
maximal activity. In contrast, wtUDG showed no activity
against the cytosine-containing substrates, but did effi-
ciently remove uracil in the context of either a U/Y or
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Figure 3. Binding Affinity of CYDG for a C/Y Base Pair

The equilibrium titration was performed with 40 nM DNA substrate
in a buffer containing 10 mM sodium phosphate, 25 mM NaCl, and
2.5 mM MgCl, at pH 6.0. The intensity of fluorescence was monitored
at 380 nm with excitation at 350 nm. Each titration point represents
the independent addition of a given enzyme concentration to a fresh
sample of DNA to prevent substrate cleavage over the course of a
complete titration. The solid line is the nonlinear least-squares best
fit to equation 4. The equilibrium dissociation constant is 28 + 8
nM from this analysis.
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U/A base pair at all pH values tested. Importantly, CYDG
did not excise cytosine in the context of a C/G base pair
(Figure 2), and thus, with respect to the four normal DNA
bases, exhibits specific CYDG activity (see also Figure
4A). The apparent pK,; and pK,, values for CYDG were
obtained using the standard equation describing a bell-
shaped pH profile (equation 3, see Experimental Proce-
dures). The optimum pH of 6.2 = 0.1 was obtained from
the average of the apparent values, pK,; = 6.1 = 0.1
and pK,, = 6.3 = 0.1. These apparent pK, values will
differ from the true pK, values because pK, and pK,
are very close to one another [22].

DNA Binding Specificity of CYDG

To examine the binding specificity of CYDG at its optimal
pH of 6.2, we followed the increase in pyrene fluores-
cence of an 11 base pair substrate DNA that contained
a C/Y base pair (Figure 3). During these measurements,
less than 0.2% of the C/Y substrate was cleaved due
to the short measurement times (see Experimental Pro-
cedures). Surprisingly, these results showed that CYDG
binds to the C/Y 11-mer as tightly as wtUDG or the
L191A mutant binds to U/Y DNA (K, = 28 = 8 nM)
[19]. These binding measurements strongly suggest that
CYDG is interacting specifically with the C/Y base pair,
and likely employs the hydrogen bonding interactions
indicated in Figure 1C. In support of this conclusion, the
N123G mutant does not bind tightly to U/Y or U/A DNA
(Kb ~5 uM) [14, 15], and it is unable to excise cytosine
from a C/Y base pair (see below). Thus, the thermody-
namic measurements show that the Asp123 side chain
is required for specific binding to C/Y base pairs.

Catalytic Specificity of CYDG
At the optimum pH of 6.2 * 0.1, the substrate specificity
of CYDG was studied with seven DNA substrates that

contained a variety of base pairs. This analysis indicated
that CYDG selectively excises cytosine from a C/Y pair,
and does not cleave the glycosidic bond of adenine,
guanine, and thymine even when these bases were pre-
sented in the context of an N/Y base pair (N = A, G, or
T) (Figure 4A). Despite this high selectivity for the C/Y
base pair, CYDG still possesses strong uracil DNA glyco-
sylase activity (Figure 4A). The residual UDG activity at
pH 6.3 is about 10-fold faster than that of the N123G
mutant, which shows no detectable CDG or CYDG activ-
ity (Table 1). However, the residual UDG activity of CYDG
at pH 8 is 30-fold less than N123G, presumably because
Asp123 is anionic, resulting in electrostatic destabiliza-
tion of the anionic leaving group (see Discussion). Thus,
the Asp123 side chain provides specificity for cytosine
over uracil only at pH values near 6.2 where Asp123 is
in the appropriate protonation state.

