4834 Biochemistry1999, 38, 4834-4845

Mutation of an Active Site Residue iBscherichia coliUracil-DNA Glycosylase:
Effect on DNA Binding, Uracil Inhibition and Catalysis

Mary Jane N. ShroyerSamuel E. BennebtChristopher D. PutnarfhJohn A. Tainef,and Dale W. Mosbaugti -8

Departments of Microbiology, Eironmental and Molecular Toxicology, Biochemistry and Biophysics, and th&dmental
Health Science Center, Oregon State Lémsity, Cowallis, Oregon 97331, and Department of Molecular Biology, Skaggs
Institute for Chemical Biology, The Scripps Research Institute, MB4, La Jolla, California 92037

Receied December 18, 1998; Reed Manuscript Receéd February 19, 1999

ABSTRACT: The role of the conserved histidine-187 located in the leucine intercalation Idégcberichia

coli uracil-DNA glycosylase (Ung) was investigated. Using site-directed mutagenesis, an Ung H187D
mutant protein was created, overproduced, purified to apparent homogeneity, and characterized in
comparison to wild-type Ung. The properties of Ung H187D differed from Ung with respect to specific
activity, substrate specificity, DNA binding, pH optimum, and inhibition by uracil analogues. Ung H187D
exhibited a 55000-fold lower specific activity and a shift in pH optimum from pH 8.0 to 7.0. Under
reaction conditions optimal for wild-type Ung (pH 8.0), the substrate preference of Ung H187D on defined
single- and double-stranded oligonucleotides (25-mers) containing a site-specific uracil target was U/G-
25-mer> U-25-mer > U/A-25-mer. However, Ung H187D processed these same DNA substrates at
comparable rates at pH 7.0 and the activity was stimulat8efold relative to the U-25-mer substrate.

Ung H187D was less susceptible than Ung to inhibition by uracil, 6-amino uracil, and 5-fluorouracil.
Using UV-catalyzed protein/DNA cross-linking to measure DNA binding affinity, the efficiency of Ung
H187D binding to thymine-, uracil-, and apyrimidinic-site-containing DNA wasdF (dT1o—U) >
(dT1o—AP). Comparative analysis of the biochemical properties and the X-ray crystallographic structures
of Ung and Ung H187D [Putnam, C. D., Shroyer, M. J. N., Lundquist, A. J., Mol, C. D., Arvai, A. S.,
Mosbaugh, D. W., and Tainer, J. A. (199®)Mol. Biol. 287, 331—346] provided insight regarding the

role of His-187 in the catalytic mechanism of glycosylic bond cleavage. A novel mechanism is proposed
wherein the developing negative charge on the uracil ring and concomitant polarization of H@&I'N1

bond is sustained by resonance effects and hydrogen bonding involving the imidazole side chain of His-
187.

Uracil-DNA glycosylase initiates the DNA base excision a uracil residue §). Upon locating the uracil target, the
repair (BER} pathway as a cellular defense mechanism enzyme uses a “pustpull” mechanism to extract the uracil
against deamination of cytosine or incorporation of dUMP nucleotide from the DNA base stack and position it into the
into DNA (for reviews, see ref§ and?2). As the premier active site 4, 6). This process occurs through-al180°
enzyme of the BER pathway, uracil-DNA glycosylase rotation of the uracil nucleotide about the phosphodiester
specifically recognizes uracil residues in DNA and cleaves backbone resulting in displacement of the uracil residue to
the N1-C1 glycosylic bond between the uracil base and an extrahelical positiordj. This nucleotide-flipping action
the deoxyribose suga,(4). Recent results suggest that is essential for substrate recognition and glycosylic bond
uracil-DNA glycosylase binds, kinks, and compresses the cleavage. Following the NiC1 bond hydrolysis, the
duplex DNA backbone while scanning the minor groove for enzyme has been shown to utilize a processive search

mechanism for locating sequential uracil residues on the same

. . i DNA strand {, 8).
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sources including human cells, (12, 13). A comparison of In this study, we examine the role Bf coli Ung His-187
the sequence betwedn coli Ung and human uracil-DNA  in mediating catalytic activity. Site-directed mutagenesis was
glycosylase reveals 55.7% identical residues with 73.3% performed on theE. coli ung gene producing a H187D
polypeptide similarity when conservative amino acid sub- mutation. Ung H187D was overproduced, purified, and
stitutions are considered 2). characterized with regard to specific activity, substrate
Several lines of evidence have implicated amino acids of specificity, DNA-binding affinity, pH optimum, and inhibi-
E. coli Ung that are involved in DNA binding or catalysis. tion by uracil or uracil analogues.
Photochemical cross-linking experiments using Ung and
oligonucleotide d¥, revealed four tryptic peptides (T6, T18, MATERIALS AND METHODS
T19, and T18/19) that adducted to the DNAQ). These
peptides defined two primary sequences (amino acids 58
80 and 185-213) that reside at or near the DNA-binding
site. Amino acid sequence conservation betweeroli Ung
and 9 other uracil-DNA glycosylases led to speculation that
Asp-64 and His-187 serve as essential residues for activity
(20). Additional insight into the structure and function I
relationship evolved following the solution of the X-ray gﬁg&?‘ﬁ\'ﬁa\? '%tﬁg%Hgﬁﬁfszwggﬁoxaingggﬁ:;edcg:om
crystal structure of herpes simplex virus type-1 (HSV-1) and - ’ ) P
humanA84 uracil-DNA glycosylase bound to g&nd duplex E. coli JM105 was provided by W. Ream (Oregon State
DNA, respectively 4, 14). On the basis of protein structural ~ University), andE. coli CJ236 was obtained from T. A.
data, interactions between 13 amino acids and uracil- Kunkel (NIEHS). Phagemid pBluescript Il Skj and VCS-
containing DNA were identified for the human enzyndg. ( ~ M13 helper phage were supplied by Stratagene. Plasmid
A comparison of the amino acid sequence alignment betweenPKK223—3 was obtained from Pharmacia Biotech Inc., and
E. coli and human uracil-DNA glycosylase revealed that ~ PSB1051 was constructed as previously descrikig). (-
88, Asn-123, Ser-166, His-187, Ser-189, Leu-191, Ser-192, Systems 380B DNA Synthesizer by the Cent_er fo_r Gene
and Arg-195) of the same 13 residues attributed to DNA Research and Biotechnology (Oregon State University). The
interaction @, 5). Evidence demonstrating a common role hucleotide sequence of U-25-mer, A-25-mer, and G-25-mer
of these amino acids recently emerged from the crystal- Was previously describedr); Oligonucleotides d% and
lographic structures of. coli Ung resolved to 3.2 A15) dT19—U, which contained a uracil reS|d_ue 12 nucleotides
and 2.4 A (6) resolution. An overlay of the polypeptide from the 3-end, were prepared as describ&@)(dT.o—AP
Ca traces of human ani. coli Ung showed conservation ~Was prepared from df—U by treating with excesE. coli
of both secondary-structural elements and tertiary conforma- Uracil-DNA glycosylase. Following excision 6f95% of the

