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ABSTRACT. Glycidaldehyde is an industrial chemical which has been shown to be genotoxic in in vitro
experiments and carcinogenic in rodent studies. It is a bifunctional alkylating agent capable of reacting
with DNA to form exocyclic hydroxymethyl-substituted ethenobases. In this work, 8-(hydroxymethyl)-

3 N*-etheno-2deoxycytidine (8-HMedC), a potential nucleoside derivative of glycidaldehyde, was
synthesized using phosphoramidite chemistry and site-specifically incorporated into a defined 25-mer
oligodeoxynucleotide. The 8-HME adduct is structurally related toN8-ethenocytosine<C), a product

of reaction with vinyl chloride or through lipid peroxidation. Escherichia coli eC has been shown
previously to be a primary substrate for the mismatch uracil-DNA glycosylase (Mug). In this study, we
report that the same glycosylase also acts on 84@Mn an oligonucleotide duplex. The enzyme binds

to the 8-HM<C-oligonucleotide to a similar extent as th@-oligonucleotide. The Mug excision activity
toward 8-HM<C is ~2.5-fold lower than that toward theC substrate. Both activities can be stimulated

up to~2-fold higher by the addition dt. coliendonuclease IV. These two adducts, when mispaired with
normal bases, were all excised from DNA by Mug with similar efficiencies. Structural studies using
molecular simulations showed similar adjustment and hydrogen bonding pattern for bothe&4@&M-
andeC-G pairs in oligomer duplexes. We believe that these findings may have biological and structural
implications in defining the role of 8-HMC in glycosylase recognition/repair.

Simple epoxides represent an important group of industrial  Carcinogen Metabolite Adduct Structure
chemicals. Some of these compounds are mutagenic or
carcinogenic. For example, glycidaldehyde, a highly reactive Ho_ N
epoxide (Figure 1), has been shown to be both mutagenic in /= o] H'C-H N7
in vitro genotoxicity testsX) and carcinogenic in long-term Glycidyl 7 OLN
rodent skin cancer studied, @). On the basis of these studies ethers o dA
and others, the International Agency for Research on Cancer Giycidaldehyde §8-(hydroxymethyl)-

(IARC) classified glycidaldehyde as an animal carcinogen 3,N*-etheno-dC
(4, 5). Studies from National Toxicology Program (NTP)
also showed sufficient evidence for the carcinogenicity of [/‘N
glycidol in experimental animals and anticipated that these Vinyl chloride CICH,-CHO Of]
N
dR

biological effects could occur in humans exposed to the

) 8 Chloroacetaldehyde
compound §). Glycidaldehyde can be produced from oxida-

tive metabolism of glycidyl ethers7( 8). Several glycidyl 3,N*-etheno-dC
ethers have also been shown to be carcinogenic in experi-
mental animalsg, 10). Ficure 1: Chemical structures of 8-(hydroxymethyl)N3;etheno-

- ‘ e A
Because of its reactive carbonyl and epoxy functionalities, deoxycytidine (8-HMedC) and 3\*-ethenodeoxycytidineedC).

glycidaldehyde is capable of forming cyclic hydroxymethyl- The modified dA nucleoside was identified by Steiner and
substituted etheno adducts. The structures of the dA and dCcolleagues in the skin of C3H mice treated with glycidal-
adducts formed after reaction with glycidaldehyde have dehyde 13) or bisphenol A diglycidyl ether§). The only
previously been identified and well-characterizéd-16). report on the chemical formation of dC-glycidaldehyde
adducts is from Kohwi17), who observed that glycidalde-
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as its chemical/physical properties, we recently synthesizedEXPERIMENTAL PROCEDURES

8-(hydroxymethyl)-3\*-etheno-2-deoxycytidine (8-HM-
€dC) (Figure 1) and its phosphoramidit&8{. The latter

compound was then site-specifically incorporated into de-

fined oligodeoxynucleotides. Using an in vitro replication
assay, we have found that the presence of 8-+@¥either

Materials. Crotalus adamanteus venom phosphodiesterase
1, bacterial alkaline phosphatase, apef{P] ATP (specific
activity 6000 Ci/mmol; 1 Ci= 37 GBq) were purchased
from Amersham Pharmacia Biotech (Piscataway, NJ). T4

causes blocking of replication or facilitates translesional Polynucleotide kinase was purchased from United States

syntheses catalyzed by mammalian DNA polymerases,

mainly in an error-prone mannerl¥). Some of these
polymerases such as pplwere able to catalyze significant

amounts of lesion-bypass with miscoding opposite the

adduct. This strongly suggests that 8-HKa-could be a

promutagenic lesion in vivo, if such adducts are indeed

formed in genomic DNA and not repaired.