In order to understand the new CYDG activity, detailed
kinetic studies were performed using the C/Y duplex at
pH 6.3 (Figure 4B). CYDG showed the expected steady
state kinetic behavior with the C/Y, U/A, and U/Y sub-
strates, with linear initial rates, and hyperbolic substrate
saturation curves (Figures 4B and 4C). CYDG exhibits
a strong C/Y DNA glycosylase activity with a k../K., of
8 X 10° M min™, and it is 300- and 10°-fold less active
than wtUDG against the U/Y and U/A substrates, respec-
tively. The catalytic specificities (S) of CYDG and wtUDG
for the C/Y and U/Y substrates may be obtained from
the ratio S = (ke/Ki)®"/ (koK) for each enzyme. This
ratio is at least 100,000-fold greater for CYDG than for
wild-type UDG, where S = 4.5 X 1078, Therefore, the
combined mutatagenesis and substrate rescue ap-
proach has dramatically altered the substrate specificity
of UDG. Impressively, the excision of cytosine from a
C/G base pair by CYDG could not be detected. Based
on the detection limits of the gel-based %P assay, we
estimate that CYDG has a = 2600-fold preference for
cleavage of cytosine from a C/Y base pair as compared
to a C/G base pair. Whether this specificity is sufficient
to recognize C/Y in any given DNA fragment remains to
be established.

Discussion

Studies of Lethal DNA Repair Mutants Using

a Substrate Rescue Strategy

The pyrene rescue strategy is quite valuable in the study
of highly toxic UDG mutants. In the study described
here, the eUDG mutant, N123D:L191A, was successfully
overexpressed and purified, while N123D was com-
pletely inaccessible because of its toxicity to bacterial
cells. Although the corresponding N204D mutation in
hUDG has been reported [8], sufficient quantities of this
enzyme were not attainable from bacterial expression
systems for structural or mechanistic studies. In con-
trast, CYDG can be obtained in copious quantities, and
exhibits nearly the same k_,; as the human N204D mutant
[8]. We have also used this strategy to successfully over-
express the Y66A:L191A mutant, which would be ex-
pected to show specific TYDG activity. As expected,
this enzyme does show a high specificity for cleavage
of thymine in the context of a pyrene base pair, but we
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Figure 4. Base Specificity and Kinetic Measurements

(A) Base specificity of wtUDG, CYDG, and the N123G mutant was
examined using the *?P-labeled 11-mer DNA substrates as indicated.
The cleavage reactions were performed in buffer A for 4 hr at 25°C.
(B) Initial rate measurements for CYDG using the C/Y 11-mer. The
upper panel is a representative cleavage reaction as a function of
time. The lower panel is a plot of product 6-mer as a function of
time for various concentrations of substrate DNA [15 nM (open
circles), 30 nM (closed circles), 50 nM (open squares), 75 nM (closed
squares), 150 nM (open triangles), and 600 nM (closed triangles)].
The solid lines are linear least-squares best fits to the data.

(C) Kinetic behavior of CYDG with U/Y (open circles), C/Y (closed

did not completely characterize this enzyme because
its activity was only 1/100 of CYDG (not shown). Never-
theless, the specificity of TYDG is significant because
we were unable to detect any cleavage of thymine in
the context of a T/A base pair. Based on these results,
the mutagenesis-pyrene rescue approach appears to be
generally applicable for the generation of N/Y-specific
glycosylases.