Materials Restriction endonucleaseéBgmHI, EcaRl, and
Hindlll) were purchased from Life Technologies, aBsiXI
was purchased from New England Biolabs, as were T4
polynucleotide kinase, T4 DNA polymerase, and T4 DNA
ligase. Protein molecular weight markers (SDS-70L) were
obtained from Sigma, and poly(U) Sepharose came from

tion (15, 16). Thus, these results indicate tHatcoli Ung uracil residues, db—AP was purified from uracil-DNA
closely resembles its human enzyme counterpart and thaglycosylase by Ugi-Sepharose chromatograj#gy &nd then
Ung should be regarded as a prototypical enzyme. concentrated to remove uracil using a Centricon-3 (Amicon)

centrifugal concentrator. Deblocked and deprotected oligo-
nucleotides were'send®?P-labeled as previously described
(20). Oligonucleotide (42mer) CTGAAAGCACCGGATC-
within the catalytic site 4, 14—17). Previously, three CGTCGCCGCTTTCGGCACATCGTGGA was used for

different catalytic mechanisms for glycosylic bond cleavage Site-directed mutagenesis as described in Figure 1.

were proposedl, 18). (1) The peptide carbonyl and side-  Methods Site-Directed Mutagenesis of the Ung GeBite-
chain carboxyl of Asp-178 (HSV-1) activate a water directed mutagenesis to produce Ung H187D was performed
molecule that attacks a weakened glycosylic bond. Desta-as described by Kunkel and co-workeggl{ with modifica-
bilization of the N+-C1' bond is brought about by distortion ~ tions as described by Benne3. Briefly, the BanHI—

or protonation of the uracil O2 by His-2AMWe2 (14). (2) BanHI DNA fragment (811 bp) of pSB1051 was inserted
The imidazole group of His-268 (human) catalyzes a direct into the uniqueBanHl site of pBluescript Il KS{-) using
nucleophilic attack on the NACT' glycosylic bond of uracil T4 DNA ligase (Figure 1). The resulting phagemid
and a second nucleophilic attack of a water molecule providesPKS(—)BBUNg lacked the nucleotide sequence that coded
H- and OH-group addition to the N1 and ‘Chtoms, for the tac promoter and the N-terminal 62 amino acids of
respectively 18). (3) A single nucleophilic attack by His- Ung. E. coli CJ236 (ut ung was transformed with
268 (human) on a water molecule abstracts a proton andPKS(—)BBUng and uracil-containing single-stranded DNA
creates an OH nucleophile that acts on the glycosylic bondwas isolated using VCS-M13 helper phage as described
(18). In each case, an absolutely conserved histidine residueby Lundquist et al. Z1). Primer extension reactions were
(human, His-268; HSV-1, His-210) correspondindgtaoli carried out using the mutagenic 42-mer deoxyoligonucleotide
Ung His-187 was proposed to play an essential role in annealed to uracil-containing single-stranded pKBBUng

catalysis; however, the function of Ung His-187 remains to DNA according to established procedur2$)(E. coli IM109
be fully elucidated. was transformed with 10L of the primer extension reaction

mixture, and plasmid from ampicillin-resistant colonies was
) : ) 0
2 Originally reported as His-300 from the HSV-1 (strain 17) UL-2 isolated, digested witBantl, and analyzed by 1% agarose

open reading frame that produced cDNA encoding uracil-DNA gly- g€l electrophoresis to identify transformants containing
cosylase 13, 19-21). pKS(—)BBUng H187D (Figure 1B).

Uracil-DNA glycosylase activity requires enzyme-assisted
nucleotide flipping to orient the uracil residue within the
recognition pocket and to properly position the-N21' bond
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Ficure 1: Scheme for site-directed mutagenesis of Eaecoli
uracil-DNA glycosylase gene. (A) The pSB10BanH|—BanH]
restriction fragment (811 bp) containing a portion of thggene
was inserted into thBanH| site of the pKS{-) vector. The resultant
construct [pKS{)BBUNg] was transformed int&. coli CJ236, and
single-stranded DNA rescue was performed to isolate uracil

Shroyer et al.

Reassembling the Intact ungH187D GeBefore reas-
sembling theungH187D gene, thé8anHl recognition site
located in the pSk{) polylinker was removed in a’'5
overhang fill in reaction using T4 DNA polymerase to
produce pSK-(—B). TheEcdRI—Hindlll DNA fragment of
pSB1051 encompassing the wild-typag gene was then
inserted into the corresponding restriction endonuclease sites
of pSK—(—B) to produce pSK-(—B)Ung (Figure 1C).
Reassembling thengH187D gene involved the isolation of
the BanHI—BanHI—BamHI DNA fragment (812 bp) from
pKS(—)BBUng H187D by limited digestion. This fragment
was then inserted into tHganHI site of pSK—(—B)Ung to
produce pSK-(—B)Ung H187D; proper orientation of the
insert was verified by restriction endonuclease cleavage with
Fsp and BsiX| (Figure 1D).

Construction of the ungH187D #@rexpression Plasmid
The EcaRl—Hindlll DNA fragment containing thengH187D
structural gene was inserted into the corresponding restriction
endonuclease sites of pKK223 (Figure 1E). In the
resulting construct (pUng H187D), expression of the mutant
ung gene was under the control of the IPTG-inducitde
promoter. The nucleotide sequence of the entirgH187D
gene was determined using the dideoxynucleotide chain
termination method originally described by Sanger ete). (
DNA sequencing was conducted using an Applied Biosys-
tems model 373A sequencer by the Center for Gene Research
and Biotechnology (Oregon State University).

Purification of Ung and Ung H187D ProteirE. coli
uracil-DNA glycosylase (fraction V) was purified frofa.
coli IM105/pSB1051 as previously described by Sanderson
and Mosbaugh 27). Purification of Ung H187D was
similarly conducted through fraction IV with the following
modifications: (i)E. coli IM109/pUng H187D was grown
at 37 °C in 1.25 L of TYN-ampicillin medium; (ii) hy-
droxyapatite chromatography (fraction 1V) was performed
using a 10 cmx 2 cn? column; and (iii) fractions from each
column were analyzed by absorbance at 280 nm and by
SDS-PAGE. Ung H187D (fraction 1V) was dialyzed against
DAB buffer [30 mM Tris-HCI (pH 7.4), 1 mM EDTA, 1
mM DTT, and 5% (w/v) glycerol], and one-half of the
preparation was applied to a single-stranded DNA agarose
column (28 cmx 5.3 cn?) equilibrated in DAB buffer. The
column was washed with 150 mL of equilibration buffer and
then eluted with 400 mL linear gradient from 0 to 150 mM
NaCl in DAB buffer. The flow-through fractions containing

- Ung H187D were pooled, dialyzed into TMEG buffer [50

containing DNA. An oligonucleotide (42-mer) primer was annealed mM Tris-HCI (pH 7.5), 10 mM beta-mercaptoethanol, 1 mM

to the single-stranded pKS§BBUNg DNA template. (B) A primer
extension reaction was performed to produce double-stranded pK
(—)BBUNg H187D DNA that was used to transfoncoli IM109.
(C) The BanHI restriction site in the pSK¢) polylinker was
removed by digesting witBarHlI, filling in the overhanging ends