8-HM-¢C is a structural analogue of the exocyclic adduct

3,N*etheno C £C), in which the five-membered etheno ring
has a—CH,OH group substituting a hydrogen (Figure 1).

€C is mainly formed from environmental compounds, such

Biochemical (Cleveland, OH). Acetonitrile (HPLC grade)
and glacial acetic acid were obtained from Fisher Scientific
(Pittsburgh, PA). Triethylamine was purchased from Aldrich
(St. Louis, MO). Sep-Pak C18 cartridges were purchased
from Waters (Milford, MA). The unmodified phosphor-
amidites for ultramild deprotection, 4-isopropyl-phenoxy-
acetyl (Pr—Pac)-dG, phenoxyacetyl(Pac)-dA, acetyl dC, and
dT-CE phosphoramidite, and the dT ABI controlled pore
glass (CPG) 500 A column were purchased from Glen
Research (Sterling, VA).
Repair Enzymes and Cell-Free Extracts. E. chlug

as vinyl chloride and ethyl carbamate, or through the processProtein, MutY protein, formamidopyrimidine-DNA glycos-

of lipid peroxidation (for review, see r&0). Both inE. coli
and mammalian systems, th€ adduct in DNA has been
shown to be miscoding in vitro and promutagenic in vivo
(for review, see re?1). In our recent study using mammalian
DNA polymerases 19), ¢C showed similar miscoding
specificity to that of 8-HMeC.

In 1994, this laboratory first reported a DNA glycosylase
activity in HelLa cell-free extracts which release@ as a
free base 42). During further purification of this activity,
we found that it actually resides in a protein different from
the glycosylase acting onNé-ethenoadenine, namely, alkyl-
purine-DNAN-glycosylase (APNG)Z3). This finding was
further confirmed by the observation that tk€-DNA

ylase (Fpg protein), endonuclease Ill (Endolll), and endo-
nuclease VIl (EndoVIIl) were from Trevigen (Gaithersburg,
MD). One unit of Mug protein is defined as the amount of
enzyme required to cleave 1 pmol of?®-labeled oligomer
containing areC in a duplexin 1 h at 37°C. E. coli uracil-
DNA glycosylase (Ung) was from Amersham Pharmacia
Biotech. The major human AP endonuclease 1 (HAP1) was
a gift from Dr. I. D. Hickson (University of Oxford, Oxford,
U.K.). E. coli endonuclease IV (EndolV) was a gift from
Dr. D. M. Wilson (Lawrence Livermore National Laboratory,
Livermore, CA).E. coli strain BW32 (AB1157), used to
prepare a wild-type cell-free extract, was a gift from Dr. B.
Weiss (University of Michigan, Ann Arbor, MI). The

less of whether the APNG gene was knocked @4).(The

protein excising:C has now been identified as the mismatch-

specific thymine-DNA glycosylase (TDG) in human®5s(
26) and mismatch uracil-DNA glycosylase (Mug) i coli
(26), which is the homologue of the human TD&7}. One

described by Hang et al39).

8-HM-edC and Oligonucleotide Synthesige preparation
of 8-HM-edC and its phosphoramidite was performed using
a modification of the procedures described by Chenna et al.
(18). The 25-mer oligodeoxynucleotide containing\N3,

difference between these two enzymes is that Mug lacks theethenocytosine:C) was synthesized as described previously

G-T mismatch repair activityd7). TheeC activity was also
observed in a recombinantGmismatch DNA glycosylase
from the thermophilic bacteriunMiethanobacterium thermo-
autotrophicumTHF (25), a functional homologue of TDG/
Mug proteins 28). These enzymes were originally found to

(34). Unmodified oligodeoxynucleotides were synthesized
and purified by Operon, Inc. (Alameda, CA).