Catalytic Power and Specificity of CYDG
CYDG is a powerful cytosine DNA glycosylase with ex-
quisite specificity. The nonenzymatic hydrolysis rate for
deoxycytodine at 25°C (Kopsg = 3.5 X 10° s) may be
calculated from the temperature dependence studies of
Shapiro and Danzig [23]. This slow rate is 114,000-fold
slower than k., for CYDG, and indicates that CYDG low-
ers the activation barrier by 7 kcal/mol (= -RT In K./
kosg) @s compared to the nonenzymatic reaction. The
rate enhancement of CYDG is considerably less than
the 10'?-fold catalytic power of UDG, and is 10*-fold less
than another pyrimidine-specific glycosylase, thymine
DNA glycosylase [24, 25]. Nevertheless, the CYDG activ-
ity compares favorably with many other naturally oc-
curring DNA glycosylases. CYDG provides a larger rate
enhancement than several glycosylases that act on al-
kylated purine bases, such as human alkyl adenine DNA
glycosylase (AAG) [26, 27], and the observed rate for
excision of cytosine by CYDG (0.024 min™) is similar
to the maximal rate of AAG with DNA containing an
ethenoadenine base (0.075 min™) [26]. To our knowl-
edge, a site-specific cytosine DNA glycosylase activity
does not exist in nature, and the success of this engi-
neering approach relies heavily on the tremendous cata-
lytic power of the native UDG active site scaffold.
How specific is CYDG? Our primary goal was to gener-
ate an enzyme that would specifically recognize cyto-
sine in the context of a C/Y base pair, and would not
excise the other four naturally occurring DNA bases in
normal Watson-Crick base pairs. By this criteria, CYDG
performs exceptionally well. Based on the detection lim-
its of our kinetic assays, we can conclude that CYDG
excises cytosine in the context of a C/Y base pair at
least 2600-fold more efficiently than a C/G base pair.
Its discrimination against binding and cleavage of other
bases is likely much higher than this lower limit for cyto-
sine, given that the nature of the UDG active site natu-
rally deters binding of T, A, and G (see above). However,
CYDG is less efficient in discriminating against uracil,
and shows only a 6-fold discrimination against U/A as
compared to C/Y, and the U/Y substrate is actually pre-
ferred over C/Y by a factor of 100-fold at pH 6.3 (Table
1). This residual UDG activity is not unexpected in light of
previous studies showing that UDG active site mutations
never fully ablate enzyme activity [14-16, 21]. As de-
scribed further below, part of the inability of CYDG to
discriminate against uracil is that the protonated Asp123

circles), and U/A (closed squares) substrates. The solid lines are
the nonlinear least-squares best fits to the data using equation 2.
The y axis scale for the U/Y substrate is shown on the right, and
that for the U/A and C/Y substrates is shown on the left.
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Table 1. Kinetic Parameters for Wild-Type and UDG Mutants

Enzyme Substrate Kozt (Min~7) Ko (M) Kea/ K (WM~ min~")

wild-type AUA/TAT 318 = 36 0.020 + 0.004 15,900 += 3,700
AUA/TYT 696 + 30 0.018 + 0.003 38,700 * 6,700

N123D-L191A ACA/TYT 0.024 + 0.003 0.03 = 0.01 0.80 = 0.28
AUA/TAT 0.012 + 0.001 0.09 + 0.01 0.133 + 0.019
AUA/TYT 6.12 = 0.48 0.05 = 0.01 122 + 26

N123G? AUA/TAT 2.3 + 0.2 21 +0.4 11 = 0.2
AUA/TYT 50 + 5 1.44 + 0.46 34.7 = 0.3

side chain is fully complementary to the hydrogen bond
donor-acceptor groups on both the uracil and cytosine
bases (Figure 5), resulting in strong binding affinity for
both (compare the low K|, values of wtUDG and CYDG
with that of N123G in Table 1).

Potential Mechanisms for CYDG

The pH dependence of the CYDG activity, and its resid-
ual UDG activity, suggest possible chemical mecha-
nisms for its action (Figure 5). The bell-shaped pH-rate
profile suggests that two essential groups on CYDG are
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Figure 5. Possible Chemical Mechanisms for CYDG

(A) The pH dependence of CYDG suggests the requirement for a base and acid group in the action of the enzyme (Figure 2C). The base group
is likely Asp64 (pK, = 6.2) based on previous studies with wtUDG, which strongly implicate this group in the stabilization of a cationic sugar
during glycosidic bond hydrolysis [21]. The acid group is likely Asp123, which could hydrogen bond to the exocyclic and endocyclic amino
groups of the cytosine base in the ground state and could transfer a proton to cytosine N3 in the transition state.