EDTA, and 10% (w/v) glycerol], and designated fraction V.
S'Ung H187D (-8 mg) was applied to a poly(U) Sepharose
column (12 cmx 2 cn¥) equilibrated in TMEG buffer. The

column was washed with 24 mL of equilibration buffer and

using T4 DNA polymerase, and conducting a blunt-end ligation eluted with 30 mL of TMEG buffer containing 500 mM

reaction (formeBanH]| site denoted by “X"). ThéecoRI—HindlIl
fragment of pSB1051 containing the wild-typeng gene was
inserted into the pSK{) derived vector to produce pSK—B)-
Ung. (D) TheBanHI—BanHiI restriction fragment containing the
wild-type unggene was removed from pSK—B)Ung and replaced
with the correspondingngH187D fragment from a parti@anH|
digest of pKS{)BBUng H187D to produce pSK(—B)Ung
H187D. (E) The pSK-(—B)Ung H187DEcdRI—HindlIll fragment
was inserted into the polylinker sites of pKK223, placing the
ungH187D gene under the control of the,yopromoter. DNA

NaCl. Fractions containing Ung H187D were pooled,
concentrated, dialyzed into DAB buffer and designated
fraction VI which was used in all characterization experi-
ments.

Enzyme AssayStandard uracil-DNA glycosylase reaction
mixtures (10QuL) contained 70 mM Hepes-KOH (pH 8.0),
1 mM EDTA, 1 mM DTT, 8.2 nmol of calf thymusiracil-
SH]DNA (180 cpm/pmol of uracil), and 0.610.15 units of

manipulations were conducted as described under the Materials andE- Coli uracil-DNA glycosylase. When appropriate, Ung was

Methods.

diluted with UDB buffer containing 50 mM Tris-HCI (pH
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8.0), 1 mM EDTA, 1 mM DTT, and 10Qug/mL BSA.
Incubation was conducted at 3T for 30 min, and the
reactions were terminated by addition of 280 of 10 mM
ammonium formate (pH 4.2) on ice. Fre#[uracil was
resolved from firacil-*H]DNA, and the reaction product was
measured by a liquid scintillation spectrometer using 5 mL

Biochemistry, Vol. 38, No. 15, 19921837
RESULTS

Site-Directed Mutagenesis of the. Eoli Uracil-DNA
Glycosylase Gendlo investigate the function of Ung His-
187 in DNA-binding and catalysis, site-directed mutagenesis
of theE. coli unggene was performed as described in Figure

of Formula 989 (Packard) fluor as described by Bennett and 1. The approach utilized the oligonucleotide-directed mu-

Mosbaugh 28). One unit of Ung or Ung H187D is defined

tagenesis strategy developed by Kunkel and co-worl2d)s (

as the amount that releases 1 nmol of uracil/h under standardSince this cloning method depends on propagating phagemid

conditions.
Activity on single- and double-strandedp]U-25-mer

DNA containing the target genarfg) in E. coli CJ236 @ut,
ung) cells, it was necessary to perform mutagenesis using

substrates was measured in standard reaction mixtures (12.5 BanH! fragment of theunggene rather than the full-length

uL) containing 70 mM Hepes-KOH (pH 7.0 or 8.0), 1 mM
EDTA, 1 mM DTT, 4 pmol of f?P]JU-25-mer, }°P]U/A-25-
mer or F?PJU/G-25-mer (1550022000 cpm/pmol), and
various amounts of Ung or Ung H187D as indicated in the
figure legends. After incubations for 30 min at 3C, the
reactions were terminated on ice with 0.8 mg of uracil-DNA
glycosylase inhibitor protein. Apyrimidinic sites were hy-
drolyzed by addition B3 M K,HPQ, (pH 13.7) to 10% (v/
v) and incubation at 53C for 3 h. Following the hydrolysis
reaction, samples were neutralized withl3of 1.5 M KH»-
PO, and combined with 17.bL of denaturing sample buffer
(95% deionized formamide, 10 mM EDTA, 0.1% bromphe-
nol blue, and 0.1% xylene cyanol). After heating at°@5
for 3 min, samples (1@L) were then examined by 12%
urea—polyacrylamide gel electrophoresis.
Ung/DNA-Binding Assayung and Ung H187D binding

gene that would otherwise confer uracil-DNA glycosylase
activity to the bacterial cells. A strategy was devised for
creating a single amino acid substitution that converted His-
187 to aspartic acid. First, tHganHl| restriction fragment

of pSB1051 which lacked the nucleotide sequence encoding
the N-terminal 62 amino acids of Ung was subcloned into
pKS(—) DNA to produce pKS{)BBUng, and uracil-
containing single-stranded DNA was isolated from trans-
fectedE. coli CJ236 cells (Figure 1A). Second, an oligonu-
cleotide primer (42-mer) was annealed to pKEBUNQ,

and primer extension was carried out (Figure 1B). This
oligonucleotide introduata C to Gtransversion mutation
into the His-187 codon (CAT) that produced both an amino
acid substitution to Asp (GAT) and a né®anH| restriction
endonuclease site that facilitated detection of the mutation.
Third, the BanHI site located in the pSKf) polylinker

to DNA was measured using a modified procedure of that region was eliminated producing pS—B)Ung which

described by Molnar et al2@). Standard binding reaction
mixtures (15uL) contained either Ung or Ung H187D and
various 53-end3?P-labeled oligonucleotides in DAB buffer

facilitated the reassembly of the full-lengthggene (Figure
1, panels C and D). Fourth, thEcoRI—HindIll DNA
fragment of pSK-(—B)Ung H187D was subcloned into the

as indicated in the figure legends. Samples were placed intogverexpression vector pKK223 producing pUng H187D

a 96 well microtiter plate (Corning round-bottom well, low
protein binding), incubated for 15 min on ice, and UV
irradiated §max = 254 nm) for 30 min in a Stratalinker 1800

with the mutantung gene under the control of th&ac
promoter (Figure 1E). ThengH187D gene was completely
sequenced, and the results indicated that only the desired

(Stratagene Cloning Systems). Following the UV-catalyzed amino acid substitution (H187D) had been introduced during

cross-linking reaction, samples (24.) were analyzed by
12.5% SDS-PAGE as described by Bennett et dl0); After

electrophoresis, the lower part of the gel containing un-cross-

linked [*?P]oligonucleotide was removed to reduce back-

ground radioactivity. Gels were stained with Coomassie

Brilliant Blue G-250, dried, and Ung [3P]DNA cross-

linked material detected by autoradiography. The amount of

Ung x [*P]DNA was quantified by excising the bands,
solubilizing the gel, and measuring tF#® radioactivity in a
liquid scintillation counter Z7).

