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ABSTRACT. DNA damage caused by the binding of the tumorig&B%-diol 9S 10R-epoxide (BR]PDE),

a metabolite of beza]pyrene, to guanine in CpG dinucleotide sequences could affect DNA methylation
and, thus, represent a potential epigenetic mechanism of chemical carcinogenesis. In this work, we
investigated the impact of stereoisomerie){ and ()-trans-anti-B[a]P-N2-dG adducts (B and B") on

DNA methylation by prokaryotic DNA methyltransferases M.Sssl and M.Hhal. These two methyltrans-
ferases recognize CpG and GCGC sequences, respectively, and transfer a methyl group to the C5 atom
of cytosine (C). A series of 18-mer unmethylated or hemimethylated oligodeoxynucleotide duplexes
containingtrans-anti-B[a]P-N2-dG adducts was generated. The & B~ residues were introduced either

5' or 3 adjacent or opposite to the targétdeoxycytidines. The B|PDE lesions practically produced no
effect on M.Sssl binding to DNA but reduced M.Hhal binding by2Lorders of magnitude. In most
cases, the benzalpyrenyl residues decreased the methylation efficiency of hemimethylated and
unmethylated DNA by M.Sssl and M.Hhal. An absence of the methylation of hemimethylated duplexes
was observed when either the )¢ or the (-)-trans-antiB[a]P-N?-dG adduct was positioned o the

target dC. The effects observed may be related to the minor groove conformation of the bulkyapenzo[
pyrenyl residue and to a perturbation of the normal contacts of the methyltransferase catalytic loop with
the B[a]PDE-modified DNA. Our results indicate thatt@ns-anti-B[a]P-N?-dG lesion flanking a target

dC in the CpG dinucleotide sequence on ftsitle has a greater adverse impact on methylation than the
same lesion when it is' &djacent or opposite to the target dC.

DNA methylation is an epigenetic modification in the ethylated (maintenance MTases) CpG sequeriees)( The
cellular genome. It is involved in various biological processes methylation patterns (the distribution ofdCpG within the
such as transcriptional silencing, genomic imprinting, regula- genome) are stable in the adult genome for many cell
tion of development, chromatin structure, and DNA mis- generations3—7). Aberrations in methylation patterns are
match repair{—>5). In eukaryotes, methylation occurs at the observed in most if not all cancers, and tumor promotion is
5-position of cytosine, predominantly when this nucleobase commonly associated with reduced levels of 5-methyl-
is part of CpG dinucleotide steps. The conversion of cytosine cytosine (hypomethylation) relative to that of normal cells
to 5-methylcytosine is catalyzed by DNA methyltransferases (1, 8). However, the higher levels of specific methylation of
(MTased) using S-adenosyk-methionine (AdoMet) as the  promoter regions in tumor suppressor genes (hypermethy-
methyl donor (AdoMet turns t&adenosylk--homocysteine, lation) silence the genes affected and, thus, may also lead to
AdoHcy) (6). In eukaryotes, the DNA methylation machinery cancer g, 9).
involves several C5-cytosine MTases (C5 MTases) that act  Chemical reactions of diol epoxides derived from the

either on the unmethylated (de novo MTases) or hemim- metapolic activation of polycyclic aromatic hydrocarbons
(PAH) with DNA (10, 11) are known to cause mutations
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position within the DNA substrate on methylation catalyzed
by prokaryotic C5 MTases Sssl and Hhal. We chose M.Sssl
for these studies because it is a unique prokaryotic MTase
that shares specificity with mammalian MTases and the
biochemically and crystallographically characterized M.Hhal.
In fact, prokaryotic C5 MTases and the catalytic domains
of mammalian MTases exhibit high sequence homologies
and structural similaritiess}, and the mechanisms of methyl

B' - (+)-trans-anti-B[a]P-N*-dG B’ - (-)-trans-anti-B|a]P-N>-dG transfer appear to be similar in all C5 MTases, including
FiGURE 1: Chemical structures of thetj- and (-)-trans-anti mammalian MTases36, 36).
B[a]P-N*-dG adducts. The characteristics of M.Sssl and M.Hhal have been

studied previously. The prokaryotic MTase Sssl from the

that can lead to the initiation of tumorigenesis. BEIHI?-O[ bacteriumSpirop|asma'ecognizes CpG sequences in DNA
pyrene (2), one of the most widely studied environmental and methylates the C5 position of the cytosine residue within
PAH compounds, is metabolized in vivo to genotoxic 7,8- this sequenced(). A biologically active hybrid MTase
diol 9,10-epoxides (B{|PDE) with an anti-orientation of the  containing theN-terminal regulatory domain of the mam-
7-hydroxyl and 9,10 epoxide groups. The){7R,8S9S10R malian Dnmt1 and most of the coding sequence of the M.Sssl
enantiomer [{-)-anti-B[a]PDE] is highly tumorigenic in  replacing theC-terminal catalytic domain of Dnmt1 has been
animal models 13), whereas the<)-7S8R9R,10Senanti-  constructed38). Recently, a computer model of the ternary
omer [(—)-anti-B[a]PDE] is not. Both forms of BAJPDE M.SsstDNA-AdoHcy complex was generate8d). On the
bind covalently to DNA by the nucleophilic attack of the pasis of this model, it was suggested that the part of the target
N> or N°-exocyclic amino groups of guanine or adenine, recognition domain of M.Sssl that is responsible for its direct
respectively, at the C10 position of thedfPDE molecule.  interactions with the DNA recognition sequence, resembled
Guanine is the major target of reaction, occurring mainly the corresponding part of the target recognition domain of
by the trans opening of the epoxide ring, thus producing the the CpG-specific mammalian MTase Dnmt29)(. Taken
(+)- and ¢)-trans-anti-B[a]P-N>-dG adducts 14) (Figure together, these findings suggest that M.Sssl is a good model
1). In cellular environments, the BJP-DNA adducts are  for studying the mechanism of interaction of CpG-specific
removed by nucleotide excision repair, the only efficient mammalian MTases with DNA. M.Hhal is a DNA C5-
SyStem for the removal of such bUlky lesions (rEVieWEd in Cytosine MTase, a component of a type Il restriction-
ref 15). The repair ofrans-anti-B[a]P-N*-dG adducts by cell  modification system fronaemophilus haemolyticperhich
free extracts from human cells is relatively sidl®) Lesions  modifies the inner cytosine in the double-stranded sequence
that escape repair may block DNA replication and transcrip- 5-GCGC-3. M.Hhal is one of the most extensively studied
tion or may be misread in an error-prone manner. The impact MTases. Various crystal structures of this enzyme in binary
of B[a]PDE-damaged DNA on the function of topo- complexes with AdoMet or in ternary complexes with
isomerases1(?), T7 RNA polymerase 8), human DNA  aAdoMet (or AdoHcy) and with different DNA substrates
polymerasesi(, 20), and transcription factor bindin@{— have been solvedi(—42). The kinetic and catalytic mech-
24) have been studied. anisms of M.Hhal have been thoroughly characteriz (

The B[a]P-N*-dG lesions are formed efficiently at the 43-45), and molecular dynamics simulations were also
guanine residue in CpG sequence conte®) that are  performed 42, 46). Biochemical and structural studies of

recognition sites of mammalian MTases. The efficiency of M.Hhal have significantly contributed to an understanding
such damage is enhanced in the presence®dfCninstead of the mechanism of C5-cytosine methylatict)

of dC in 5-_CpG targets 25_27.)' Such damage in _the_ Itis shown here that the MTases Sssl and Hhal are capable
promoter region of a gene may disturb the normal functioning ¢ binding to recognition sequences with aP-N?-dG

B I\/.ITases.an(_j change the genpmic methylation pattern. N adducts. Both M.Sssl and M.Hhal methylate such modified
earlier pubh((:jattl)ons, the metr;ylatlon catzlyzeld by Z]afmg‘al'a” sequences less efficiently than their unmodified counterparts.
MTases af‘h y M.Hpall of DNA randomly T:O Med DY \When thetrans-anti-B[a]P-N>-dG lesions are positioned at
reaction with BRIPDE was r_epc_»rt_ed2@3—31)._ T € Bla]P- the B-side of the target cytosine in the hemimethylated
DNA adducts were found to inhibit methylation in a manner duplex, they have a much more profound impact on DNA

that depended on the levels of modification. Recently, We ey iation than when the same lesions are present at other
reported that the prokaryotic MTase EcoRll is able to bind positions. The results obtained indicate tha]BEDNA

to DNA sequences with+)- and (—)—trans—antiB[a]F?-.NZ- damage is more critical to the methylation of hemimethylated
dG adducts positioned within the EcoRII recognition se- H\a rather than unmethylated DNA sequences
quence (CC(A/T)GG), but its catalytic activity is either '

significantly diminished or entirely blocke®2). The CC- EXPERIMENTAL PROCEDURES

(A/IT)GG sequence, in addition to the CpG sequences, was

found to be a target of mammalian MTas&8,(34). Chemicals and Enzyme#&doMet and AdoHcy were
The objective of this work was to examine how the C5- purchased from Sigma (St. Louis, MO). [6fH]—AdoMet

cytosine methylation in CpG and GCGC sequences is (77 Ci/mmole, 13uM) was from Amersham Biosciences

impacted by ¢)- and ()-trans-antiB[a]P-N?>-dG adducts  (Little Chalfont, U.K.). [y-32P]-ATP (1000 Ci/mmole) was

(Figure 1). We used site-specifically modified oligonucleotide purchased from lzotop (Obninsk, Russia). DNA methyl-

duplexes with single<)- and ()-trans-antiB[a]P-N>-dG transferase Sssl (4000 U/mL) was purchased from New

adducts to study the effects of stereochemistry and adductEngland BioLabs (Beverly, MA). Also, we used Kiggged
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polyacrylamide gel. To obtain duplexes GOBGM and