The synthesis of the 25-mef-ECGCTAGXGGGTAC-
CGAGCTCGAAT-3 (X = 8-HM-¢C) was carried out on
an Applied Biosystems 392 automated DNA synthesizer on

remove uracil or thymine from duplexes when paired with a 1umol scale, ABI column, using phosphoramidites which

guanine 8—31). Both TDG and Mug are capable of
excisingeC from oligomer duplexes efficienth2g, 26, 32),
with Mug having greater efficiency toward the addu2s)(

In this work, we report that 8-HMC is also a good
substrate for theE. coli Mug protein. For comparative

can be deprotected under ultramild conditions. The coupling

time for the modified nucleoside was increased to 900 s to

give an optimal coupling efficiency of 93%. Thé&-BMT-

on 25-mer oligodeoxynucleotide was base-deprotected and
cleaved from the resin, under strictly anhydrous conditions

purposes, the previously identified substrate for the enzyme,and in the absence of light, using 1,8-diazabicyclo[5.4.0]-

€C, was studied in parallel using in vitro assays. In addition,

undec-7-ene (DBU) dried ove A molecular sieves with

molecular modeling of these two closely related exocyclic anhydrous methanol (100L of DBU to 900 uL of dry

derivatives in DNA duplexes was performed in order to

methanol). The deprotection was complete after 12 h stirring

obtain structural data which may aid in our understanding at room temperature.

of enzymatic recognition of the two adducts.

1 Abbreviations: 8-HMeC, 8-(hydroxymethyl)-3\*-ethenocytosine;
€C, 3N*ethenocytosine; AP, apurinic/apyrimidinic; Mug, mismatch
uracil-DNA glycosylase; TDG, mismatch specific thymine-DNA gly-
cosylase; Ung, uracil-DNA glycosylase; APNG, alkylpurine-DNA-
glycosylase; PAGE, polyacrylamide gel electrophoresis; DMT'-4,4
dimethoxytrityl chloride; TEAA, triethylammoniumacetate.

Purification of the DMT-on oligomer was carried out on
a Luna % phenyl hexyl 250x 4.60 mm analytical column
(Phenomenex, Torrance, CA). The DMT-on oligomer was
purified using a system in which the acetonitrile concentra-
tion was maintained at 15% for 10 min in the presence of
triethylammonium acetate (TEAA) buffer, then increased
linearly to 35% over the next 25 min. The flow rate was
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maintained at 1 mL/min. Using this system, the pure DMT- Mug Mug Mug
on oligomer had a retention time of 26.82 min.

The isolated DMT-on oligomer was treated with 80%
acetic acid for 10 min, neutralized, evaporated to dryness, —€ 8-HM-¢C £C
and purified again on the same column with the DMT-off. '
The resultant peak was collected using a second systen
where the acetonitrile was maintained at 5% in TEAA for
10 min and then increased linearly to 30% acetonitrile after
45 min. The retention time for the DMT-off oligodeoxy-
nucleotide was 24.66 min. Analysis of this compound by
electrospray mass spectrometry runona VG Bio-Q Instru- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ments mass spectrometer found the correct pewk Ficure 2: Binding ofE. coli Mug protein to a 25-mer oligonucleo-
—7722.51 M. tide duplex containing either 8-HME or C using a gel mobility

Further verification of the incorporation of the correct shift assay. The reacrt]ic_)n mixtures were tinCl;bﬁh%dJr%rt e1|§ Tg:] :St
modified base was performed by enzyme digestion of the '00M témperature with increasing amounts o '
above 25-mer, according o the procedure defined igsef oand 118 conaned 032, 0.9, 16, 5.2 8.0,and 16 i g
The reaction mixture was then analyzed by HPLC (Hewlett- pyffer only. (B, bound; F, free DNA).