Polyacrylamide Gel ElectrophoresiSDS—polyacryla-

mide slab gel electrophoresis was performed essentially a

described by Laemmli30) and modified by Bennett et al.
(10). DNA sequencing gels containing 12% acrylamide,
0.41%N,N'-methylenebis (acrylamide), 8.3 M urea, and TBE
buffer (90 mM Tris base, 90 mM boric acid, and 2 mM
EDTA) were used to analyze the uracil-DNA glycosylase
reaction products produced from-é&nd 32P-labeled oligo-
nucleotide substrate§)(

Protein Measurementdrotein concentrations of crude
extracts were determined by the Bradford react&f) (ising

S

site-directed mutagenesigy).

Overproduction and Purification of the Ung H187D
Protein Attempts to transform pung H187D int&. coli
BD2314 and BW310 yng™ strains) proved unsuccessful
because the vector was found to be unstable. In contrast,
puUng H187D was successfully transformed irio coli
JM105, anung" strain, for overproduction of Ung H187D
protein. To assess the level of Ung H187D overproduction,
three mid-log cultures oE. coli IM105 cells transformed
with either pKK223-3 (vector control), pSB1051ufg
overexpression vector), or pung H1870DngH187D over-
expression vector) were each divided in half and grown in
the presence or absence of 1 mM IPTG to induog gene
expression. Cell-free extracts were analyzed by 12.5%-SDS
PAGE as shown in Figure 2. A Coomassie Brilliant Blue
stainable protein band corresponding to the approximate
molecular weight of UngNl; = 25 000) was found to be
IPTG-induced irE. coli containing pSB1051 (Figure 2, lane
4) and pUng H187D (Figure 2, lane 6). Using scanning
densitometry, we estimated that Ung represent&d8% and

the Bio-Rad assay. Purified protein concentrations were Ung H187D comprised-18% of the total soluble cell protein
determined by absorbance spectroscopy using the molarfollowing overproduction.

extinction coefficients g0 nm= 4.2 x 10* L/mol cm (Ung,
Ung H187D) andezgo nm = 1.2 x 10* L/mol cm (Ugi) as
previously describedl().

The specific activity of uracil-DNA glycosylase was
determined for each cell-free extract (Figure 2). As expected,
E. coli JM105 cells transformed with pSB1051 displayed
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Ficure 2: Overproduction of Ung H187D from pUng H187B.

coli JM105 transformed with pKK2233 (lanes 1 and 2), pSB1051
(lanes 3 and 4), or pUng H187D (lanes 5 and 6) were grown in the
presence-) or absence+) of 1 mM IPTG as indicated. Cell-free
extracts were prepared, samples (2% of total protein) were
analyzed on a 12.5% polyacrylamide gel containing SDS, and
protein bands were visualized after staining with Coomassie Brilliant
Blue G-250 as described under Materials and Methods. The
molecular weight standards for bovine serum albumin, ovalbumin,
glyceraldehyde-3-phosphate dehydrogenase, carbonic anhydras
trypsinogen, trypsin inhibitor and-lactalbumin are indicated by
arrows from top to bottom, respectively. The location of the tracking
dye (TD) and Ung are shown by arrows. The specific activity of
uracil-DNA glycosylase in each cell-free extract was determined
using standard assay conditions.

an IPTG-inducible Ung activity. Overproduction of Ung in
E. coli IM105/pSB1051 cells produced 44 000 units/mg of
cellular protein, which was 11-fold higher than that of
uninduced cells angt1100-fold higher than cells containing
the vector control. In contrasE. coli IM105/pUng H187D
cells treated with or without IPTG did not show increased
specific activity of uracil-DNA glycosylase relative to the
cells containing the vector control (pKK223). In each

Shroyer et al.
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Ficure 3: Purification of Ung H187D using single-stranded DNA
agarose and poly(U) Sepharose chromatography. Ung H187D
(Fraction 1V) was purified as described under the Materials and
Methods. (A) Ung H187D (fraction 1V, 17 mg) was dialyzed against
DAB buffer and applied to a single-stranded DNA agarose column
equilibrated with DAB buffer. The column was then washed and
eluted with a linear gradient of 0 to 150 mM NacCl in DAB buffer
(m). Fractions (2.5 mL) were collected, 24 aliquots were used
to assay for Ung activity®), and the absorbance (Qfg.n) of
e'samples were measured)( Flow-through fractions (62102) were
pooled and dialyzed against TMEG buffer. (B) After dialysis, Ung
H187D (fraction V, 8 mg) was loaded onto a poly(U) Sepharose
column equilibrated with TMEG buffer. The column was washed
and eluted stepwise with 500 mM NaCl in TMEG buffer. Fractions
(2 mL) were collected and the absorbance at 280 nm measured
(O). Peak fractions (3538) were analyzed on a 12.5% polyacry-
lamide gel containing SDS (insert) as described in Figure 2. The
location of Ung H187D is indicated by an arrow.

column matrix at a NaCl concentration-{00 mM) char-
acteristic of wild-type Ung. The minor activity peak found
in the flow-through fractions constituted-9% of the
recovered activity but contained a relatively large amount
of protein. Analysis of the flow-through fractions using
SDS-PAGE revealed a large protein band, (=~ 25 000)

case, the specific activity was essentially equivalent to that corresponding to the overproduced Ung H187D protein and

of the corresponding vector only control, though the Ung

several minor contaminants. Additional purification of Ung

H187D protein was overproduced. These results implied thatH187D was carried out using a poly(U) Sepharose column

the Ung H187D protein was defective in uracil-DNA
glycosylase activity.

To facilitate characterization of Ung H187D, the protein
was overproduced irE. coli JM105/pUng H187D and
purified according to the procedure of Sanderson and
Mosbaugh 27). During the purification (fractions+1V), a
relatively small amount of uracil-DNA glycosylase activity
copurified with the overproduced Ung H187D protein of
~25 000 molecular weight (data not shown). However, upon
chromatography of Ung H187D (fraction 1V) on a single-

(Figure 3B). Ung H187D which bound to the matrix was
stepwise eluted producing an apparently homogeneous
preparation (Figure 3B, insert). After pooling the peak
fractions, the specific activity of Ung H187D was determined
to be 37 units/mg, whereas wild-type Ung has a specific
activity of 2.1 x 10 units/mg under standard reaction
conditions 22).