Table 1: Oligodeoxynucleotide Sequences Synthedized - . !
GCB'/CGM, either oligodeoxynucleotide GCE2.5 nmol)

ggg gﬁéﬁgggﬁggggﬁggg?é or oligodeoxynucleotide GCB(2.5 nmol) were a_nnealed
GMG 5-GAGCCAAGMGCACTCTGA with the complementary strand CGM (2.6 nmol) in 440
CGM 5-TCAGAGTGMGCTTGGCTC of buffer A by heating the sample to 8@, followed by
FAM-CGC 3-FAM-TCAGAGTGCGCTTGGCTC slow cooling to 20°C. The duplexes obtained (M) were
E’f('\:"éCGM g:ggl\éggﬁgé%gg\ig%rgicm methylated by M.Sssl (17 nM) in buffer B containing
B*CG 5-GAGCCAAB+*CGCACTCTGA AdoMet (160 uM). After 1 h of incubation at 37°C,
GCB- 5-GAGCCAAGCB CACTCTGA additional aliquots of M.Sssl (17 nM) were added, and the
GCBY 5-GAGCCAAGCB'CACTCTGA reaction mixtures were incubated for 2 h. AcONa (0.3 M),
gmg+ g':gﬁgggﬁﬁgm;gﬁgggﬁ EDTA (1 mM), and phenol/chloroform/isoamyl alcohol

mixture (300uL) were added to the reaction mixtures, and
after extraction, the aqueous fractions were separated. DNA
duplexes were precipitated from solution by ethanol and
loaded onto denaturing 20% polyacrylamide gels with 7 M
M.Sssl (6.7uM). To obtain Hig-tagged M.Sssl, an appropri-  yrea to separate the oligodeoxynucleotides, GMBGMB®,

ate hybrid plasmid was produced (Darii, M. V., Drutsa, V. from the complementary strand, CGM. The compositions of
L., Kirsanova O. V., Kochetkov, S. N., Gromova E. S., the modified sequences were verified by mass spectrometry
unpublished results) using the vector pCAL7 provided by ysing a Bruker Daltonics OmniFlex or Reflex IV MALDI-
New England BioLabs (Beverly, MA). The kinetic param- TOF MS instruments (Bruker, Billerica, MA). A MALDI-
eters determined with wild type or I—é|-$agged M.Sssl were TOF mass spectrometry ana|y3is of GMBind GMB"
praCticaiiy identical in value. DNA metnyitranSferase Hhal revealed masses that are 14 Da h|gher than those of the
(4.4 mg/mL) was kindly provided by S. Klimasauskas ynmethylated BfJPDE-modified strands. MALDI-TOF mass
(Vilnius, Lithuania). The MTases were found to be homo- spectra Signa|s Corresponding to the Starting GOBGCB"
geneous on 12% polyacrylamide gels in the presence of 0.1%p|igodeoxynucleotide were not observed. To ensure that all
SDS. T4 polynucleotide kinase was obtained from MBI target cytosines were converted to the 5-methylcytosines, the
Fermentas (Vilnius, Lithuania). BuffersAF were prepared  purified oligodeoxynucleotides GMBor GMB* were an-
using Milli-Q water. A: 10 mM Tris-HCI (pH 7.9), 50 MM nealed with the complementary strand CGM. There was no
NaCl; B: buffer A containing 1 mM DTT; C: buffer B [CH,-%H] incorporation into these duplexes when tested for
Containing 0.1 mg/mL acetyiated bovine serum aibumin; D: methy]ation by M.Sssl in the presence of [g:ﬂ-H] _AdoMet,

50 mM Tris-HCI (pH 7.5), 50 mM NaCl, 10 mM EDTA,  and thus, the BfIPDE-modified strands did not contain any
and 5 mM 2-mercaptoethanol; E: 50 mM Tris-HCI (pH 75), unmethy|ated target Cytosine residues.

50 mM NaCl, 10 mM EDTA, 5 mM 2-mercaptoethanol, and  All oligodeoxynucleotides were further purified by elec-
0.2 mg/mL acetylated bovine serum albumin; F: 50 mM trophoresis on denaturing 20% polyacrylamide gels and
Tris-HsBOs (pH 8.3) and 2 mM EDTA. desalted by passing the solutions through C18 Sep-Pack
Oligodeoxynucleotidehe sequences of the oligodeoxy- cartridges (Waters, Milford, MA). The sequences were
nucleotides employed are summarized in Table 1. The labeled via the standar@P-5-phosphorylation of oligode-
complementary oligodeoxynucleotide strands GCG and CGC oxynucleotides using T4 polynucleotide kinase apd?P]-
were purchased from IDT (Coralville, 1A). The 5-methyl- ATP.
cytosine containing oligodeoxynucleotides GMG and CGM  Oligodeoxynucleotide concentrations were estimated spec-
and the fluorescein-labeled oligodeoxynucleotide FAM-CGC trophotometrically. The extinction coefficients.§) of
were synthesized by standard automated synthesis methodsinmodified and Bf]PDE-modified oligonucleotides were
The fluorescein label was introduced at theefd of the calculated as describe8Z 48).
oligodeoxynucleotide by means of an aminoalkyl linker  Fluorescence Polarization Measuremenf&uorescence

aM represents fuC; BY~: (+/—)-transanti-B[a]P-N*-dG; and
FAM: 5(6)-carboxyfluorescein.

containing six methylene groups. polarization measurements involving the labeled oligode-
The site-specifically modified oligodeoxynucleotides®&s5, oxynucleotide duplex GCG/FAMCGC were performed at
B*CG, GCB, and GCB contained single<)- and (-)- 25°C by means of a Beacon 2000 Fluorescence Polarization

trans-anti-B[a]P-N>-dG lesions (B and B, Figure 1 and System (PanVera) with excitation at 488 nm and emission

Table 1) at either the'5ide or the 3side 2-deoxyguanosine  at 535 nm using 1& 75 mm borosilicate sample glass test

within the GCGC nucleotide sequence in theGAGC- tubes. The polarizationP] was defined in terms of the

CAAGCGCACTCTGA oligodeoxynucleotide. They were vertical (,) and horizontall) emission components and the

synthesized by automated DNA synthesis methods utilizing expression

the appropriate'50-DMTr-3'-O-phosphoroamidites derived

from racemic mixtures of theR;85,9S 10R and 5,8R 9R - _(,—Gly

10S enantiomers of Bf|PDE (47). The pairs of diastereo- - (I, +Gl)

meric oligodeoxynucleotides were separated by reversed-

phase HPLC utilizing an X Terra C18 column (Waters, whereG is an instrumental correction factor. The reaction

Milford, MA). mixtures were allowed to equilibrate, and the polarization
Oligodeoxynucleotides GMBand GMB" were obtained  values were determined from at least three independent

by methylation of the hemimethylated oligodeoxynucleotide measurements.

duplexes GCB/CGM and GCB/CGM (Table 2) by M.Sssl, Determination of the Amount of the AatiForm of M.Sssl

followed by the separation of the strands in denaturing and M.Hhal.M.Sssl (commercial preparation, 0.234uU/
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Table 2: Properties of the BJPDE-Modified Oligodeoxynucleotide Duplexes as Substrates of M.Sssl

Designation DNA duplex Ky nM | Keat, min™ | Kehem, min™
GCG/CGC 5’ GAGCCAAGCGCACTCTGA 56+02°| 43+05 -
3’ CTCGGTTCGCGTGAGACT
B'CG/CGC 5’ GAGCCAAB'CGCACTCTGA 67+13 | 02%0.1 -
3'CTCGGTTC GCGTGAGACT
B*CG/CGC 5’ GAGCCAAB'CGCACTCTGA 82+17 | 05+0.1 -
3’ CTCGGTTC GCGTGAGACT
GCB/CGC 5’ GAGCCAAGCB CACTCTGA 99+£20 | 0.9+0.1 -
3’ CTCGGTTCGC GTGAGACT
GCB'/CGC 5' GRGCCAAGCB'CACTCTGA 75414 | 24+04 -
3’ CTCGGTTCGC GTGAGACT
GCG/CGM 5’ GAGCCAAGCGCACTCTGA 53+£03 | 23+02 44+10
3’ CTCGGTTCGMGTGAGACT
B'CG/CGM 5" GAGCCAAB'CGCACTCTGA 98+19 | <0.0005 <0.002
3"CTCGGTTC GMGTGAGACT
B*CG/CGM 5’ GAGCCAAB'CGCACTCTGA 244+49 | <0.0005 <0.002
3’ CTCGGTTC GMGTGAGACT
GCB/CGM 5" GAGCCAAGCB CACTCTGA 53210 | 1.9%0.1 25402
3’ CTCGGTTCGM GTGAGACT
GCB'/CGM 5’ GAGCCAAGCB'CACTCTGA 75415 | 3.6+02 3.5£0.2
3’CTCGGTTCGM GTGAGACT
GMG /CGC 5’ GAGCCAAGMGCACTCTGA 50+1.0 | 1902 -
3" CTCGGTTCGCGTGAGACT
GMB/CGC 5’ GAGCCAAGMB CACTCTGA 89+17 | 0324002 | 03x0.1
3’ CTCGGTTCGC GTGAGACT
GMB'/CGC 5’ GAGCCAAGMB'CACTCTGA 59412 | 1501 | 1.7+02
3'CTCGGTTCGC GTGAGACT

aThe M.Sssl recognition sequence is shown in bold. The target cytosines are underlined. Both target cytosines in duplexes GCGEGC, B
CGC, B'CGICGC, GCB/CGC, and BCG/CGC can be methylatetiThe K, value determined for the M.Ss&CG/FAM—CGC-AdoHcy complex
was taken to be equal to th& value of the M.SssGCG/CGCAdoHcy complex.

or Hiss-tagged protein, 6.4M as determined by a Bradford munication from S. Klimasauskas) was added in-@13
assay) was incubated witfP-labeled oligodeoxynucleotide nM aliquots to a final concentration of 5 nM, and the
duplex GCG/CGC (60 nM) and varying amounts of the fluorescence polarization was measured. The fluorescence
unlabeled oligodeoxynucleotide duplex GCG/CGEC-4@0 polarization was plotted versus the total M.Hhal concentra-
nM) in buffer C containing AdoHcy (1 mM) and 8% glycerol tion (data not shown), and the plot was processed as
at room temperature for 5 min and atQ for 5 min. The described in reB2. The concentration of the active form of
reaction mixtures were analyzed by nondenaturing 8% PAGE M.Hhal was found to be 128- 10 uM.

