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ABSTRACT

4'-Thio-2 '-deoxycytidine was synthesized as a 5 '-
protected phosphoramidite compatible with solid
phase DNA synthesis. When incorporated as the target
cytosine (C*) in the GC*GC recognition sequence for
the DNA methyltransferase M. Hhal, methyl transfer
was strongly inhibited. In contrast, these same oligo-
nucleotides were normal substrates for the cognate
restriction endonuclease R. Hhal and its isoschizomer
R.HinP1l. M.Hhal was able to bind both 4 '-thio-modified
DNA and unmodified DNA to equivalent extents under
equilibrium conditions. However, the presence of
4'-thio-2 '-deoxycytidine decreased the half-life of the
complex by >10-fold. The crystal structure of a ternary
complex of M. Hhal, AdoMet and DNA containing
4'-thio-2 '-deoxycytidine was solved at 2.05 A resolution
with a crystallographic R-factor of 0.186 and R-free of
0.231. The structure is not grossly different from
previously solved ternary complexes containing
M.Hhal, DNA and AdoHcy. The difference electron
density suggests partial methylation at C5 of the
flipped target 4 '-thio-2 '-deoxycytidine. The inhibitory
effect of the 4 ' sulfur atom on enzymatic activity may
be traced to perturbation of a step in the methylation
reaction after DNA binding but prior to methyl transfer.
This inhibitory effect can be partially overcome after a
considerably long time in the crystal environment
where the packing prevents complex dissociation and
the target is accurately positioned within the active
site.

INTRODUCTION

distinguish ‘self’ from foreign DNA. Host sequences that are
methylated are resistant to digestion by the host's restriction
endonucleases, whereas unmodified infecting viral DNA is left
susceptible to degradation (see 3 for a recent review). In
eukaryotes, the role of cytosine methylation is more complex and
less well understood. DNA methylation has been implicated in a
variety of processes including genomic imprinting (4), embryonic
development (5) and gene expression éwed in 6). 5-Methyl-
cytosine and Cb5-Mtases themselves appear to be endogenous
mutagens and may play a role in disease (7,8).

The bacterial enzyme Mhal, which recognizes the sequence
GCGC and methylates the inner cytosine, is one of the most
thoroughly examined C5-Mtases. The gene for this protein has
been overexpressed ikscherichia colito allow large-scale
production and purifiddon of the protein and subsequent
crystallization (9). The structure of this enzyme has been solved
in the absence of DNA (10) as well as in complex with both
modified and unmodified DNA substratesl{13). The latter
DNA—protein co-crystal structures revealed that binding is
accompanied by a novel distortion of the DNA at the binding site:
complete extrusion of the base to be methylated out of the DNA
helix. This process, termed base flipping, has subsequently been
confirmed in the structure of another C5-Mtasd-1ddl1l (14) as
well as two DNA repair enzymes, T4 endonucleagd5) and
uraci-DNA glycosylase (16). Base-flipping may beiadamental
mode of DNA—protein interaction as several other enzymes are
likely to use this mechanis(i7,18).

An understanding of the catalytic mechanism of C5 methylation
used by MHhal has emerged from the structures cited above as
well as a variety of biochemical studies which have identified
residues required for cataly$k9,20). Mehylation by MHhal
and other C5-Mtases requires the target base to be inserted into
the catalytic pocket of the enzyme where the reaction proceeds via

The DNA cytosine-5 methyltransferases (C5-Mtases) are modéle formation of a transient covalent bond between the sulfhydryl
systems for enzymes that integrate catalytic activity witlgroup of a conserved cysteine (Cys81 imdkll) and C6 of the
molecular recognition of nucleic acid substrates and have betemget cytosine (Fig. 1). The initial covalent bond enhances the
the focus of a renewed interest in DNA methylation (reviewed ireactivity of C5 allowing nucleophilic attack by C5 on the methyl
1,2). These enzymes auhd in both prokaryotes and eukary- group of the methyl-donating cofactor AdoMet. The high energy
otes. In bacteria, C5-Mtases function as a component of a simjglerbanion generated at C5 is either resonance stak{iliaetil )
immune system in which cytosine modification is used t@r entirely avoided by protonation of N3 by the nearby protonated
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Figure 1. Reaction mechanism of methylation at cytosine-5. The mechanism is adapted fraehdll{2R) (upper path) and Gabbatal (21) (lower path). Amino
acid residue numbers are based on thHehHd. sequence.