Rechromatography of Ung H187D on Single-Stranded
DNA Agarose Although single-stranded DNA agarose
chromatography appeared to separate Ung H187D from wild-

stranded DNA agarose column two peaks of Ung activity type Ung (Figure 3A), this observation alone did not
were detected (Figure 3A). The major activity peak contain- eliminate the possibility that the activity detected in the Ung
ing a relatively small amount of protein eluted from the H187D preparation was due to a trace contaminant of Ung.
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gv Ficure 5: Comparison of pH optima of wild-type Ung and Ung
Se H187D activity. Four sets of standard uracil-DNA glycosylase
25 reaction mixtures containing Und@®j or Ung H187D Q) were
og o0 oRRee " PO 000 , & prepared except that either (A) 70 mM Tris-HCI (pH #@5) or
10 20 30 40 50 &0 (B) 70 mM Hepes-KOH (pH 6.58.5) was used as a buffer as
Fraction Number indicated above. Three concentrations (6-03L3 units) of enzyme

FiGuRe 4: Rechromatography of Ung H187D on single-stranded Were assayed at each pH and used to determine the specific activity
DNA agarose. (A) Ung H187D (fraction VI, 167 units) was applied for €ach reaction condition.
to a single-stranded DNA agarose column (5.7 &ml.8 cn¥)

equilibrated in DAB buffer. The column was washed and then step- double-stranded nature of the three substrates was verified

eluted with DAB buffer containing 150 mM NaCl. (B) A sample  fq||owing nondenaturing polyacrylamide gel electrophoresis
containing Ung H187D (fraction VI, 167 units) and wild-type Ung

fraction V, 167 units) in DAB buffer was prepared and single- as described by Bennett e.t af) (Each Of. the three substrates
gtranded DNA agaros)e chromatography peFr)for[r)ned as descriged iU, U/A, and U/G) were incubated with Ung at pH 8.0 to
panel A. Fractions (1 mL) were collected, assayed for uracil-DNA catalyze uracil excisions producing apyrimidinic sites. After
glycosylase activity®), measured for absorbance at 280 i), ( alkali-induced cleavage of the deoxyribose-phosphate bond,
and monitored for conductivity). an AP-site containing®P]11-mer was resolved by denatur-
o . . ing polyacrylamide gel electrophoresis as the reaction product
To dgtermme if residual Ung was present in Ung H187D (Figure 6, panels AC, respectively). The rate of uracil
(fraction V1), a sample (167 units) of Ung H187D was gycision was determined for each DNA substrate, and the
rechromatographed on a single-stranded DNA agarose,yjid-type Ung was found to hydrolyze the single-stranded
column (Figure 4A). A single peak of activity was detected j.o5_mer about 3- and 5-fold faster than the U/G- and U/A-

in the flow-through fractions and no significant activity was >5_mer respectively. Interestingly, when Ung H187D was
observed binding to the matrix with characteristics of wild- examin,ed under the same reacti01’1 conditions. the U/G-25-
type Ung. To verify that this chromatographic system would er was found to be the preferred substrate. Activity on the

have resolved an .Ung coptam@nant, if present, the eXperimemsingle-stranded U-25-mer and the U/A-25-mer was reduced
was repeated using an identical sample of Ung H187D to by ~1.5- and 2.3-fold, respectively, compared to the U/G-

which 167 units of Ung was added. Following chromatog- >5_mer substrate (Figure 6-4H). When Ung H187D was
raphy, two peaks of activity corresponding to Ung H187D ,qqaved at its optimal pH of 7.0, all three substrates were
and Ung were resolved and the specific activity of Ung prqcessed with similar efficiencies (data not shown). Activity

H187D in the flow-through fractions was essentially un- 4, the U/G- and U/A-25-mer was determined to be 75 and
changed (Figure 4B). Together these observations suggesggos, of the rate of activity on the U-25-mer, which was

that the activity detected in the Ung H187D preparation wWas i,reased-3-fold relative to the assay at pH 8.0.

inherent to the mutant enzyme. Effect of Uracil on Ung and Ung H187D Actty.

pH Optimum of Ung H187D Actity. The specific activity ~ |nhibition studies were conducted to determine whether the
of Ung H187D and Ung was determined in Tris-HCl and H187D mutation of Ung affected the binding of uracil to
Hepes-KOH buffers over a pH range of 6:8.5 (Figure 5).  the enzyme. Standard assays were conducted using Ung or
Maximal activity of Ung H187D was observed with Hepes- Ung H187D in the presence of various amounts of free uracil,
KOH at pH 7.0, which was one pH unit less than the pH 6-amino uracil, or 5-fluorouracil and the percent of activity
optimum for Ung (pH 8.0). relative to the control was determined as shown in Figure 7.

Substrate Specificitylhe relative ability of Ung and Ung At pH 8.0, Ung activity appeared to be 50% inhibited by
H187D to remove uracil from either a single-stranded or ~0.15 mM uracil. In contrast, Ung H187D was much more
double-stranded oligonucleotide containing a U/A base pairedresistant and showed about 7.5% inhibition at the same uracil
or U/G mispaired site was examined. Adnd3?P-labeled concentration. Similar results for inhibition by uracil were
oligonucleotide (f?P]U-25-mer) with a site-specific uracil observed for reactions conducted at pH 7.0 (Figure 7A).
residue at position 11 was annealed to one of two compli- Substitution of 6-amino uracil in place of uracil also
mentary oligonucleotides producing either *&P]U/A-25- demonstrated that Ung was more sensitive to the inhibitor
mer or a f?P]JU/G-25-mer DNA substrate. The single- or than Ung H187D, and that the observed level of inhibition
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FiGure 6: Substrate specificity of Ung and Ung H187D. Three sets of standard uracil-DNA glycosylase reaction mixtugds) @@&h

containing 0.3 units of Ung and eithéfiP]U-25-mer (A), f2P]JU/A-25-mer (B), or $2P]U/G-25-mer (C) were incubated at 3C for 0, 10,

20, 30, 40, 50, and 60 min (lanes-7, respectively). Reactions were conducted using 70 mM Hepes-KOH (pH 8.0) as a buffer. A control
reaction (lane C) was prepared which was incubated without Ung on ice for 60 min. After incubation, each reaction was terminated, AP
sites were hydrolyzed by alkaline treatment, and samples were analyzed using denaturing 12% urea-polyacrylamide gel electrophoresis as
described under Materials and Methods. Arrows indicate the locations of 25-mer substrate (S) and 11-mer product (P) on the autoradiogram.
(D) Radioactive bands were excised from the dried gel, the amoudPafdioactivity was measured for bands S and P, and the percent

of 25-mer hydrolyzed for the U&)-, U/A (a)-, and U/G B)-containing oligonucleotide was calculated as previously descriBedliree

similar sets of reaction mixtures each containing Ung H187D and eitfit]-25-mer (E), 2P]JU/A-25-mer (F), or 2P]U/G-25-mer (G)

were incubated. (H) The percent of 25-mer hydrolyzed for each substrate was determined as described above.

was not significantly affected by the change of pH (Figure more Ungx dTy than Ung H187Dx dT,, was produced.
7B). Inhibition of Ung by 5-fluorouracil (Figure 7C) was The experiment was also conducted usifPJdT.—U, a
least pronounced, regardless of pHy20% at 1 mM uracil-containing oligonucleotide (20-mer) possessing a uracil
5-fluorouracil. Moreover, inhibition of Ung H187D was not  residue 12 nucleotides from thé-énd (Figure 9B). Using
observed at any of the 5-fluorouracil concentrations tested this DNA substrate, the ability of Ung H187D, relative to
(Figure 7C). Ung, to form a cross-linked complex was nearly identical.