in 0.5x buffer F. Here, and in all other gel electrophoresis  Direct Titrations. (a) Determination of the d&value for
experiments, the gels were analyzed by autoradiographythe M.SssIGCG/FAM-CGC-AdoHcy Complex by Fluores-
utilizing a Molecular Dynamics Phosphorimager (Amersham cence Polarization Measuremenuplex GCG/FAM-CGC
Biosciences, Little Chalfont, U.K.) with ImageQuant 5.0 (1 nM) and AdoHcy (1 mM) were preincubated in 0.5 mL
software. Here, and elsewhere, when radioactivity gels wereof buffer C, and the fluorescence polarization value of the
processed, the radioactivity of freepfmee), total (CpMotal) oligodeoxynucleotide duplex prior to the addition of M.Sssl
and bound €pMound = CPMoal — CPMree) DNA were (Po) was measured. M.Sssl was added in 2.5 nM aliquots to
determined. The total oligodeoxynucleotide duplex concen- a final concentration of 29.6 nM, and the fluorescence
tration @?P-labeled and unlabeled) was plotted versus the polarization was measured. TKg value was calculated by
ratio (CpMota)/(CPMhound (Supporting Information, Figure 1S)  fitting the data to the following equation, which is based on
as described in red49. The concentration of active protein a standard bimolecular binding equilibriurb0j

was determined from the tangent of the angle between the

straight line representing the dependence of the total DNA Prax— Po

concentration vVersuspMoa/CpMyounsand the abscissa axis. T~ o T 215, ([Slot [Elo+ Ky —
The concentration of the active form of M.Sssl was 332
5 nM (commercial preparation) or 33822 nM (His-tagged \/([Sjo—i— [E]l,+ Kd)2 — 4[Ely’[Hp) (1)

protein).

The amount of the active form of M.Hhal was calculated whereP is the measured polarization value at any particular
using binding-site titration. The GCG/FAMCGC duplex point in the titration curveR, andPnmaxare polarization values
(3 nM) and AdoHcy (0.1 mM) were preincubated in 0.5 mL of the free and fully bound GCG/FAMCGC oligodeoxy-
of buffer E. M.Hhal (120uM according to personal com- nucleotide duplexes, [EJand [S} are total concentrations
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of the enzyme and the fluorescence-emitting duplex GCG/ enzyme, the??P-labeled oligodeoxynucleotide duplex, and

FAM—CGC, respectively. the unlabeled BjJPDE-modified competitor oligodeoxy-
(b) Determination of the KValue for the M.SssGCG/ nucleotide duplexkKy andKy are dissociation constants for

CGC-AdoHcy Complex by EMSAP-labeled duplex GCG/  MTasereference DNAAdoHcy and MTaseB[a]P-DNA:-

CGC (1 nM) was incubated in the presence of 1 mM AdoHcy AdoHcy complexes.

with varying M.Sssl concentrations{®3 nM) in buffer C Thek = K¢/K{' ratio specifies the relative binding affinity

containing 8% glycerol at room temperature for 5 min and of the competitor damaged DNA, to the MTase as compared

at 0°C for 5 min. The reaction mixtures were analyzed by to that of the reference DNA.

nondenaturing 8% PAGE in O:5 buffer F. The ratio In the case of M.Hhal, we used the rakito compare the

(cpmioung/(Cpmota) Was calculated and plotted versus the total relative binding affinity of BRJPDE-modified and unmodi-

protein concentration. Th€, value was calculated by fitting  fied GCG/CGC DNA duplexes to M.Hhal.

the data to the following equation, which is based on a For M.Sssl, the values d€q were calculated by dividing

standard bimolecular binding equilibrium (51) the values oK{" by the experimental values &f The K
for the M.SssIGCG/CGGAdoHcy complex was assumed
CPMouna_ [ES] 1 Sl + [El. + K. — (50) to be equal to the dissociation constant for the M.Sssl
([Slo + [Elo + Ky

CPMow [Sly 2[Sk GCG/FAM—CGC-AdoHcy complex determined by direct
> titration (see above). Th&{ value for the M.SssGCG/
«/([304‘ [Elo+ Ko™ — 4[El’[So) (2) CGM-AdoHcy and M.SssGMG/CGGAdoHcy complexes
were obtained by the competitive binding of the unlabeled
\t/yhere [Sh ancti. [E]|3 are the total DNA and M.Sssl concentra- duplex GCG/CGM (or GMG/CGC) and th&P-labeled
10NS, respectively. oligodeoxynucleotide duplex GCG/CGC with M.Sssl. The

Equilibrium Competition Experiments.gkletermination - :
. experimental procedures were the same as those used in the
by EMSA In the case of the M.Ssﬁ[a]P-DNA_AdoHcy determination ofKy for M.Ssstdamaged DNAAdoHcy
complexes, one of the referené@-labeled oligodeoxy- complexes

nucleotide duplexes G.CG./CGC’ .GCG/CGM’ or e Equilibrium Competition Experiments. Kinetics of Complex
(100 nM) was mixed W.'th Increasing concent_ratlons cdlB( Formation of M.Sssl and M.Hhal with DNAcluorescein-
PDE-mod'|f|ed competitor qhgodeoxynucleotlde duplex-(0 labeled and otherwise unmodified GCG/FANMLGC (100
650 nM) in buffer C containing 8% glycerol and AdoHcy nM in the case of M.Sssl or 2 nM in the case of M.Hhal)

(ImM). M.Sssl was added to a final concentration of 50 nM, - . ) o . i
and the samples were incubated. The reference oligodeoxy—anOI varying concentrations of 8PDE-modified oligode

nucleotide duplex GCG/CGC was used in reactions with oxynucleotide duplex (9800 nM) were preincubated in

. buffer C containing 1 mM AdoHcy at 25C, and the
competitors BCG/CGC, B'CGICGC, GCB./ CGC'. Ian_d fluorescence polarization of each samgtg) (vas measured.
GCB'/CGC; duplex GCG/CGM was used in equilibrium

binding reactions with competitors EG/CGM, B'CG/ Subsequently, either M.Sssl (20 nM) or M.Hhal (1 nM) was

added, and each of these incubation mixtures was vortexed
CGM, GCB/CGM, and GCB/CGM, and duplex GMG/ N ! .
CGC was used in reactions with competitors GMBGC (~10 s). The fluorescence polarization was then measured

and GMB/CGC. at 10 s intervals during 17 min.

. Methylation AssayThe efficiency of methylation was
h In t?e caséeépof '\él"l_”éa%.[a]F;'DNA Adlol-ipg/ cdomlpleﬁé,G / monitored by the radioactivity of tritium (C4fH) incorpo-
CCe;l(/EI} ezrenh(/‘i -labele do 'g.f[)h eoxynucieotide uPt E)t(' f rated into the oligodeoxynucleotide duplexés?)( The
each EBFPD)EVYI,?;S;'&% é’:’)'m;2;{5?2{;303%233263;002%2 reactions were carried out in buffer B for M.Sssl or D for
duplex (0-12 «M) in buffer E containing 8% glycerol and M.Hhal, containing one of the oligodeoxynucleotide duplexes

, listed in Tables 2 and 3, M.Sssl (18 nM) or M.Hhal (5 nM)
AdoHcy (0.1 mM). M.Hhal was added to a final concentra- e . :
tion of 1 nM, and the samples were equilibrated at°87 and [CH-*H] ~AdoMet (1.3 uM). Oligodeoxynucleotide

for 5 mi d th £ 0C for 5 mi duplex concentrations were-2 uM in the M.Sssl reactions
or > min and then at UL, for 5 min. . and 106-500 nM in the M.Hhal reactions. These reactions
The samples containing &BP-labeled reference oligode-

oxynucleotide duplex, an unlabeledadfP DE-modified com- were started either by adding [GFH] ~AdoMet (in the case

petitor duplex, and Sssl or Hhal MTase were analyzed by of M.Sssl) or the enzyme (in the case of M.Hhal). After a

: ) . 0.5-15 min incubation time at 37C, aliquots of the reaction
0, (0%
non_denatqung 8% PAGE in OxSputfer F. The ratio of DNA . mixtures were pipetted onto DE-81 paper disks (Whatman,
radioactivity cpmyound CpMota Was plotted versus the competi-

tor DNA concentration Brentford, U.K.) and treated as describ&®)( The amounts
Equation 3 was derived on the basis of the bimolecular of methylated DNA were computed as describ8g)(

binding equilibrium (the derivation is outlined in Supporting Single-Turnoer AssaysReactions of 1.%M M.Sssl (or
_3H1—
Information). The values ok = Ky /K4 were determined 1 uM M.Hhal), 100 nM DNA, and 1.3uM [CHs5H]

; . . AdoMet were performed in buffer B (or D) at 3. The
from the best fits of eq 3 to the experimental data points. reactions were started by the addition of AdoMet or MTase