Packard 1100 detector) using a reversed-phase Luna 5 ] )

phenyl hexyl 250x 4.60 mm analytical column. The result and subsequen_tly,. the gel was dried and autoradiographed.
showed that by “spiking” the sample mixture with the FOr band quantltat_lon,the Bio-Rad FX Molecular Phosphor-
modified monomer, an enlarged peak was observed super/Mmager and Quantity One software (version 4.0.1) were used.
imposed over the modified monomer peak from the digested Molecular Modeling.The modified bases (8-HME and
oligonucleotide at 19.39 min, confirming that the synthesized €C) were constructed using the xLeap module of AMBER
adduct was incorporated. 5.0 @_1). A set of parameters for t_he modified bases,

Band Shift and Glycosylase Assdor testing protein mcludmg atom charges, bond and torsional angles, and b_onq
binding and enzymatic activities, both modified and unmodi- Stretching constants, have been developed based on ab initio
fied 25-mer oligonucleotides weré-nd labeled with:f-*2P] guantum mechanlca_ll_ calculations, as described by Guliaev
ATP and annealed to a complementary oligonucleotide in a €t & #2). The modified bases were incorporated into 15-
1/1.5 ratio, as previously describegfj. The standard bind- ~Mer DNA duplexes truncated from the 25-mer sequence
ing reactions contained 1.5 nM-Bnd32P-labeled duplex in  (S€€ 8-HMedC and oligonucleotide synthesis)'-GCGCT-

20 mM Tris-HCI (pH 8.0), 1 mM EDTA, 1 mM EGTA, 0.1 AGXGGGTACC-3, where X= 8-HM-¢C, ¢C, or C. The
mg/mL acetylated BSA, and varying concentrations of Mug topology and_ coordinate files for all three duplexes were
protein in a total volume of 10L. After a 15 min incubation ~ 9enerated using the xLeap module of AMBER 5.0. Twenty-

at room temperature~20 °C), reactions (5uL) were eight Na* ions were placed around phosphate groups to
resolved on 6% nondenaturing polyacrylamide gel electro- neutralize negative charges, and a rectangular water box was
phoresis (PAGE) fol h at 150 Vusing 1X TBE buffer. added which provided at least 10 A of explicit water

To measure Mug excision activity, the same aforemen- Molecules around each of the DNA duplexes. The system
tioned reaction mixtures for the binding assay were incubated W&S subjected to a series of equilibration runs to obtain the
at 37 °C with varying amounts of enzyme or for various correct density and volume for the water present. Finally, 1
lengths of time. The reactions were stopped by heating the"S of the unrestrained molecular dynaml_cs runs, using particle
samples at 95100 °C for 3 min and then placing on ice. mesh Ewald (PME) to treat electrostatic interactions, were

Following this, a 5AP endonuclease, HAP1 or EndolV, was USed o generate averaged structurég).(The average
added to the reactions, which were incubated atGfora  Structures from the last 650 ps of MD were analyzed using
further 20 min. This step was used to cleave the apyrimidinic CURVES 5.3 43), and MD trajectories were analyzed using
(AP) site resulting from the excision of 8-HME or C by the carnal module of AMBER 5.0. The structures were also
Mug. HAP1/EndolV alone did not exhibit any detectable displayed and analyzed using Insight Il (Insight Il 98.0,
effect on these two substrates. In the reactions with AP lyase-BiosSym/MSI, San Diego, CA). All calculations were per-
containing glycosylases including Fpg protein, Endolll, and formed on Silicon Graphics Origin 200 server (Silicon
EndoVIIl, there was no addition of HAP1. One exception is Graphics Inc., Mountain View, CA).