Ability of Ung and Ung H187D to Bind DNATo assess  In addition, the cross-linking efficiency was measured using
the relative affinity of Ung and Ung H187D for DNA, UV-  [3?P]dT;s—AP, which contained an apyrimidinic site in place
catalyzed cross-linking experiments were conducted usingof the site-specific uracil residue of gsF-U (Figure 9C).
three different oligonucleotides. Nonspecific DNA interac- Recognition of dTe—AP by Ung was~2-fold greater than
tions were analyzed after mixing?P]dT.o with either Ung by Ung H187D, due primarily to the decreased ability of
or Ung H187D, irradiating with UV-light for various times,  Ung H187D to cross-link to this oligonucleotide relative to
and resolving the reaction products using SIPAGE. either dTo or dT;g—U.

Autoradiography was used to detect the enzy{€P]d T, . - .
bands as shown in Figure 8A. The rate of cross-linking was Effect of Uracil on DNA BindingTo determine the effect

determined by measuring the amount® radioactivity ~ ©f free uracil on the DNA affinity of Ung and Ung H187D,
contained in the enzyme dT, bands as a function of UV UV-catalyzed cross-linking experiments were (_:amed outin
irradiation time (Figure 8B). A comparison of the cross- the presence of*{P]dT, and 2 mM uracil (Figure 10).
linking rates indicated that Ung (0.36 pmol/min) wag.2-  Inspection of the respective autoradiographs (Figure 10,
fold more efficient than Ung H187D (0.16 pmol/min) at Panels A and B) and cross-linking rates (Figure 10C) shows
forming a protein x dT, complex. Enzyme saturation that, in the absence of uracil, the extent of UV-catalyzed
experiments using various concentrations of oligonucleotide oligonucleotide cross-linking to Ung was approximately
to perform UV-catalyzed cross-linking revealed the extent twice that of Ung H187D. However, in the presence of the
of Ung and Ung H187Dx dT,o product formation (Figure highly inhibitory concentration of free uracil, the extent of
9A). In both cases, cross-linking increased with increasing Ung cross-linking remained unaffected, whereas Ung H187D
dT,o concentration until reaching a plateau where 5-fold cross-linking was reduced greater than 2-fold.
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Ficure 7: Effect of uracil on wild-type Ung and Ung H187D
activity. (A) Four sets of standard uracil-DNA glycosylase reaction
mixtures (10QuL) were prepared containing either 1.3 units of Ung
(3, m) or 0.6 units of Ung H187D®, ®). Reactions were conducted
using 70 mM Hepes-KOH (pH 8.0m ®) or 70 mM Hepes-KOH
(pH 7.0) @, O) and each reaction was supplemented with various
amounts of uracil as indicated. (B) Similarly, four sets of reaction
mixtures were prepared and supplemented with different amounts
of 6-amino uracil or (C) 5-fluorouracil as indicated. After incubation
at 37°C for 30 min, the amount offH]uracil released from the
DNA substrate was measured. The percent of Ung activity inhibited
was determined relative to the control lacking uracil.

DISCUSSION

We have used site-directed mutagenesis to examine the

role of an active-site amino acid residue (His-187) in uracil-
DNA recognition and excision byE. coli uracil-DNA
glycosylase. Recently, the structures of both Ung and Ung
H187D in complex with the uracil-DNA glycosylase inhibitor
protein were determined by X-ray crystallography, at 2.4 and
2.6 A resolution, respectivelyl6). Ung is the first full-length
uracil-DNA glycosylase for which crystal structure informa-
tion is available 15, 16). Overlay of the Ung and Ung

Ung Ung H187D
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Ficure 8: Relative ability of Ung and Ung H187D to form UV-
catalyzed cross-links with dd. (A) Two reaction mixtures (150
uL) containing DAB buffer, 7.6 nmol of either Ung or Ung H187D
were UV-irradiated on ice as described under Materials and

1020

Methods. At the times indicated below, 1B samples were
emoved and analyzed by 12.5% SBISAGE. The protein bands
were visualized after Coomassie Brilliant Blue G-250 staining and
the enzyme x¥P]d T, (arrow) was detected by autoradiography.
Lanes 17 correspond to UV exposure times of 0, 2.5, 5, 10, 20,
30, and 45 min, respectively. (B) The amount &P]dT,, cross-
linked to Ung @) and Ung H187D®) was quantitated by excising
the radioactive bands from the dried gel, solubilizing the gel with
30% H0; at 55°C, and measuring th&P radioactivity in a liquid
scintillation counter using 5 mL of Formula 989 fluor.

H187D structures indicated that the mutant protein is properly Asp substitution abrogated the ability of the mutant enzyme
folded with respect to the wild-type enzyme, and the principal to form a persistent complex with single-stranded DNA.
amino acid residues that form the uracil-binding pocket and However, we infer both from the low catalytic activity and
active site (Asp-64, Pro-65, Tyr-66, Phe-77, Asn-123, and from the observed inhibition by free uracil that Ung H187D
His/Asp-187) of Ung and Ung H187D are nearly superim- conserved, to some extent, the native uracil nucleotide
posable when the two structures are compaifd)l More- interaction. A structural comparison of the active sites implies
over, structural comparison . coli Ung with both the that steric constraints should not dramatically affect uracil
human (7) and HSV-1 82) uracil-DNA glycosylase ho- binding by Ung H187D (Figure 11). Furthermore, the
mologues have indicated that the major structural motifs experimental findings indicating altered DNA substrate
implicated in enzyme function and specificity have been specificity of Ung H187D suggested that the negative charge
conserved 15, 16). Thus, conclusions concerning the cata- of the Asp-187 side chain may repel the phosphate backbone
lytic role of Ung His-187 are most likely applicable to the of the single-stranded DNA, which is less constrained than
various members of the uracil-DNA glycosylase protein in double-stranded DNA. This interpretation was consistent
family for which this amino acid is an absolutely conserved with the close proximity of the Asp-187 carboxyl group to
residue. the 3- and 3-phosphates of the target uracil nucleotide in
During the purification of overexpressed Ung H187D, we DNA (Figure 11B). In addition, when the equivalent histidine
observed that, unlike the endogenous wild-type enzyme, theresidue in human uracil-DNA glycosylase (His-268) was
H187D mutant failed to bind single-stranded DNA agarose mutated to Leu, significantly lowered affinity to DNA was
under conditions conducive to stable binding by wild-type not observed8), presumably because the Leu side chain
Ung. In contrast, Ung H187D was observed to stably bind lacked the long-range interactions of the Ung Asp-187
to poly(U) Sepharose. This finding indicated that the His to carboxylate. In the case of poly(U) binding, perhaps the
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, T . , , fectively resolved into two distinct peaks (mutant and wild-
A. type Ung) using DNA-agarose affinity chromatography,
which was applied to the separation procedure during the
final step in the purification protocol; (2) the pH optimum
of Ung H187D (pH 7.0) was distinct from that of Ung (pH
i 8.0); and (3) the substrate specificity of Ung H187D differed
from that of Ung. From these observations, we concluded
. that the H187D mutant enzyme preparation was sufficiently
pure to warrant further characterization.