CPMoung 1 in the case of M.Sssl or M.Hhal, respectively. The aliquots
cpm, = 2SI — 1K) {[S], *+ [El, + (I[Cl, — [Elo)k — (4.5 uL) were quenched manually intq:t of a 2 M HCI
ree 0 solution with 6-8 s time intervals. In the case of oligode-
\/[([S]o+ [E], + (1K)(Cl, — [Elp)? — A[SLIEl1 — 1/K)]} oxynucleotide duplexes BCG/CGM, the reactions were
3) guenched after incubation for 0.5, 3, 5, 10, 15, and 120 min
(for M.Sssl) or for 0.5, 1, 2, 3, 5, 20, 30, 40, and 60 min
where [E}, [S]o, and [C} are the total concentrations of the (for M.Hhal). The aliquots were neutralized byt of 2 M
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Table 3: Properties of the BJPDE-Modified Oligodeoxynucleotide Duplexes as Substrates of M.Hhal

a . -1
Designation DNA duplex K Keat, min™! Kehem, min
GCG/CGC 5 GAGCCARGCGCACTCTGA 12+03 3.7+03 )
3’ CTCGGTTCGCGTGAGACT
B'CG/CGC 5’ GRGCCARB CGCACTCTGA 4112 23+03 )
3/ CTCGGTTC GCGTGAGACT
B'CG/CGC 5’ GAGCCAABCGCACTCTGA 174 +4.6 2.7+0.1 _
3/ CTCGGTTC GCGTGAGACT
GCB/CGC 5’ GAGCCAAGCB CACTCTGA 55.7+15.5 0.9+0.1 3
3/ CTCGGTTCGC GTGAGACT
GCB'/CGC 5’ GAGCCAAGCB'CACTCTGA 393+13.8 13+04 3
3/ CTCGGTTCGC GTGAGACT
GCG/CGM 5' GRGCCAAGCGCACTCTGA 1.040.4 3.7+0.1 >16°
3’ CTCGGTTCGMGTGAGACT =
~ 5’ GAGCCAAB CGCACTCTGA 0.0045 =
BCG/CGM 3/ CTCGGTTC GMGTGAGACT 172+ 1.7 0.0005 Oboggzi
+ 5 GAGCCAAB+CGCACTCTGA
B'CG/CGM S CTOGOTTC CMETOAGACT 103.0+9.8 | 0.020 = 0.002 0(.)03(());
- 5’ GAGCCAAGCB CACTCTGA
GCB/CGM 31 CTCGOTTOGM GTGAGACT 80.9+11.8 | 0.4x0.1 0.83 £ 0.06
GCB'/CGM 5 ' GAGCCARGCE CACTCTGA 449+193 | 12£0.1 45408
3’ CTCGGTTCGM GTGAGACT . .
GMG /CGC 5’ GAGCCAAGMGCACTCTGA _ 3.6+0.3 )
3/ CTCGGTTCGCGTGAGACT
GMB7/CGC 5' GAGCCAAGMB CACTCTGA 43.4+84 | 1.1£0.1 14404
3/ CTCGGTTCGC GTGAGACT . .
GMB'/CGC 5 GAGCCAAGMB'CACTCTGA 339£54 | 2901 51408
3’ CTCGGTTCGC GTGAGACT . .

a2 The M.Hhal recognition sequence is shown in bold. The target cytosines are underlined. Both target cytosines in duplexes GCG&GC, B
CGC, BCG/CGC, GCB/CGC, and BCG/CGC can be methylateBlThe k = K4@P} Kq@P value is the relative binding affinity of BJPDE-
modified DNA (or unmodified GCG/CGC duplex) to M.Hhal as compared to that of the reference unmodified GCG/CGM (see Experimental
Procedures): Because, in the case of the unmodified substratekdfagvalue was too fast to be measured, only the lower limit can be indicated.

NaOH, spotted onto DE-81 filters, and processed as describedvere substituted for one of the dG residues in the GCGC
(52, 53). Thek.hemVvalues were calculated from a nonlinear sequence either on thé-&ide of the methylation target dC
regression of the data according to the following equation (BCG/CGC and BCG/CGM, Tables 2 and 3) or on its 3
side (GCB/CGC and GCB/CGM Tables 2 and 3), or opposite
[MS] =1 — exp(—Kyord) (4) to it (GMB/CGC, Tables 2 and 3). Substituents were either
[Slo he within the Sssl recognition sequence (GCB/CGC, GCB/
CGM, and GMB/CGC), or adjacent to it on theside (BCG/
where [MS] and [S]are the concentrations of the methylated CGC and BCG/CGM). Alternatively, the modified dG
product and the total DNA, respectively. Equation 4 is based residues were located within the Hhal recognition sequence
on the assumption of a pseudo-first-order methylation (BCG/CGC, BCG/CGM, GCB/CGC, GCB/CGM, and GMB/

reaction rate ([&] [AdoMet] > [S]o; [E]o, [S]o > Kq). CGC). Both the unmethylated and hemimethylated oligode-
oxynucleotide duplexes were studied. In unmethylated

RESULTS duplexes GCG/CGC, BCG/CGC, and GCB/CGC, both target
Substrate DesigriTo determine the effects of the &P- cytosines in the Sssl/Hhal recognition sequences can be

N2-dG lesions on DNA methylation, we studied the sequence- Methylated by MTases Sssl or Hhal. The hemimethylated
specific recognition of the modified oligodeoxynucleotide Substrates contained°dC instead of the target dC in the
duplexes by M.Sssl and M.Hhal and the methylation neighborhood of BfP-N*-dG (GMB/CGC) or in the comple-
reactions catalyzed by these enzymes. The length of thementary strand (BCG/CGM and GCB/CGM) (Tables 2 and
oligodeoxynucleotide duplexes was chosen to be 18 base3). These sequences allowed us to evaluate the impact of
pairs long, which is somewhat larger than the 16 bp DNA the IeS|on_s B/B~ positioned at dlfferent sites, either on the
footprints of the Hhal and Sssl MTasé®). Each oligode- ~ 5'- or 3-sides of the target dC residues or in the comple-
oxynucleotide duplex contained overlapping recognition sites mentary strand opposite to the individual target dC residues.
of M.Hhal (GCGC) and M.Sssl (CpG) and, thus, was used The oligodeoxynucleotides-5AGCCAABCGCACTCT-

as a substrate for both MTases (Tables 2 and 3). StereoisoGA and 3-GAGCCAAGCBCACTCTGA, representing the
meric (+) or (—)-trans-anti-B[a]P-N?-dG adducts (Figure 1)  upper strand in oligodeoxynucleotide duplexes BCG/CGC,
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GCB/CGC, BCG/CGM, and GCB/CGM (Tables 2 and 3),

were synthesized by automated DNA synthesis methods. The

two oligonucleotides containing either the)¢ or (—)-trans
anti-B[a]P-N*>-dG adducts were easily separated from one
another and purified using reversed-phase HP4®.(The
oligodeoxynucleotides '8S5AGCCAAGMB CACTCTGA
and 3-GAGCCAAGMB*CACTCTGA, representing the
upper strand in the oligodeoxynucleotide duplexes GMB/
CGC (Tables 2 and 3), were obtained by methylation of
oligonucleotides 5GAGCCAAGCB CACTCTGA and 5
GAGCCAAGCB"CACTCTGA within the oligodeoxynucle-
otide duplexes GCBCGM and GCB/CGM by M.Sssl,
followed by the separation of the methylated strands using
denaturing polyacrylamide gel electrophoresis (see Experi-
mental Procedures). M.Sssl is capable of efficiently transfer-
ring a methyl group to the BJPDE-modified strand of
duplexes GCB/CGM and GCB/CGM (see below).

The melting curves of the B[PDE-modified oligodeoxy-
nucleotide duplexes BCG/CGC and GCB/CGC were coop-
erative in all cases with th&;, values ranging from 61 to 63
°C, being only 3-5 °C lower than theT,, values of the
unmodified duplex GCG/CGC. Thg,, values of the hemi-
methylated B&]JPDE-modified oligodeoxynucleotide du-
plexes BCG/CGM, GCB/CGM, or GMB/CGC ranging from
61 to 65°C, were 3-7 °C lower than that of duplex GCG/
CGM. Further details are provided in Supporting Information,
Table 1S.

Binding of M.Sssl to Unmodified Oligodeoxynucleotide
Duplexes GCG/FAMCGC and GCG/CGCThe binding of
M.Sssl and M.Hhal to duplexes GCG/FAMCGC and GCG/
CGC as well as to the BJPDE-modified duplexes (see
below) was performed in the presence of the cofactor
analogue AdoHcy. In the case of C5 MTases, AdoHcy
facilitates the formation of the specific complexes (55, 56).

First, theKqy value of the ternary M.Ssslnmodified DNA
AdoHcy complex was determined by the fluorescence
polarization technique. This technique is a true equilibrium
method because the attainment of equilibrium can be
experimentally observed (Supporting Information), thus
allowing for accurate determinations§f (50). Changes in
the values of the fluorescence polarizatiéh,were easily
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Ficure 2: Direct titration of fluorescein-labeled oligodeoxynucle-
otide duplex GCG/FAM-CGC (1 nM) with M.Sssl (6-30 nM) in

the presence of AdoHcy (1 mM). The solid line represents a best
fit to a simple binding isotherm and yield¥@ value of 5.6+ 0.2

nM for the M.SssIGCG/FAM—CGC-AdoHcy complex.

10

the accurate measurements of the small changes in these
signals.

Binding of M.Sssl and M.Hhal to B[a]PDE-modified
Oligodeoxynucleotide Duplexe$o determine the binding
affinities of M.Sssl or M.Hhal to the B{PDE-modified
oligodeoxynucleotide duplexes, we used an assay based on
equilibrium competitive binding of the unlabeleddBPDE-
modified and3?P-labeled unmodified duplexes to MTase
(57). The unlabeled BJPDE-modified DNA competed with
the 32P-labeled unmodified DNA for the DNA binding site
in the MTase and reduced the amount of the MT&Be
labeled DNAAdoHcy complex. The formation of the
complexes was monitored by EMSA. Representative auto-
radiographs of such EMSA experiments for M.Sssl and
M.Hhal are depicted in Figures 3A and 4A, respectively.
There is comparatively little material between the bands
corresponding to the free DNA and protein-bound DNA,
suggesting that there is no significant dissociation of the

detectable when aliquots of M.Sssl were added to solutionscomplexes during these EMSA experiments. The unlabeled

of duplex GCG/FAM-CGC in the presence of AdoHcy
(Figure 2). TheKq value of the M.SssGCG/FAM—CGC
AdoHcy complex was found to be 56 0.2 nM. The FAM
label does not interfere with the formation of the 18-mer
DNA—protein complexes (32, 50). Therefore, it was assumed
that theKy value of the M.SssGCG/FAM—CGC-AdoHcy
complex is equal to that of the M.SSSICG/CGCAdoHcy
complex. We also determined th& value of the ternary
M.SsstGCG/CGCAdoHcy complex by direct titration of
duplex GCG/CGC by M.Sssl using EMSA (data not shown).
The Kq value of the M.SssGCG/CGCAdoHcy complex
was found to be 7.4 3.2 nM which correlates with thi€q

value determined by the fluorescence polarization technique.

We were unable to obtain an accurate valu&gfor the
M.Hhal-GCG/CGCAdoHcy complex by a direct titration
of duplex GCG/CGC with increasing enzyme concentrations.
The experimental error associated with the dilution of the
enzyme and the low radioactivity in the EMSA, or the low
fluorescence signal in the fluorescence polarization experi-
ments at low (picomolar) concentrations of DNA, prevented

duplex B'CG/CGM competes with thé&P-labeled duplex
GCG/CGM for the DNA binding site in the MTase, and thus,
the concentration of MTas@ CG/CGMAdoHcy gradually
diminishes as the concentration of the@5/CGM is
increased. The competition curves (Figures-EBand 4B-

D) are characteristic of an equilibrium competition process
(57).