MutY protein among thé&. coliglycosylases tested. Whether RESULTS

this enzyme has an associated AP lyase activity has been

the subject of controversy (e.qg., re8§—40). Therefore, Recognition and Excision of 8-HM= by E. coli Mug
HAP1 was added to the MutY reaction. When excision Protein.We started our initial binding experiments on 8-HM-
reactions were performed with cell-free extractseofcoli €C usingE. coli mismatch uracil-DNA glycosylase (Mug),

AB1157, no AP endonuclease was added. For the competi-since this is the only enzyme found so far to remeein
tion assay, the same unlabeled 25-mer oligomer duplexesE. coli (26, 44). As shown in Figure 2, Mug protein showed
were preincubated with Mug protein in the mixture for 5 a similar protein concentration-dependent binding activity
min on ice beforé?P-labeled 8-HMeC-containing oligomer  toward a®P end labeled 8-HM<C-containing oligomer
duplex was added. All of the above reactions were stoppedduplex (lanes 49) to that towardeC-containing duplex
by adding equal amounts of a F/E solution (90% formamide (lanes 1116). In this 25-mer, both 8-HMC andeC are in
plus 50 mM EDTA) and then heated at-9500°C for 3 min. the same position (eighth nucleotide fromehd), and the
Samples (L/lane) were then run on ¥2 8 M urea/PAGE, opposite base is G (see Experimental Procedures).
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Ficure 3: (A) Protein-dependent cleavage of 25-mer oligonucleo-
tide containing either 8-HM<C or ¢C by E. coli Mug protein.
Increasing concentrations of Mug protein-@® nM) were incubated
with 32P end labeled oligomer substrates (1.5 nM)X¥d at 37°C.
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incision of both 8-HMeC andeC oligomer substrates. The
cleavage pattern for the two adducts (data not shown) is the
same, which is also in agreement with that described for the
pB-elimination reaction that cleaves an AP site from the 3
end @9, 45). Both experiments indicate that Mug acts on
8-HM-¢C as a DNA glycosylase.

The specificity of the 8-HMeC activity of Mug was
further confirmed using a competition assay. As shown in
Figure 4, when thé’P end labeled 8-HM-C 25-mer duplex
was incubated with an increasing molar excess (1x, 2.5x,
5%, and 10x) of the same but unlabeled competitor 25-mers,
Mug activity toward 8-HMeC could be efficiently competed
by the 8-HM<C- or ¢C-containing duplex but not by the
unmodified duplex. The cross-competition of 8-HG-
excision by theeC oligomer confirmed that Mug is the
enzyme acting on 8-HMC. Note that, in Figure 4, theC-
containing 25-mer duplex (lanes-10) appears to be a better
competitor than the 8-HM<C-containing competitor (lanes
3—6), which can be correlated with the kinetic findings
described here.

We further compared the kinetic features of Mug excision
of 8-HM-¢C with those of ¢C under the same assay
conditions. Figure 3B shows the removal of 8-HI@- (2
nM) and ¢C (2 nM) by Mug (0.5 nM) from the 25-mer
duplexes as a function of time {®0 min). Both activities
had an early fast phase during the first 2.5 min, and then
reached a slower rate afterward. The rate of 8-EM/-
excision is slower than that @fC excision in both phases,
with ~2.5-fold difference after 15 min reaction (Figure 3B).
Addition of E. coli EndolV, a 5 AP endonuclease next to
the Mug protein inE. coli BER pathway, stimulated the
8-HM-¢C excision by~2-fold (Figure 3C). In both Figure
3B and C experiments, whea 4 molar excess of substrate
duplex was used, the 8-HNE or ¢C excised by Mug in
the absence of EndolV was less than the molar concentrations
of Mug in these reactions. However, in the addition of 4
nM EndolV to the reaction in Figure 3C, which had 4 nM
oligomer duplex and 1 nM Mug protein, more than 1 nM
8-HM-¢C was excised, indicating the occurrence of turnover
with the substrate.

To explore whether any other glycosylaseEncoli can
act on 8-HMe¢C, various available pure DNA glycosylases

(For details, see Experimental Procedures.) (B) Time-dependentWere tested. Except for Mug protein, no detectable activities

cleavage byE. coli Mug protein of 32P end labeled 25-mer
oligonucleotide containing either 8-HM= or ¢C. The oligomer
duplexes (2 nM) were reacted with 0.5 nM Mug protein for varying
times at 37°C. (C) Stimulation of Mug activity toward 8-HMC

by E. coli EndolV. Four nanomola¥P end labeled 25-mer duplex
was incubated with 1 nM Mug protein with or without 4 nM
EndolV at 37°C. One millimolar MgC} was used for these

were observed from other glycosylases tested (Figure 5). This
test was carried out using high amounts of proteins compared
to that required to cleave their normal substrates in order to
detect weak activity. Figure 5 also shows that this newly
identified 8-HM<C activity resides in a wild-typé&. coli
strain. The same pattern was also observed@substrate

reactions. Reactions were stopped at various time points by heatingspecificity.

at 95-100°C for 3 min. Ten nanomolar EndolV was then added
to all samples, including those with Mug plus EndolV before
heating. After 20 min at 37C, reactions were terminated by adding
an F/E solution.