As previously shown, uracil-DNA glycosylases display a
marked preference for single-stranded uracil-containing DNA
and favor U/G mispairs over U/A base pairs in double-
stranded DNA 7, 33). Under conditions optimal for wild-
type Ung (pH 8.0), the substrate preference of Ung H187D
B. ' was U/G-25-mer> single-stranded U-25-mer U/A-25-
mer. However, at pH 7.0 Ung H187D processed these same

12

0.5 1.0 1.5 2.0 2.5

Crosslinked Product (pmol)

dT20 (nmol)

121 1 DNA substrates at comparable rates, although single-stranded
U-25-mer was slightly preferred. Furthermore, activity on
8 1 the single-stranded uracil-DNA substrate increased about

3-fold at pH 7.0 compared to that at pH 8.0. That the
i substrate specificity and specific activity of Ung H187D were
pH-dependent suggested that the protonation state of the Asp-
187 y-carboxylate may affect various aspects of the uracil-
excision reaction including the extent and duration of DNA
binding, uracil nucleotide flipping, and stabilization of the
uracil/deoxyribose transition state. In this regard, it was
. —_— . ; interesting to note that the effect of pH on uracil inhibition
C. of both Ung and Ung H187D was small, and that Ung
H187D was less susceptible than Ung to uracil inhibition.
In addition, the mutant enzyme was not inhibited by
5-fluorouracil at any of the concentrations tested. Taken
together, these results imply that the Asp mutation reduced
the affinity of the active site for uracil. This can be explained
] from a structural basis as caused by loss of hydrogen bonding
and repulsive electrostatic interactions with the permanent

Crosslinked Product (pmol)

0.5 1.0 1:5 2:0 2:5
dT19-U (nmol)

Crosslinked Product (pmol)

0.5 1.0 1.5 2.0 2.5

dT19-AP (nmol)

electric dipole at uracil O2 (Figure 11). In the case of
5-fluorouracil, steric interference and like-charge repulsion
by the 5-fluorine moiety with the Asp187 side chain were

apparently sufficient to preclude binding. Conversely, one
might expect that nonpolar substitutions at residue 187, such
as Leu, would not affect 5-fluorouracil inhibition.

Ficure 9: Effect of uracil- and AP-sites on UV-catalyzed cross-
linking of Ung and Ung H187D to db. (A) Samples (15ulL)
containing 0.38 nmol of Ung®) or Ung H187D () and 0.028,

0.084, 0.25, 0.76, or 2.28 nmol ofP]dT,, were UV irradiated i _ i _linki
for 30 min as described under Materials and Methods. Identical Using UV-catalyzed protein/DNA cross-linking as a

UV-catalyzed cross-linking reactions were carried out except that me'a'sure of DNA b',ndmg afflnlty,' W,e determlneq that the
[32P]dT.s—U (B) or [32P]dTi—AP (C) was substituted as the €fficiency of Ung His-187 cross-linking to the oligonucle-
oligonucleotide. After UV irradiation, samples were analyzed by otide dT,o was about the same as to dFU. Thus, the
12.5% SDS-PAGE and the amount of enzyme cross-linked* ]t presence of uracil in the 20-mer did not increase the DNA-
oligonucleotide was determined by liquid scintillation counting as binding affinity of Ung H187D. Since the turnover rate of
described in Figure 8. ) .
the Ung H187D mutant was very low~{ uracil/h), it

negative Asp-187 carboxylate:phosphate interaction in DNA seemed unlikely that very many AP-sites were created during
is mitigated in part by hydrogen bonding between the ribose the 30 min UV irradiation. Moreover, the extent of UV-
2' hydroxyl and the Asp side chain. catalyzed cross-linking to an AP-site-containing oligonucle-

E. coli Ung was purified to apparent homogeneity, and a otide (dTio—AP) was reduced about 50% relative to the rate
low level of uracil-DNA glycosylase activity was detected on dTig—U. These results suggested that the main factor
in the Ung H187D preparation. This activity was reduced affecting the uracil-DNA binding affinity of Ung H187D was
approximately 55000-fold relative to that of wild-type Ung not the recognition of uracil but the Asp-1g7carboxylate/
as indicated by a specific activity of 37 units/mg. On the DNA phosphate electrostatic repulsion. We speculate that
basis of this observation, Ung H187D was calculated to havethe negative electrostatic interaction was probably more
a turnover rate of 0.95 uracil/h. Several observations pronounced when the DNA substrate contained an abasic
indicated that the activity of the Ung H187D preparation was site, as the '3 and 3-deoxyribose phosphates were more
inherent to the mutant protein and not the result of very low- accessible.
level contamination by cellular Ung: (1) a preparation of  Unexpectedly, the wild-type enzyme was cross-linked by
Ung H187D deliberately contaminated with Ung was ef- UV irradiation less efficiently to the uracil-containing
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Ficure 10: Effect of free uracil on UV-catalyzed cross-linking of Ung and Ung H187D te,d[R) Two reaction mixtures (13mL)
containing 3.4 nmol of Ung, 6.8 nmol 0¥3P]dT,, and DAB buffer (pH 7.4) were irradiated with UV-light in the presence or absence of

2 mM uracil. Samples (15L) were removed after the irradiation times indicated below and subsequently analyzed by 12.5% /8BS

as described under Materials and Methods. (B) An identical set of reactions were prepared except that 3.4 nmol of Ung H187D was
substituted as the enzyme. Autoradiography was conducted to locate the cross-linked enZRidT,o species. Lanes-17 correspond

to irradiation times of 0, 2.5, 5, 10, 20, 30, and 45 min, respectively. (C) The amount of enzy##e]dT,, produced was quantitated by

liquid scintillation counting as previously described for Ur@) @nd Ung H187D M) in the presence and Un@®) and Ung H187D )

in the absence of uracil.
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Ficure 11: Model of E. coli Ung binding to uracil-containing DNA. The location of Ung (A) and Ung H187D (B) active site amino acid
residues are shown as determined by high-resolution X-ray crystallograghyrtie position of the cleaved uracil nucleotide was modeled

into the uracil recognition pocket by superimposing the Ung structure onto the human uracil-DNA glycosylase:U/G-DNA cocrystal structure
(5). Alignment was performed by the program CKWHENCES); The active-site residues portrayed are absolutely conserved belBveen

coli and human uracil-DNA glycosylase. The proposed interactions between various residues, uracil, deoxyribose phosphates, and water
are indicated. Protein is shaded in light gray, DNA in dark gray; heteroatoms are nitrogen (gray), oxygen (black), and phosphorus (white).

substrate (diy—U) than to the abasic site-containing sub- base bound in the active site rather than to the thymine-
strate (dTo—AP) or even to the nonspecific substrate,ddT ~ DNA; such enzyme molecules may not be capable of binding
Since the turnover rate of Ung (800 uracils/min) is rapid DNA.