The measurement of accuréfg values by any method
requires that equilibrium be attained when the fractions of
free and protein-bound substrates are evaluated. We therefore
monitored the kinetics of formation of the complexes of
MTases with BRJPDE-modified and unmodified duplexes
by the fluorescence polarization method. Typical results are
depicted in Supporting Information, Figure 2S. In all cases,
the polarization valu® increased with increasing time, and
an apparent limiting valu® was approached withir-10
min or less, suggesting that no further measurable changes
in the concentrations of the complexes occurred. In the case
of M.Sssl, we were able to estimate the valuekof (5 x
103s?) for the M.SssiB[a]P-DNA-AdoHcy complexes by
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Ficure 3: Competitive binding of BfJPDE-modified oligodeoxynucleotide duplexes and unmodified oligodeoxynucleotide duplexes to
M.Sssl. (A) Autoradiograph of EMSA of binding of unlabeledaif DE-modified duplex BCG/CGM and®?P-labeled unmodified duplex
GCG/CGM to M.Sssl. GCG/CGM (100 nM) was mixed with increasing concentrations of competi@B®&GM (0, 25, 50, 75, 100, 150,
250, 350, 500, and 600 nM, numbered10, respectively) and 50 nM M.Sssl in buffer C containing 1 mM AdoHB;\C, andD. Equilibrium
competition curves for M.Sssl complexes with AdoHcy dRHabeled duplexes GCG/CGC (B), GCG/CGM (C), or GMG/CGC (D) in the
presence of increasing concentrations of the competitafPBIE-modified duplexes. The relative fraction of boutiB-labeled DNAR,
is the ratio of the fraction of boungP-labeled DNA in the presence of the competitor DK&dM,oundCPMota) to the fraction of bound
32P-labeled DNA in the absence of the competitor DNArthound/CpMota). It was determined at different concentrations of the competitor
DNA. B[a]PDE-modified duplexes: (B) GCG/CGQ}, B-CG/CGC (), Bt*CG/CGC @), GCB/CGC (0), GCB'/CGC @); (C and D)
GCG/CGM (), B-.CG/CGM (©), BTCG/CGM (@), GCB/CGM (d), GCB"/CGM (m), GMB~/CGC (), and GMB/CGC (#).

kinetic competition binding experiments (Figure 3S, the DNA duplex). This allowed us to estimate the values of
Supporting Information), suggesting that true equilibrium was K,y for the M.SssiB[a]P-DNA-AdoHcy complexes (Table
reached in the fluorescence polarization experimentsth 2). However, in the case of the analogous complexes with
min time scalesky = k-1/k;, wherek; andk_; are association ~ M.Hhal, the k-; value of a 37-mer oligodeoxynucleotide
and dissociation rate constants of the binding of MTase with duplex at 25°C is known to be small (2.& 107 s™%) (44),
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Ficure 4: Competitive binding of BfJPDE-modified oligodeoxynucleotide duplexes and unmodified oligodeoxynucleotide duplexes to
M.Hhal. (A) Autoradiograph of EMSA of binding of unlabeleddPDE-modified duplex BCG/CGM and??P-labeled unmodified duplex
GCG/CGM to M.Hhal. GCG/CGM (2 nM) was mixed with increasing concentrations of competi@GBCGM (0, 0.05, 0.1, 0.2, 0.4, 0.8,
1.5, 3, 6, and 12M, numbered %10, respectively) and 1nM M.Hhal in buffer E containing 0.1 mM AdoHcy. (B, C, and D) Equilibrium
competition curves for M.Hhal complexes with AdoHcy a8-labeled duplex GCG/CGM in the presence of increasing concentrations of
competitor BAJPDE-modified duplexes. The definition &and the designations of unmodified (GCG/CGC) and|BDE-modified duplexes
are as described in Figure 3.

and true equilibrium conditions may not have been achieved use of absolut&y values and instead, defined the relative
under our experimental conditions of relatively short incuba- binding affinities,k (Table 3). In the case of the M.Hhal
tion times. Therefore, in the case of M.Hhal, we used the B[a]P-DNA-AdoHcy complexes, th& values are equal to
apparent valuek@PP)andK 2P, whereK4@PP) andK #PP are K 2PYK 4 (app),

the apparent dissociation constants for unmodified (or The K4 value of the ternary M.Sssinmethylated Bf]P-
reference) and B{PDE-modified duplexes, respectively. DNA-AdoHcy complex (Table 2, duplexes BCG/CGC, GCB/
Because we were interested in the effects of tha]DE CGQC) is similar to theKy value of the M.SssGCG/CGC
residues on the binding of M.Hhal to DNA, we avoided the AdoHcy complex. Hence, thK4 values are independent of
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FiIGURe 5: Steady-state kinetic analysis of the methylation of unmodified aatPBIE-modified unmethylated (A) and hemimethylated (B
and C) oligodeoxynucleotide duplexes by M.Sssl. The time dependenédsnoéthyl group incorporation into B[P-DNA are at 37°C.
The reaction mixtures containeduM DNA, 1.3 uM [CHz-*H]—AdoMet, and 18 nM M.Sssl in buffer B. Unmodified duplexes GCG/CGC
(A), GCG/CGM (B), and GMG/CGC (C) are designatedbyThe designations of BJPDE-modified duplexes are as described in Figure
3.

the position of the BA]P residues at BCG/CGC or GCB/
CGC and the stereochemical characteristics of thp Or
(—)-trans-adducts. The 59 nM range of theKy values
indicate that M.Sssl forms tight complexes with the oligode-
oxynucleotide duplexes with the 8P residues positioned
either within the recognition sequence (GCB/CGC) or
flanking this sequence on thé-&de (BCG/CGC). Further-
more, M.Sssl binds with high affinities to all hemimethylated
duplexes containing BJP-N?>-dG adducts (BCG/CGM,
GCB/CGM, and GMB/CGC) that are comparable to the
affinities of the corresponding unmodified, parent duplexes
GCG/CGM or GMG/CGC (Table 2). The largest effect was
a 4.6-fold decrease in the binding affinity of the ®G/CGM
duplex as compared to that of parent duplex GCG/CGM.
The bulky BR]P residues clearly diminish the binding
affinities of M.Hhal to the Bf]JPDE-modified oligodeoxy-
nucleotide duplexes (Table 3). The binding affinities of
M.Hhal to the unmethylated B[PDE-modified duplexes
BCG/CGC and GCB/CGC are reduced by factors 0f-3.3
45 relative to that of the unmodified GCG/CGC. The binding
affinities of M.Hhal to the hemimethylated 8PDE-

modified duplexes BCG/CGM, GCB/CGM, and GMB/CGC
are reduced by factors of £2.00 in comparison with that
for GCG/CGM. No distinct correlation was found between
the binding affinity and adduct stereochemistry: in the case
of duplexes BCG/CGC or BCG/CGM, M.Hhal binds less
efficiently to the ()-trans than to the )-trans-adduct,
whereas in the case of duplexes GCB/CGC, GCB/CGM, or
GMB/CGC, M.Hhal binds more efficiently to the-}-trans-
than to the {)-transadduct. In summary, the B[a]PDE
lesions produce practically no effect on M.Sssl binding to
DNA and only moderately affect the binding of M.Hhal to
DNA.

Steady-State Kinetics of Methylation of Stereoisomeric
B[a]PDE-modified Oligodeoxynucleotide Duplexes by M.Sssl|
and M.Hhal.The kinetics of methylation of duplexes GCG/
CGC, BCG/CGC, GCB/CGC, GCG/CGM, BCG/CGM,
GCB/CGM, GMG/CGC, and GMB/CGC by Sssl and Hhal
MTases was studied under steady-state conditions.Vihe
values for all oligodeoxynucleotide duplexes were determined
from the initial linear portions of the product (methylated
DNA) versus time profiles (Figures 5 and 6). TWgvalues
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FIGURE 6: Steady-state kinetic analysis of the methylation of unmodified aatPBIE-modified unmethylated (A) and hemimethylated (B
and C) oligodeoxynucleotide duplexes by M.Hhal. The time dependendéesrakthyl group incorporation into B[P-DNA are at 37°C.
The reaction mixtures contained 100 nM DNA, 19l [CH3-*H]—AdoMet, and 5 nM M.Hhal in buffer D. The designations of unmodified
and Bjg]PDE-modified duplexes are as described in Figure 5.

were determined at various substrate concentrations. In thevalue decreases to a larger extent than in the case of the
case of both enzymes, the oligodeoxynucleotide duplex adduct flanking the same residue on thesisle. Among all
concentrations exceeded tgvalue of M.SssIGCG/CGC unmethylated BfjPDE-damaged oligodeoxynucleotide du-
AdoHcy (Table 2) an&y value of the M.Hhal37-mer-DNA plexes (Tables 2 and 3), the most significant effect on
AdoHcy (44) complexes by factors of 36 1(P. In the duplex methylation (a 22-fold decrease) was observed in the case
concentration ranges tested, the measWgdalues were of M.Sssl when the )-trans-anti-B[a]P-N>-dG adduct
independent of concentration for each unmodified ca]B[  flanked the target dC on thé-5ide (duplex BCG/CGC).