Effect of Opposite Bases and Strandness on Excision
Efficiency The adduct-containing 25-mers wereehid3?P-
labeled and annealed to a complementary strand with each
of the four bases opposite 8-HME or ¢C. ThreeE. coli

Mug protein was also shown to cleave the same 25-mer DNA glycosylases were tested, including Mug, Ung, and

containing 8-HMeC in a protein concentration-dependent
manner, but the extent of cleavage is lower than thaf

MutY. Mug and MutY are known to recognize base
mismatches. Table 1 summarizes the base pair specificity

cleavage (Figure 3A). In these experiments, the cleavageof the Mug protein, as determined by the initial velocities

products from both substrates after ‘a8 endonuclease
treatment were &P-labeled 7-mer, resulting from hydrolysis
5' to the AP site at the eighth position. Alkaline treatment

of the adduct excision. All modified base mismatches were
recognized and the adduct excised by Mug. For both adducts,
the variation in activities toward these mismatches was within

(NaOH plus heat) of Mug-treated samples also causeda relatively small range (Table 1). Unlike Mug, neither Ung
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*P-Labeled 8-HM-£C oligomer (1.5 nM)
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Ficure 4. Mug excision of 8-HMeC with and without competitors. The standard reaction mixtures were incubated for 10 mirf@t 37
with increasing amounts of unlabeled 25-mer oligomer duplex containing either 8{¥&nes 3-6), ¢C (lanes 710), or unmodified C
(lanes 11+-14). Lane 1 contained buffer only. Lanes 24 contained 4 nM Mug protein.
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FiIcurRe 5: Screening of activities dE. coli DNA glycosylases toward oligomers containing either 8-H®lor ¢C. The substrate oligomer
duplexes were incubatedrf@ h at 37°C with each individual purified DNA glycosylases (Mug: 0.01 U; Ung: 0.1 U; MutY: 0.1 U; Fpg
protein: 0.1 U; Endolll: 0.1 U; EndoVIIl: 0.1 U). In addition, a cell-free extract prepared from a wildEypeli strain, BW 32, was also
tested for activities against the modified bases (lanes 8). Landsii both panels also contained 5 ng of HAP1.

Table 1: Recognition of 8-HMC or ¢C Mispairs by Mug Protef shown). For t_h(?se e>.<periments_, after Mug reaction with the
adduct-containing oligonucleotide, a 2-fold molar excess of
the complementary strand was added to the reaction which
(A5 133’ ﬂg (T: g‘é 11‘,:;)3% was then slowly cooled from 86C to room temperature.
HAP1 (5 ng) was then added and incubated at°G7to

2 The standard reaction conditions were used for this experiment (seec|egve any AP site in duplex DNA, as this enzyme does not
Experimental Procedures). The incubation time was 10 min &C37 cleave AP site in single-stranded DNAG)

Data are an average of three independent experiments. No activity was

opposite base 8-HMEC ¢C opposite base 8-HME «C

detected using MutY or Ung for these mispait&Relative excision Structural Features of 8-HMC andeC. The stability and
activity. The initial rates of excision activity measured on 8-Hl-or the equilibrium state of the 1 ns MD simulations were
€C were treated as 100%. evaluated by calculating the RMSD values of each 1 ps

“snapshot” relative to the starting structures containing dcC,
nor MutY showed any detectable activity toward any of the 8-HM-¢C, or ¢C. All three structures reached the confor-
modified base mismatches listed in Table 1, showing a clear mational equilibrium in the range between 250 and 350 ps
difference in their substrate specificity from Mug. (data not shown). Therefore, the conformations generated