(B) The residual UDG activity of CYDG may be explained by tautomerization of Asp123, which permits correct hydrogen bonding to the uracil

base analogous to the native Asn123 (Figure 1A).
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required for activity. One group must be in the unproton-
ated state for activity, which accounts for the ascending
limb as the pH is increased between 5 and 6, and the
second group must be in a protonated state, which
accounts for the decrease in activity as the pH is in-
creased above 6 (Figure 2). It is likely that only a small
fraction of CYDG is in the correct protonation state even
at the optimal pH of 6.2, because the apparent pK, val-
ues of these groups are extremely close to each other,
preventing the optimal protonation state from being fully
achieved at any pH value. Based on previous knowledge
of the pH dependence of wtUDG [28], it is likely that
the ascending limb represents deprotonation of Asp64
(PK, = 6.2) [21], which is required in the anionic state
to stabilize the positive charge that develops on the
sugar ring during catalysis [29-31]. The relatively high
pK. for Asp64 in the ES complex is likely due to the
electrostatic environment provided by the anionic phos-
phodiester groups of the DNA. The descending limb,
which is not observed for wtUDG [21], or the N123G
mutant (not shown), is likely due to deprotonation of
Asp123, which also suggests a high pKj, for this group
(Figure 5). A protonated Asp123 could serve a beneficial
role by hydrogen bonding to cytosine H4 and N3 in the
ground state, and in addition, donating a proton to N3
to facilitate electron flow onto the departing base in the
transition state. Consistent with this mechanism, the
nonenzymatic hydrolysis of deoxycytidine is strongly
catalyzed by protonation at N3 (pK, ~4.2) [23].

The present data are not consistent with a previous
proposal that Asp123 is anionic [20]. Such a scenario
would be strongly anticatalytic through stabilization of
the neutral ground state by hydrogen bonding, and elec-
trostatic destabilization of the negative charge that de-
velops on the base in the transition state [10, 11]. The
pH dependence of the residual UDG activity of CYDG
declines by 10-fold between pH 6.3 and 8.0 (not shown),
which parallels the behavior shown in Figure 2C for the
C/Y substrate, and demonstrates that a protonated
group with an apparent pK, in the range ~6-7 is essential
for both the C/Y and U/Y glycosylase activities of CYDG.
As mentioned earlier, wtUDG and the N123G mutant
both show flat pH-rate profiles between pH 7 and 10,
providing strong evidence that the essential protonated
group is Asp123 [21]. As shown in Figure 5B, a simple
protonic tautomerization reaction of Asp123 offers a
reasonable explanation for the similar pH dependences
of the residual UDG activity of CYDG, and its C/Y glyco-
sylase activity.

Significance

A general and novel approach has been described that
allows the isolation and detailed study of UDG mutants
that are toxic to bacterial cells. In addition, the sub-
strate rescue method employing the pyrene wedge
provides a straightforward strategy to generate DNA
glycosylases that are highly specific for N/Y base pairs
(where N is the cognate base). We envision that other
extremely toxic variants of UDG that would otherwise
be lethal to bacterial cells may be expressed using
this strategy, and one current goal is to convert UDG

into a site-specific RNA glycosidase. We anticipate
that this pyrene rescue approach may be used on other
glycosidases that do not recognize the base opposite
to the cognate damaged base. There is also potential
that site-specific DNA glycosylases such as CYDG
could be used to quickly and easily detect single nucle-
otide polymorphisms in genes.

Experimental Procedures

Enzymes

The UDG mutants N123D-L191A and N123G were prepared using
the Quick-Change double-stranded mutagenesis kit from Stra-
tagene (La Jolla, CA), and the mutations were confirmed by DNA
sequencing of both strands. As previously described, all the en-
zymes were overexpressed using the pET28a expression vector in
BL21(DE3)pLysS and were purified using a Ni-NTA agarose column
and streptavidin agarose resin [14, 16].