PDE-modified duplex, thus indicating that thigax limit was In contrast to unmethylated DNA, the methylation of the

reached. Using th¥max values thus obtained, the,; values hemimethylated oligodeoxynucleotide duplexes BCG/CGM,

were calculated (Tables 2 and 3). GCB/CGM, and GMB/CGC by both M.Sssl and M.Hhal
The methylation of the unmethylated &PDE-modified reveals a much stronger dependence on the position of the

duplexes (BCG/CGC and GCB/CGC) by both enzymes was adduct. The most striking effect on methylation rates was
moderately decreased, in comparison with that of parentobserved when one of the two stereoisometig-(or (—)-
duplex GCG/CGC, [1.34-fold in the case of M.Hhal (Table trans-anti-B[a]P-N>-dG adducts flanked the target residue
3, Figure 6A) and 222-fold in the case of M.Sssl (Table on the 5side (BCG/CGM). It is noteworthy that in the case
2, Figure 5A)]. It is evident that M.Hhal transfers a methyl of M.Sssl the modified G* residue in duplexes BCG/CGM
group to the B[a]PDE-damaged unmethylated duplexes BCG/is positioned outside of the recognition sequence. The
CGC or GCB/CGC more efficiently than M.Sssl. In the case methylation of these duplexes by M.Sssl was completely
of methylation reactions catalyzed by M.Sssl, the presenceabolished (Table 2, Figure 5B). The methylation of duplexes
of (+)- or (—)-trans-anti-B[a]P-N>-dG adducts (BCG/CGC BTCG/CGM and BCG/CGM by M.Hhal was dramatically

or B"CG/CGC) flanking the target dC on thé$ide resulted decreased by a factor of 185 and 820, respectively, compared
in a greater decrease in thg;value (9-22-fold) compared  to that of parent duplex GCG/CGM (Table 3, Figure 6B).
to thek.qt values for the replacement of dG that isa8ljacent We also tested whether the inhibition of M.Sssl and M.Hhal
to the target dC (GCBCGC or GCB/CGC), which resulted by thetrans-antiB[a]P-N?-dG adducts in the BCGC nucle-

in a decrease d{.5:values by a factor of 25. In the case of ~ otide fragment was independent of the nucleotide adjacent
the M.Hhal reactions, when the adduct flanks the target dC to the trans-antiB[a]P-N?-dG residue on the'Eside. We
residue on the'sside (GCB/CGC or GCB/CGC), thekeat studied the effects of dT or dA flanking the B[aN?-dG
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adduct on the 'sside on methylation using the hemimethy-
lated oligodeoxynucleotide duplexesGAGCCAAGMG-
CACTCTGA/5-TCAGAGTBCGCTTGGCTC. In these du-
plexes, the nucleotide adjacent to B or B~ was dT instead

of dA, as it is in the case of duplexes BCG/CGM. The
methylation of duplexes’'S5AGCCAAGMGCACTCTGA/
5-TCAGAGTBCGCTTGGCTC was completely abolished
in the case of M.Sssl or dramatically reduced in the case of
M.Hhal (data not shown). Therefore, the inhibition of
methylation is independent of the nucleotide flanking the
trans-antiB[a]P-N?>-dG lesions in the BCGC nucleotide
fragment on the sside. When the Bf]P-N>-dG adduct was

3 adjacent to the target dC (duplexes GCB/CGM), we
observed a 1.28-fold decrease of methylation by both
MTases. Only in the case of duplex GOBGM, the
methylation by M.Sssl was increased by a factor of 1.6
(Table 2, Figure 5A). With thetrans-antiB[a]P-N>-dG
residues flanking fdC on the 3side (duplexes GMB/CGC),

a small decrease in methylation rates (163fold) was
observed in the case of both MTases compared to that of
parent duplex GMG/CGC. The methylation of either un-
methylated (BCG/CGC and GCB/CGC) or hemimethylated
(BCG/CGM, GCB/CGM, and GMB/CGC) duplexes was
found to depend on adduct stereochemistry. In the case of
both enzymes, the values & for (+) and (~)-isomers
differ by factors of 1.2-4.7 (Tables 2 and 3). In all substrates,
the methylation catalyzed by either M.Sssl or M.Hhal is more
efficient in duplexes with the-)-trans-antiB[a]P-N?-dG
lesions than with the-{)-trans-anti-B[a]P-N?>-dG adducts.
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Ficure 7: Single turnover kinetic analysis of methylation of

In summary, under steady-state conditions, in most caseshemimethylated oligodeoxynucleotide duplexes by M.Sssl (A) or

the lesions either decrease #gvalues or block methylation
altogether in catalysis by either M.Sssl or M.Hhal. Th
greatest impact of the BJP-N>-dG lesions on methylation
is observed when the lesion flanks the target dC residue on
the B-side.

Single Turneer Kinetic Analysis of Methylation of Hemi-
methylated B[a]PDE-Modified Oligodeoxynucleotide Du-
plexes by M.Sssl and.Mhal. A study of methylation was
conducted 43—45, 58) under single turnover conditions
aimed to determine the methylation rate constdate(,
which characterizes the chemical step of the methylation
reaction. Recently, the relative contributions of various steps
in the catalytic cycle of M.Hhal td., were evaluated in a
quantitative mannerd@—45, 58). It was demonstrated that
product releasekfz = 0.045 s') was substantially slower
than the preceding chemical stégném= 0.26 s1) and was
the major contributor to the multiple turnover rate.(=
0.04 s1) of M.Hhal (44). The ratiokcnen{keat for methylation
of a hemimethylated 30-mer and 37-mer oligodeoxynucle-
otide duplexes by M.Hhal varied from 33) to 6—8 (44),
respectively. In accordance with these data, the tatiof
keat that we obtained for the 18-mer duplex GCG/CGM is
~5 (Table 3).

The B[a]PDE-induced damage of DNA resulted in the
reduction of thekchem Values for methylation of the hemi-
methylated B§]P-N?-dG adduct-containing duplexes BCG/
CGM, GCB/CGM, and GMB/CGC catalyzed by M.Sssl and
M.Hhal, in comparison with that of hemimethylated duplex
GCG/CGM (Figure 7, Tables 2 and 3). As in the steady-

M.Hhal (B). The time dependence d&H-methylated product

e concentration ([MS]) is normalized to the total DNA concentration

([S]o)- The reaction mixtures contained 100 nM DNA, 4N [CHs-

SH]—AdoMet and 1.3:M M.Sssl or 1.0uM M.Hhal in buffers B

or D, respectively. The designations of unmodified and]BDE-
modified duplexes are as described in Figure 3 (C and D).

able level of (CH-3H) incorporation into duplexes BCG/
CGM by M.Sssl after a 15 min incubation time. Only after
a 2 h incubation period were we able to detect8%6
methylation levels in the case of theé-}- and ()-adducts
relative to that for the same reaction with parent duplex GCG/
CGM (data not shown). Methylation of duplexes BCG/CGM
by M.Hhal resulted in a 410 or 2100 fold decreasédrm

for the (+)- and (—)-adducts, respectively (Table 3). MTases

Sssl and Hhal transfer a methyl group to hemimethylated
duplexes GCB/CGM and GMB/CGC with 1:20-fold
slower rates than to the parent duplex GCG/CGM (Tables 2
and 3). As under steady-state conditions, M.Sssl and M.Hhal
methylate oligodeoxynucleotide duplexes containing te (
trans-antiB[a]P-N2-dG lesion more efficiently than those
duplexes containing the-)-stereoisomeric lesion (Tables 2
and 3).

In summarizing the results on the impact of thea]Bf
N2-dG adducts on various steps in the methylation catalytic
cycle, we concluded that these lesions decrease the multiple
turnover and single turnover rates of a methyl transfer.