With the single-stranded oligomer containing either 8-HM- between 350 and 1000 ps were used to monitor structural
€C or €C, no detectable cleavage was observed when up toproperties. All three structures remained in the B DNA
16 nM Mug protein was used ffdl h at 37°C (data not conformational family, with the minor distortion around the
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Table 2: Intrabase Pair Parameters for th&GC-G, and 8-HMeC-G Basepairs

basepair shear (A) stretch (A) stagger (A) buckle (deg) propeller (deg) opening (deg)
C-G 0.15 0 —0.02 8.12 —0.11 —0.86
8-HM-¢C-G 1.38 1.0 —0.74 —5.99 —14.26 28.06
eC-G 2.01 0.7 0.1 511 —14.04 33.47

unmodified C, are in the C2nddC3-exorange (Figure 6).
The C3-enddC4-exosugar conformation of theC adduct
produced by modeling was in a good agreement with the
previously reported solution structures of #@ containing
DNA duplexes, which showed the same conformational
range for that sugadg, 51).

DISCUSSION

Many chemicals can interact with cellular macromolecules
and subsequently affect their functions. One of the most
important factors in the initiation of carcinogenesis is the
reaction of such chemicals with DNA bases to produce
adducts or other types of damadge?); Glycidaldehyde, an
animal carcinogen, has been shown to have the ability to
modify bases both chemicallyl{—17) and in animal
experiments§, 13). In this work, we studied the enzymatic
repair of 8-(hydroxymethyl)-8{*-ethenocytosine (8-HMC)
as it is a potential glycidaldehyde-derived adduct in light of
the previous work on the formation of hydroxymethyl etheno
FIGURE 6: Top view of the central 3 basepair motif for the control  dA in vitro and in vivo @ 11—16). In in vitro primer

(C-G) and two lesion-containing DNA duplexesXG and 8-HM- ~  oiansion assays, 8-HME has been found to be a miscoding
€C-G, respectively) produced by molecular modeling. The central

C-G, ¢C-G, and 8-HM<C-G basepair are colored by atom type. €Sion when mammalian DNA polymerases were testé} (
The hydrogen bond patterns for each base-pair are shown in dottedn addition, the adduct itself is a structural analogue bf-3,
yellow lines. Note the similar displacement of the adducts toward ethenocytosine:C) (Figure 1), a well characterized exocyclic

the major groove and similar sugar conformations ind@eG and adduct (for review, see réfd). It is of great interest for us
8-HM-eC-G basepairs. to understand how the changes in adduct structure affect