DNA Substrates

The 11 base pair DNA substrates were synthesized using standard
phosphoramidite chemistry with an Applied Biosystems 390 synthe-
sizer as previously described or were obtained from Integrated DNA
Technologies (Coralville, IA). The oligonucleotides were purified us-
ing anion exchange high-pressure liquid chromatography and de-
salted using disposable gel filtration columns (PD-10, Amersham
Pharmacia Biotech, Piscataway, NJ). The sequences of the duplex
DNA molecules are identical except for the target bases in the middle
of oligonucleotides (Figure 2A). The 5'-end of the DNA strand-con-
taining target base was labeled with %P using *2P-y-ATP (Amersham
Pharmacia Biotech, Piscataway, NJ) and T4 polynucleotide kinase
(New England BiolLabs, Beverly, MA) and the complementary
strands were hybridized in buffer A (10 mM NaMES, 25 mM NacCl,
and 2.5 mM MgCl, [pH 6.3] at 25°C).

Enzyme Kinetics

The kinetic measurements were performed in buffer A using CYDG
concentrations of 0.25 nM and 50 nM for the U/Y and C/Y substrates.
A series of DNA concentrations in the range 15 to 600 nM was used,
and the reactions were quenched at times that resulted in less than
20% conversion to product. In all cases, linear initial velocities were
observed. At the completion of the measurements, an equal volume
of 2 M piperidine was added to quench the reactions, and the sam-
ples were heated at 90°C for 20 min to cleave the phosphodiester
backbone. The reaction mixtures were lyophilized to dryness and
then resuspended in 8 pl of formamide gel loading buffer. The 6-mer
products and the 11-mer substrates were resolved on a 20% dena-
turing polyacrylamide gel. The gels were exposed to a phosphorim-
aging screen, scanned, and visualized using a BAS 1000 imaging
system (FUJIX). The intensities of the bands were quantified using
the software Image Reader v1.7E. The concentration of product at
each time point was calculated from the intensity ratio [6 mer cpm]/
[total cpm] X [total DNA]. The wild-type enzyme, N123G, and N123D-
L191A were examined using 11-mer duplex DNA substrates con-
taining C/Y, C/G, U/Y, U/A, T/Y, A/Y, and G/Y base pairs. The ob-
served rate constants (k) Were obtained from equation 1.

[Product]
time X [Enzyme]

Kobsa = (1)
The steady-state kinetic parameters were obtained from a plot of
kopsq @gainst substrate concentration using equation 2. This form of
the Michaelis-Menten equation is valid when the enzyme concentra-
tion approaches that of the substrate.

(b — Vb2 — 4[E][S]

kobsa = Keat X
bsd t 2[E]

b = [E] + [S] + Kn @

pH Dependence of Cytosine Excision
Four DNA substrates (U/A, U/Y, C/G, and C/Y) were used to access
the base excision activity of wtUDG and the N123D:L191A mutant
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at different pH values. The reactions were performed by incubation
of 250 nM DNA substrate and 100 nM of N123D-L191A (or 10 nM
of wtUDG) at 25°C for 30 min (10 min for wtUDG). The observed
rate constants were obtained as described above. The data were
fitted to equation 3 to obtain the apparent K,; and K, values for the
ascending and descending limbs of the bell-shaped pH dependence
of the rates. In equation 3, k..., is the maximal rate at the optimal
pH, and K, and K, are the acid dissociation constants for the acidic
and basic limbs of the pH profile.

v,
Vo @
14+ [H Jr] Kes2
Ko  [H']

DNA Binding Studies of CYDG

The equilibrium dissociation constant for binding the 11-mer duplex
DNA substrate containing a C/Y base pair was determined by follow-
ing the increase in pyrene fluorescence. The sample was excited
at 350 nm and the increase of pyrene fluorescence was monitored
at 380 nm. The fluorescence intensity was monitored 60 s after
mixing the enzyme with a constant concentration of DNA. In this
time frame, less than 0.2% of the substrate was cleaved, thereby
allowing the measurement of a true dissociation constant. The Kj
value was obtained by curve fitting to equation 4, where F, and F;
are the initial and final fluorescence intensities, respectively.

F = F, = {(F; — F)IDNA]L/2Hb — (b* — 4[E]:a[DNA]:)"%}
b =Ko + [Elor + [DNALo 4
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