DISCUSSION
In this study, the impact of th&rans-antiB[a]P-N>-dG

state kinetic experiments, the methylation under single adducts positioned within CpG and GCGC sequences in
turnover conditions was dependent on the adduct positiondouble-stranded DNA on the functional properties of two
and adduct stereochemistry. We did not observe any detectprokaryotic MTases, namely Sssl and Hhal, has been
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examined. It is useful to consider the structural characteristicsof M.Hhal. The interaction of M.Hhal with DNA includes
of the BJa]P-DNA adducts and complexes of C5 MTases several consecutive steps: the formation of the enzyme
with their unmodified DNA substrates. Solution NMR studies DNA-AdoMet complex, the flipping of the target dC out of
have shown that the bulky aromatic B[a]P ring systems of the double helix, a catalytic loop locking, the covalent
the (+) and ()-transanti-B[a]P-N>-dG adducts reside in  bonding between MTase and DNA, the methyl transfer, and
the minor groove of the double helix pointing toward the the dissociation of the reaction end produdt§ @3, 44, 58).
5'- or 3-directions of the modified strands, respectivéi9-{ The double-stranded DNA substrate fits into the cleft
63). The Watsonr-Crick base pairing was found to be intact between the two domains of M.Hhal with the major groove
at the lesions site as well as at all base pairs flanking the facing the small domain and the minor groove facing the
trans-antiB[a]P-N?-dG adducts in a CBC sequence context large domain 41). Most of the M.Hha-DNA contacts
(60) as in duplexes GCB/CGC and GCB/CGM. formed, which constitute the recognition step of DNA by
The primary structure of M.Hhal, as is typical of other M.Hhal (base-specific interactions), occur via the two
bacterial C5 MTases, consists of 10 conserved motifs thatrecognition loops from the small domain of the enzyme and
include residues responsible for AdoMet binding and the the major groove of DNA41). Because the B|PDE residue
catalysis of the methyl transfer reactio@, (40). From is located in the minor groove, it can be argued that the
cocrystal structures of complexes of M.Hhal with DNA and observed increase in thEg#PP values is not due to a
AdoMet or AdoHcy, it is known that M.Hhal folds in two  perturbation of the base-specific interactions. It was shown
domains 40, 41). The large domain encompasses the that the target cytosine flipping occurs most likely through
AdoMet binding site and the catalytic center, whereas the the major groove of the DNA duplexX®). The flipped out
small domain contains the target recognition domain. The cytosine is held in place by contacts with the amino acids
methylation of the cytosine does not take place when this from the catalytic loop (PHe and Cy$') and by the other
residue is in its normal position within the double helix. amino acids (GItt®, Val'?}, and Ard®) of the large domain
Instead, the target cytosine residue flips out of the DNA of M.Hhal (41). It is known that the V&P — Ala mutant of
double helix and inserts itself into the active site pocket of M.Hhal, a mutation that interferes with the stabilization of
M.Hhal (40, 41). The flipping out of the target cytosine is the target cytosine, exhibits a %dld decrease ifKq (58).
accompanied by a motion of the catalytic loop of M.Hhal From the other side, the stability of the activated target base
toward the minor groove side of the DNA substrate. depends on MTase catalytic loop locking, which is dependent
The MTase Sssl recognizes CpG sequences and is highlyon the contacts of S®r 11e®6, Lys®, and Arg” (all in the
homologous with all of the conserved regions of M.Hhal catalytic loop) with the DNA minor grooved(, 64). The
and other prokaryotic C5 MTase87 39). A theoretical observed reduction of the binding of M.Hhal to theaB][
model of a ternary M.SsdDNA-AdoHcy complex was  PDE-modified oligodeoxynucleotide duplex may be ex-
recently constructed using previously solved crystal structuresplained by a perturbation of the contacts of the catalytic loop
of M.Hhal and M.Haelll as template89). According to of M.Hhal with the minor groove of the DNA double helix
this model, M.Sssl is predicted to have a bi-lobal structure that normally help to stabilize the catalytic loop.
with the cofactor binding and catalytic sites located in the  The interaction of M.EcoRII with the oligodeoxynucleotide
large domain, whereas the target recognition domain is duplexes containingans-anti-B[a]P-N?-dG adducts within
located in the small domain. However, the M.SBHNA the CC(T/A)GG recognition sequence also resulted, as in
interface differs from that of the M.HhdDNA complex @9, the case of M.Hhal, in a-530-fold decrease in the binding
41, 54). According to the model39) and the footprint affinity of the enzyme to DNA32). It appears that M.Hhal
analysis of M.SsslF4), one can suggest that there are fewer and M.EcoRII (and probably other prokaryotic MTases that
contacts between M.Sssl and the nucleobases of the recognirecognize 48 base pair sequences in DNA) are more
tion sequence than in the case of M.Hhal, but there are moresensitive to the alterations of nucleobases within the recogni-
contacts with phosphate groups, including those of the tion sequence than the CpG-recognizing M.Sssl. Accord-
flanking nucleotide sequences. ingly, the binding of M.Sssl to oligodeoxynucleotide du-
The presence of the B[PDE residues in the modified dG  plexes containing a & mismatch in place of a &G base
exerts different effects on the binding of the DNA substrates pair within the recognition sequence was conserved, whereas
by MTases Sssl and Hhal. In the case of M.Sssl, which the binding of M.Hhal to this oligodeoxynucleotide duplex
recognizes CpG sequences, the lesions have virtually nowas abolishedgb).
effect on the binding affinity of M.Sssl to DNA, regardless In contrast to the observed changes in binding, we
of the position of the adduct, its stereochemistry, and the observed basically analogous effects of the B[NRIG
presence of AUC rather than the target dC residues (Table adducts on methylation rates catalyzed by the Sssl and Hhal
2). According to the model of the M.SsBINA:-AdoHcy MTases (Tables 2 and 3). These observations may be related
complex, most of the sequence-specific DNprotein to the similar catalytic mechanisms observed with different
contacts are located within the major groove of the double C5 MTases 35, 36). In most cases, BJP-N>-dG adducts
helix (39). Accordingly, the introduction of the B][PDE decreased the methylation of hemimethylated and unmethy-
residue into the DNA minor groove does not perturb the lated substrates. The effects of these lesions on the methy-
sequence-specific recognition of DNA by M.Sssl. lation of the hemimethylated oligodeoxynucleotide duplexes
In the case of M.Hhal, in contrast to the case of M.Sssl, (BCG/CGM, GCB/CGM, and GMB/CGC) catalyzed by both
the affinity of binding of the MTase to BJPDE-modified MTases are stronger than on the methylation of the un-
duplexes was 1 to 2 orders of magnitude smaller than thatmethylated duplexes (BCG/CGC and GCB/CGC). Impor-
to the parent duplexes (Table 3). This finding can be tantly, under steady state as well as single turnover condi-
considered in the light of the known mechanism of action tions, in the case of the hemimethylated duplexestrénes-
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anti-B[a]P-N°-dG adduct greatly diminishes the methylation might favor the formation of proteinDNA conformations
efficiency of the dC target residue (underlined in Tables 2 that favor the methylation process in the®@5/CGC, GCB/
and 3) when it is positioned on it$-Side, but the impactis  CGC, B-CG/CGM, GCB/CGM, and GMB/CGC duplexes
relatively minor when thérans-antiB[a]P-N2-dG adduct is catalyzed by M.Hhal and M.Sssl. In the case of duplex
positioned on its 3side in the same strand. In GMB/CGC GMB™/CGC, where rfdC is 3 to the (-)-trans-anti-B[a]P-
duplexes, when the target dC residue is positioned in the N>-dG adduct, an intercalative &P alignment with a
unmodified strand opposite to the &PDE-modified dG concomitant displacement of the modified guanine and the
residue, the effect ok.y is relatively small (compared to  partner cytosine residues into the minor and major grooves,
that of duplexes BCG/CGM) and is diminished by factors respectively, has been foun69 70). Such intercalative
of only 1.5-6 (GMB/CGC, Tables 2 and 3). B[a]P alignment in duplex GMB/CGC does not seem to
Before considering the positional effects in more detail, have a strong effect on its methylation, even though the target
we considered the effects of adduct stereochemistry on thedC residue is already flipped out of the duplex, even in the
impairment of the methylation of the BPDE-modified absence of the protein.
duplexes by M.Hhal and M.Sssl. Although the methylation =~ To account for the positional effects of the @fPDE
efficiencies are more dependent on the position of the adductlesions on differences in the methylation rates of hemi-
relative to that of target C than on the stereochemical methylated duplexes BCG/CGM, GCB/CGM, and GMB/
properties of the{)- and )-trans-anti-B[a]P-N?>-dG ad- CGC by M.Hhal, we took advantage of the known ternary
ducts, the rates are somewhat smaller for the¢-tfans- structure of the M.HhaDNA-AdoHcy complex, where the
adducts than thek)-trans-adducts in all duplexes in the case target cytosine is already flipped outl). Figure 8Ademon-
of M.Sssl (Table 2), and in BCG/CGM, GCB/CGM, and strates that the amino acids in the catalytic loop of M.Hhal
GMB/CGC duplexes in the case of M.Hhal (Table 3). (Ph€®, Cys¥?, Sefb, 11e®, Lys®, and Ard”) and in the target
Particularly informative are the experiments with the hemi- recognition domain (GHK¥") form contacts with the DNA
methylated sequences BCG/CGM, GCB/CGM, and GMB/ from the minor groove side7(). The peptide backbone of
CGC because each of these duplexes has only one target d@e®® in the catalytic loop forms a hydrogen bond with the
residue (underlined in Tables 2 and 3) rather than two suchexocyclic amino group of the guanine residuédthe target
residues in duplexes BCG/CGC and GCB/CGC. The dra- cytosine. The catalytic loop stabilizes the flipped out cytosine,
matic adverse impact of the adductskagis observed when  the process being dependent on this hydrogen bédjl (
the target dC is flanked by either the" Br B~ adducts on ~ We speculate that in the case of theafIDE-modified
its 5-side. duplexes BCG/CGM and BCG/CGM that were character-
In the case of BiJPDE-modified duplexes BCG/CGC, ized by strongly reduced methylation rates, the bulks]Bf
GCB/CGC, BCG/CGM, GCB/CGM, and GMBCGC, the N2-dG adducts on the'Bide of the target dC residue abolish
somewhat greater adverse impact of the)-{rans-antt the important DNA-enzyme contacts that stabilize the
B[a]P-N>-dG adducts than theH)-trans-antiB[a]P-N>-dG catalytic loop of M.Hhal, primarily contacts of Ag&with
adducts may be related to their known structural character-the amino group of the B or B~ adducts. Figure 8B
istics and conformations in DNA5Q), assuming that the  schematically represents howaP-N>-dG might be accom-
latter remain relatively undistorted in the DN#Avrotein modated in the structure of the original M.HHaNA-
complexes. In these adducts, the bulky pyrenyl residues areAdoHcy complex. We took as an example duplek(&s/
located in the minor groove, pointing to either tHeob the CGM with the (+)-trans-antiB[a]P-N>-dG adduct positioned
3 directions of the modified strands in the case of tg-( on the 5-side of the target dC. It is evident that the bulky
trans and (-)-transadducts, respectively, whereas the Bl[a]P residue that resides in the minor groove may disturb
saturated 7,8,9,10 rings protrude into tHedBection ((+)- the contacts of the individual amino acids of the catalytic
trans-adduct) and into the (Blirection (()-trans-adduct)). loop with the DNA.
A more detailed structural analysis reveals that because of In the case of duplexes GCB/CGM, where thens-antt
the helical twist the+{)-adduct is less easily accommodated B[a]P-N?-dG adducts are positioned on thesile of the
in the minor groove than the-)-adduct 66). This results target dC residue, the methylation efficiency is retained.
in a greater widening of the minor groove and a greater These results suggest that most of the critical BMAzyme
solvent exposure of the pyrenyl residue in thg-fransthan contacts on the minor groove side (Figure 8A) are not
in the (~)-transadduct. These conclusion$6) are in perturbed in this complex.
agreement with experimental thermodynamic measurements According to X-ray data, the 06, N1, anc? ldtoms of
of solvent exposures() and the pronounced greater extent the dG residue that are partnered with the target dC residue
of bending of the DNA duplex with<)-trans-antiB[a]P- are in contact with GIf#” in the target recognition domain
N2-dG adducts than with<)-trans-anti-B[a]P-N>-dG adducts (40, 41, 71) (Figure 8). Amino acid GIf#’ plays a key role
in CBC sequence context83, 68). These bulky B[a]PDE  in the flipping of the target dC residue out of the oligode-
residues may, in general, interfere with the rearrangementoxynucleotide duplex4b). Perturbation of the contacts of
of the catalytic loop and prevent the formation of important GIn?3” with the dG residue paired with the target dC results
minor groove DNA-enzyme contacts that stabilize the in a dramatic impairment of base flipping although the
catalytic loops and the target cytosine residues. However, stability of the specific binding of the DNA to the enzyme
the stereoisomeric effects &g seem to be better correlated is retained 45). In duplexes GMB/CGC and GMB/CGC,
with the overall greater structural distortions and bending the B[a]P residue is covalently attached to the guanine of
associated with thet)-transadduct. These distortions may the GC base pair that contains the target dC residue. Because
result in a greater structural local flexibility in the case of the methylation of duplex GMBCGC and, presumably, the
the (+)-trans than the ¢)-transadduct 63, 68), which base flipping activity was practically unchanged by the
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To account for the position-dependent effect of the]Bf
N2-dG adduct on the methylation of hemimethylated duplexes
BCG/CGM, GCB/CGM, and GMB/CGC by M.Sssl, we
made use of the available model of the ternary M. E8sA -
AdoHcy complex 89). Such comparisons are facilitated
because the'8S2CAAGCGCACTC/5GAGTGCGCTTGG
duplex used in this modeling study is the same as the central
sequence context of duplex GCG/CGC (Table 2). Taking
into account the similarities in the structures of Hhal and
Sssl MTases J39), and on the basis of similar catalytic
mechanisms of C5 MTase85, 36), we propose here that
M.Sssl, like M.Hhal 41), flips the target dC residue out of
the duplex, which is accompanied by a movement of the
catalytic loop toward the DNA molecule. According to this
model, amino acid residues PfeCys#, GIn4¢ and G+’
in the catalytic loop of M.Sssl form contacts with the DNA
from the minor groove side3Q) (Figure 8A). Whentrans-
anti-B[a]P-N?-dG flanks the target dC on the-8ide in
duplex BCG/CGM, methyl transfer is blocked. In this case,
the bulky polycyclic aromatic ring system of the adduct may
perturb the flipping of the target cytosine out of the helix
and/or the rearrangement of the catalytic loop. Because
methylation is essentially inhibited, even under single
turnover conditions for 2 h, one may assume that the flipping
of the target base is impeded. Therefore, the presence of
trans-anti-B[a]P-N?-dG 5 adjacent to the CpG dinucleotide
(BCQG) is especially unfavorable for cytosine methylation in
this CpG sequence.