lesion site during the entire course of the simulation. The €nzymatic recognition or catalytic efficiency (for review, see
dC adducts were displaced into the major groove of the helix, ref 54).
while the opposite base remained stacked. In this study, we first addressed the question whether the
The main feature of the two lesion-containing basepairs E. coliMug protein, which excisesC (26, 32 44), also acts
is the similar alignment of the bases in the pair with the on the newly synthesized 8-HMZ. As shown in Figure 2,
high value for the shear (SHR) parameter (Table 2). The Mug is capable of binding to an 8-HMc-containing oligo-
SHR values for the other basepairs in all three DNA mer duplex in a protein concentration-dependent manner,
duplexes, including control, fall into the ranged.2 to 0.3 similar to the binding ofeC-duplex. Previous studiesZ,
A. The high SHR value correlated with the higher degree of 55—58) have revealed that both Mug and TDG bind strongly
opening of the lesion-containing basepair (Table 2). The to their reaction product (i.e., an AP site-containing DNA
alignment of the bases in the 8-HAG-G andeC-G pairs when UG- or T-G-containing substrates are used). In our
was stabilized by the observation of the single bifurcated binding experiments with the two exocyclic adducts, it is
hydrogen bond (yellow dotted lines in Figure 6). The stability anticipated that the mechanism would be similar. Therefore,
of this bond was evaluated by calculating the percent of the binding of Mug to both adduct-containing oligomers in
occupancy during the simulation. For the 8-H@-G pair, Figure 2 could be part of a process involving the initial
the hydrogen bond between 8-HAG—03 and G23-N2/N1 recognition and also should reflect the generation of an AP
was 99.5% occupied with an average value of 3196.18 site. Nevertheless, the latter point concerning the AP site
A. In the case otC-G basepair, the hydrogen bond between binding should serve as indirect evidence that Mug possesses
€¢C—02 and G23-N2/N1 was 95% occupied with an average a DNA glycosylase activity toward both adducts.
value of 3.01+ 0.2 A during the entire course of simulation. Using an oligomer cleavage assay, Mug protein showed
The observation of the highly sheared basepair forefbe  a DNA glycosylase activity toward 8-HME by forming
containing duplexes was reported previously using NMR an AP site at the adduct position. The rate of 8-H®I-
(47—50). These authors showed tha opposite G, T, or C  excision is~2.5-fold lower than that ofC excision (Figure
formed a sheared base-pair with one hydrogen bond betweer8B). These two activities showed a similar pattern in their
the bases. rate change during the course of their reaction to that
Molecular dynamics calculations also revealed a similar observed with a @J-containing duplex32) (i.e., the initial
sugar conformation for the two adducts. These adducts, whenfast phase and a slow phase afterward). In the abseri€e of
present in the DNA duplex, have a sugar pucker in the C3 coli EndolV, Mug protein could not process more than its
enddC4-exoregion, while the rest of the residues, including molar concentrations of the substrates (Figure 3B and C).
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This is due to the known fact that Mug strongly binds to the adduct, previous NMR studies have shown that it cannot
reaction product AP site-containing DNA, resulting in the form strong hydrogen bonds with any opposite basé—(
lack of Mug turnover 82). Addition of EndolV to the Mug 50). In contrast, none of these modified base mispairs is
reaction, a BER enzyme which cleaves the AP site next to recognized by Ung or mutY. Ung has basically no sequence
a glycosylase action, enhanced the Mug activity toward homology with Mug but shares structural similarit§2j.
8-HM-¢C by ~2-fold (Figure 3C). Moreover, the amount Even though both enzymes recognize aGUmismaitch,
of 8-HM-¢C removed was more than the molar concentration Ung’s tighter binding pocket seems to prevent the enzyme
(2 nM) of Mug (reached more than 1.5 nM after 60 min), from accommodatingC or 8-HM-C. The adenine-specific
clearly indicating the turnover for the substrate. The same mismatch glycosylase, MutY, also seems not to act on any
mechanism has been studied previously for both Mug and of the aforementioned modified base mispairs, indicating a
TDG using GT(U)- and AP-site containing oligomer  strict requirement for its active site interaction.
duplexes 82, 55, 57), which revealed that EndolV/HAP1 Of all theE. coli glycosylases tested in this work, Mug is
displaces the tightly bound Mug/TDG from the AP site- presently the only knowik. coli enzyme excising 8-HM-
containing oligonucleotide. It should be pointed out that these ¢C or «C. The latter activity has been previously shown to
studies showed a higher efficiency of turnover than did our be missing in cell-free extracts from raug mutant @4),
results after addition of an AP endonuclease, which could indicating that Mug may be the only glycosylase acting on
be due to the fact that Mug bound to an adduct-containing ¢C in E. coli. The eC activity of Mug protein is known to
oligomer may be more “difficult” to be displaced by an AP be conserved during evolution because the homologous
endonuclease than that bound to a normal base mismatcthuman TDG also excise€ (25, 26). At present, there seems
such as GT (V). to be no way to determine whether these etheno and related
The present finding that Mug also acts on 8-RKl-can derivatives are the original selective pressures under which
be reasoned that this adduct closely resembles the structuréug protein evolved or whether they are just fortuitously
of eC. From the unrestrained molecular dynamics simulation, able to fit into the active site of an evolved protein.
the alignment and hydrogen bond pattern of 8-H®G pair Considering the high miscoding potential € as well as
is similar to that ok C-G pair (Figure 6). The latter structure  8-HM-¢C, it is reasonable to assume that cells possess a
agrees in principle with that reported using NMR as described specific repair enzyme toward these adducts.
in the Results section, which would validate our computa-
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