compared to Ung H187D it might be expected that a  Addition of 2 mM uracil to the cross-linking reactions had
significant fraction of uracil had been excised fromgTU no effect on the efficiency of Ung dT,o cross-linking, but
during the UV irradiation reaction containing Ung. When the efficiency of Ung H187Dx dT,, cross-linking was
human uracil-DNA glycosylase was cocrystallized with a 10 reduced severalfold. These results demonstrated that the
base double-stranded DNA containing either a U/A base pair affinity of Ung was considerably greater for DNA than for
or a U/G mismatch, free uracil and a deoxyribosé OH uracil, as even 2 mM uracil did not disrupt Ungidbinding.
were bound in the active sité&)( Thus, it is conceivable  These results show further that the His to Asp mutation has
that a portion of the Ung molecules cross-linked to a uracil a greater affect on DNA affinity than on uracil binding,
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Ficure 12: Scheme of the reaction mechanism for cleavage of theQ\l glycosylic bond byE. coli Ung. Resonance forms of the
proposed hydrolysis intermediates in the uracil-excision are illustrated. ThR€ N Blycosylic bond is polarized by electron density withdrawal

from the deoxyribose Cthrough N1 into the uracil ring. The developing negative charge is distributed about the uracil ring by resonance
effects involving oxyanion formation at O2 and O4 and stabilized by hydrogen bonding with the side chains of His-187 and Asn-123, and
the main-chain GIn-63 amide. The catalytic water is bound by Asp-64 in the water-activating loop formed by 64-Asp-Pro-Tyr8jis-67 (

assuming that uracil bound in the active site prevents DNA al. (5). As observed in both the huma# 6) and the HSV-1
binding. (14) uracil-DNA glycosylase structures, the side chain of the
On the basis of the collection of biochemical and structural conserved Asp-64 appears properly positiones. icoli Ung
data forE. coli Ung, we propose that His-187 participates to bind the catalytic water 16, 16). Electron density
in glycosylic bond scission as illustrated in Figure 12. Stable withdrawal from the deoxyribose Cienders the N3C1
active-site geometry suggests that His-187Ns a hydrogen ~ bond vulnerable to nucleophilic attack by the water activated
bond acceptor to the Ser-189 main-chain amide. In the by they-carboxylate of Asp-64. In addition, the developing
“closed” conformation, movement of the Leu intercalation negative charge of the uracil base, stabilized by resonance
loop (amino acid residues 1871.95) brings the His-187 & effects and hydrogen bonding to active-site residues (GIn-
~2 A closer to the uracil O2 where it can act as a hydrogen 63, Asn-123, and His-187), makes uracil a good leaving
bond donor 4, 5, 16), as previously suggested by Savva et group. Abstraction of a proton from solvent by N1 also
al. (14). Delocalization of electron density across the His- enhances uracil departure and restores electrostatic neutrality
187 imidazole side chain contributes to catalysis by stabiliza- to the free uracil base following glycosylic bond scission.
tion of the oxyanion form of the uracil O2 carbonyl and the ~ The mechanism proposed here differs from previous
attendant polarization of the NAC1' glycosylic bond. The  proposals in several important respects. Recent structural
side chain of Asn-123 and the main chain of GIn-63 act to information derived from the cocrystallization of human
further stabilize electron delocalization in the uracil ring by uracil-DNA glycosylase with uracil-DNA4, 5) shows that
forming hydrogen bonds with N3 and O4. In addition, we His-268 (Ung His-187) is on the wrong side of the uracil to
reason that the Od4of the deoxyribose, because of its carry out either a direct nucleophilic attack on'Gi to
electron-withdrawing nature, also participates in forming a mediate an indirect attack by serving as a general base to
reactive, electrophilic Clsince substitution of the less activate a nucleophilic water, as previously proposkg).(
electronegative sulfur atom for O4esulted in a uracil Unlike others {4), we propose that it is unnecessary to
nucleotide refractory to hydrolysis as reported by Parikh et require protonation of uracil O2 in order to improve the
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leaving group quality of the base. Rather, the developing REFERENCES

negative charge that characterizes the transition state is not

posited solely in the O2 oxyanion but is distributed among
N1, O2, and O4 on the uracil ring by the effects of resonance
and hydrogen bonding (Figure 11). The proximity of the Ser-
189 NH to the His-187 imidazole & in both open and
closed conformations indicates thadNacts as a hydrogen
bond acceptor to the main-chain amide; accordingly, the His-
187 Ne2 is a hydrogen bond donor to O2. In this scenario,
it is unlikely that the His-187 imidazole binds two hydrogens,
carries a full positive charge, and protonates O2 to return to
electronic neutrality, as was proposédd)), The aromaticity

of the imidazole side chain seems uniquely suitable to
stabilize any partial charge associated with electrostatic
interactions with the uracil nucleotide backbone and hydro-
gen bonding with uracil O2.

The relatively bulky nature of the imidazole side chain of
His-187 may also contribute to the steric selectivity of the
active site. This selectivity pocket is thought to distort the
N1—-C1 glycosylic bond, since an intact extrahelical uracil
residue in DNA does not easily “fit” into the active site
without torsional straing, 16). In contrast, the Asp-187 side
chain is too small to contribute much to steric selectivity.

Substitution of Asp for His-187 has profound effects on
the cleavage of the NAC1' glycosylic bond. Asp-187 does
not extend far enough into the specificity pocket to allow a
protonated side chain to hydrogen bond with uracil O2. On
the other hand, it is too long to allow a water molecule to
act as a bridge between the Asp-187 side-chain carboxylate
and uracil O2 16). In removing the hydrogen-bonding
interaction of His-187 with uracil O2, the Asp-187 mutation
not only hampers uracil binding but it also influences the
stabilization of developing negative charge at O2 that is
requisite for N:-C1' bond cleavage. Simple removal of the
hydrogen bond, as observed in the human H268L mutant,
reduced the specific activity300-fold (18); however, the
specific activity of theE. coli H187D mutant enzyme
decreased an additional 2 orders of magnitude. The large
effect of the Asp-187 mutation on specific activity most
likely results from the destabilization of the hydrolytic
transition state caused by electrostatic repulsion of the
developing negative charge at uracil O2 by the Asp-187
carboxylate. Reduction of this electrostatic repulsion by
partial protonation of the Asp-187 side chain may be the
fundamental influence that shifts the pH optimum of the
mutant enzyme from 8.0 to 7.0. Hence, the Asp-187 mutation
provides a subtle probe of the Ung reaction mechanism,
indicating how an amino acid residue whose side chain is
~4.5 A from the nearest atom of the scissile bond can reduce
the reaction rate by-55000-fold.

In summary, we propose that the imidazole side chain of
Ung His-187 (1) facilitates uracil nucleotide flipping by
“pulling” the uracil residue into the active site through
favorable electrostatic interactions with the &nd 3-uracil
deoxyribose phosphates; (2) contributes sterically to the fit
and selectivity of the uracil binding pocket; and (3) stabilizes
the hydrolytic transition state by hydrogen bonding with
uracil O2. The reaction mechanism advanced here provides
a realistic explanation of the properties of the Ung H187D
mutant enzyme. However, how the release of the uracil-
excision reaction products, free uracil, and AP-site DNA
affects the catalytic efficiency of uracil-DNA glycosylase
remains to be established.
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