In contrast, when the B]JP-N>-dG adduct is positioned
adjacent to the target dC residue on thesi@le in the CpG
sequence (GCB/CGM), no decrease in methylation was
observed. According to the model of the M.SB8A-

loop  (+)-trans-anti-BlalP-N-dG AdoHcy complex, M.Sssl interacts with this dG residue from
FiGURE8: (A) Schematic diagrams showing the contacts of M.Hhal the major groove side and does not have any contacts with
and M.Sssl with DNA from the minor groove side. The nucleoside ;o protein on the minor groove sida9j. Therefore, the

residues are represented by rectangles and backbone phosphatgs - . .
are represented by circles. Interacting protein residues are repreff‘ormat'on of the M.SssDNA-AdoHcy complex is not

sented by their single-letter identifiers and numbers. Hhal and Ssslaffected by the Bf|P-N?-dG adduct in the GCB sequence
sites are shown in dark gray. These schemes were derived fromcontext. In the case of GMB/CGC duplexes, thea]B[

the crystal structure of the M.Hh&@NA-AdoHcy complex 1) residue may perturb the contact of Gfwith the exocyclic

and a model of the M.SsfINA-AdoHcy complex 89). (B) Model amino group of therans-anti-B[a]P-N?>-dG adduct that is
illustrating the possible accommodation of tHe-frans-antiB[a]P- . . . .
N2-dG into the structure of the M.Hh@NA-AdoHcy complex paired with the target dC residug) (Figure 8A). Indeed,

(71). The 3D structure of the ternary complex of M.Hhal with the thekqvalues for GMB/CGC duplexes are smaller than that
12-mer oligodeoxynucleotide duplex containing GCGC, and the in the case of parent duplex GMG/CGC. This accounts for

cofactor analogue AdoHcy was from the RCSB Protein Data Bank. the greater impact of the BJP residue on methylation when
The ()-trans-antiB[a]P-N2-dG was created using ACD/Chem- . N2 P .

Scetch and then introduced into the positidadjacent to the target the trans-anti-B[a]P-N dG. lesion I.S located opposite the
dC (as in duplex BCG/CGM) of the 12-mer duplex using ACD/  target dC, rather than adjacent to it on thesigle. Because

3D Viewer and PyMOL v0.98. According to re9 and 60, the both duplexes GCB/CGM and GMB/CGC are methylated
B[a]P residue of the)-trans-antiB[a]P-N>-dG adduct was put by M.Sssl, we speculate that the target dC residue can be

into the minor groove of the double helix pointing toward the 5 successfully flipped out of the helix in these M.SENA
direction of the modified strand. The catalytic loop, the flipped complexes '

out cytosine, AdoHcy, and the BJP are in black. The enzyme is . . .
shown in ribbon representation. The amino acids of the catalytic ~ T1here may exist alternative explanations of the effects of
loop are shown both in ribbon and wireframe representation. DNA B[a]P-DNA adducts on methylation due to the hypothetical

and AdoHcy are shown in the stick representation. possibility that MTases can bind to the hemimethylated
N duplexes in two orientations when the active site is oriented
adduct, we assumed that the contacts of the modified dGtoward the target cytosine or toward the methylated cytosine.
residue with GI#*, in this case, were intact. A slight |n the case of the hemimethylated a#PDE-modified
reduction of the methylation rate constant of duplex G\IB duplexes (e.g., in the case of duplex BCG/CGM), this means
CGC can be explained by the violation of some contacts of that an MTase could bind to DNA in orientation #1 or in
the modified dG residue with GI#f due to the displacements  orientation #2 (Figure 9). If an MTase is able to bind to
of the modified dG and the target dC residues into the minor B[a]P-DNA in orientation #2, the methylation reaction
and the major grooves, respectively, with the Bdduct cannot take place because this orientation is nonproductive.
positioned in the GMBC context 69, 70). It is known that M.Hhal binds unmodified hemimethylated

Target dC Catalytic
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#1

(active site side)
BCGC GMGC
CGMG CGCB
Ficure 9: Strand selectivity upon binding of M.Sssl or M.Hhal to
duplex B'CG/CGM (or B'CG/CGM). The target cytosine (C) or
the 5-methylcytosine (M) obtained after methylation of the target
cytosine are underlined.

#2

(active site side)

target sites in the productive orientation (when the active
site is oriented toward the target cytosine) with high
selectivity @4). This suggests that M.Hhal binding tod}{
PDE-modified oligodeoxynucleotide duplexes in the non-
productive orientation #2 is unlikely. The question whether
M.Sssl is able to distinguish between unmethylated and
methylated strands of the unmodified hemimethylated duplex
is not resolved. Our kinetic data indicate that unmethylated
oligodeoxynucleotide duplex GCG/CGC is two times more
efficiently methylated by M.Sssl than hemimethylated du-
plexes GMG/CGC or GCG/CGM. This could be indirect
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the lesion. The adducts in eukaryotic cells may affect de novo
methylation 6, 7, 84) and may be located either in un-
methylated DNA or in hemimethylated DNA formed after
the first step of de novo methylation. A strongly reduced
rate or complete block of BJP-DNA methylation may result

in an altered methylation pattern. As for maintenance
methylation, the influence of hemimethylated duplexes
containing ¢) or (—)-trans-antiB[a]P-N*>-dG adducts on the
5'- or 3-sides of the target dC on the methylation status is
unlikely because the probability of formation of these
duplexes after DNA replication, but before DNA methylation,
is small. However, duplex GMBCGC containing rfdC
adjacent to the{)-trans-antiB[a]P-N?-dG adduct on its's
side could arise after DNA replication with high probability
(25—27), and thus could affect maintenance methylation. The
methylation of duplex GMB/CGC occurs with a reduced
rate (Tables 2 and 3). However, the){transisomer of BR]-
PDE is not formed to any significant extents in eukaryotic

evidence that M.Sssl could bind hemimethylated target sitescells @5).

in two orientations, and in essence, the nonproductive
orientation (when the active site is oriented toward the
5-methylcytosine) could serve as a competitive inhibitor for
the productive orientation. If introduction of the &P

residue into the hemimethylated duplex results in the increase

of the amount of nonproductive orientation # 2, then binding
of M.Sssl to duplex BCG/CGM in nonproductive orientation
#2 may contribute to the lack of methylation observed in
this case (Table 2).

Guanine residues in DNA are often the most common sites
not only of Bja]PDE DNA damage but also of oxidative
and alkylation DNA damager@—74). The replacement of
the 3-flanking guanine residue adjacent to the target cytosine
in the hemimethylated CpG sequence context by 8-hydrox-
yguanine 5) or by O%-methylguanine 76) resulted in the
inhibition of DNA methylation by the eukaryotic MTase
Dnmtl. When 8-hydroxyguaning%) or O5-methylguanine
(76, 77) are positioned opposite to the target cytosine in the

Further studies of the interactions of mammalian MTases
with site-specific Bf]JP-N?>-dG adducts in DNA should
provide new information on the impact of these lesions on
DNA methylation in eukaryotic cells.
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SUPPORTING INFORMATION AVAILABLE
The T, values for oligodeoxynucleotide duplexes GCG/

hemimethylated CpG sequence context, the methylation of CGC, B'*CG/CGC, BCG/CGC, GCB/CGC, GCB/CGC,
the target cytosine by Dnmt1 is not altered and can be evenGCG/CGM, B'CG/CGM, B CG/CGM, GCB/CGM, GCB/

enhanced. Thus, there are similarities in the effects of
oxidative, alkylation, and B{JPDE modifications of the dG
residue opposite to the target dC on DNA methylation.
However, a Bi]P-N?>-dG adduct flanking the target dC on
its 3-side does not exert as dramatic an effect on CpG
methylation as that of oxidative and alkylation damage to
the same dG residue.

On the basis of similarities in the catalytic mechanisms
observed with mammalian and prokaryotic MTaszs; 86),

CGM, GMB'/CGC, and GMB/CGC, the derivation of
equation for quantitative treatment of equilibrium competition
experiments, the determination of the amount of the active

form of M.Sssl by equilibrium competitive binding, the

kinetic analysis of formation of complex of M.Sssl and
M.Hhal with DNA in competitive binding, and the repre-
sentative data for the determination of the dissociation rate
constant for the binding of M.Sssl to GCG/CGM are
presented. This material is available free of charge via the

similar phenomena to those observed here may be relevantnternet at http://pubs.acs.org.

in eukaryotic cells as well. In living cells, unrepairedali?-
DNA adducts are found in significant quantitieg3¢-80),
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