glutamic acid residue (Glu119 in Nhal) (22). Both alterntves

3
allow for the formation of a reactive enamine. AdoMet is converted o;,ﬁ,’\ O§/N\ NH,
to AdoHcy by the methyl transfer and elimination of the C5 R s 4
proton by a water molecule allows dissolution of the covalent o \\Cj»‘ =5
complex (12,13). \ 6
Nucleotide analogs, when incorporated into synthetic oligo- HO:‘

nucleotides, provide powerful tools for probing the structural and
chemical interactions involved in sequence-specific recognition ()
and catalysis by proteins that act on DNA. Recently, a class of

nucleoside analogs;+hionucleosides, has been synthesized tha%_ 2 Structure of Athio-2-d idi
introduce apparently subtle changes in DNA/RNA structure, ye 'gure 2. Structure of thio-2*deoxycytidine.
have significant effects on biological function. Introduction of

4'-thiothymidylate into an oligodeoxynucleotide duplex dodecamer

resulted in only minor changes in the sugar pucker of the modifieddATERIALS AND METHODS
nucleoside and small conformational changes in the sugar—

phosphate b&bone at and adjacent to the nucleoside arffaB)y  Synthesis

However, when incorporated into the target sequence of th
EcdRV restriction—modification system, the same analog strong!
inhibited the activity of both the endonuclease and methyltransfer
in vitro (24). Inhibition of theEcdRV methyltransferase occurred
even though the thio-modified nucleotide was not the target f
methylation. Other studies have shown tHathibthymidine is
resistant to nucleoside phosphoryld@®). digonucleotides

4 Benzoyl-3,5'-di-O-benzyl-4-thio-2'-deoxycytidine and the
-anomer To a stirred suspensionit-benzoylcytosine (2.50 g,
.63 mmol) in acetonitrile (50 ml), under a nitrogen atmosphere,
yyas addedis-(trimethylsilyl)acetamide (4.91 g, 6.0 ml, 23.26
mmol). The reaction mixture was stirred at room temperature for
1 h, during which time a clear solution was formed. Additional

) X . M ) : : acetonitrile (100 ml) was added, followed by the addition of
incorporating 4thiothymidine are resistant to digestion byCr shed 4 A molecular sieves (3.5 g) and a solution of benzyl

endonuclease S1 and do not induce RNaseH digestion of bOUWIE_ i 5 hanzvl-2-deoxv-1 4-dithim-ervthro-pentofuranoside
RNA as strongly as normal DN&6). At present, the mechanism(s) (4'23 g 9.69ymmol) ir): atmnitrile (thml).pAfter 10 min, a

by which thio-modified nucleosides inhibit enzymatic function isqq tion ofN-iodosuccinimide (2.40 g, 10.66 mmol) in acetoni-
not clear. , / . trile (25 ml) was added, upon which the reaction mixture changed
In this study we report the synthesis 6tdo-2-deoxycytidine  oior to dark brown. After 5 h, crystals of th@nomer of the
(1) (Fig. 2) as a Sprotected phosphoramidite and show that this-oquct had formed in the reaction mixture, which was filtered
4'-thionucleoside analog, when incorporated into synthetic DNAnq the crystals washed with acetonitrile. The crystals were then
as a target, inhibits methylation by the bacterial 5SmC-DNAjissolved in dichloromethane and filtered, to separate them from
methyltransferase Mhal. We also report the structure of a the crushed molecular sieves. The dichloromethane was removed
13mer DNA oligonucleotide containing-thio-2’-deoxycytidine in  in vacucto yield the pur@-anomer of the product (0.86 g, 17%)
complex with MHhal and AdoMet in which base flipping and as a fluffy white solid. The filtrate of the reaction mixture had the
partial methylation were observed. Our results show thajolvent removeih vacucand the resulting solid was re-dissolved
4'-thio-2'-deoxycytidine does not disrupt DNA recognition, in dichloromethane. The organic layer was washed with a
binding, nor base extrusion, at least under crystallizatiopaturated aqueous solution of sodium thiosulfaxe2@0 ml) and
conditions, but suggest instead that this thio-modified nucleosideater (200 ml), dried (MgS4), filtered and the solvent removed
interferes with a step between the conformational base-flip aid vacuo The crude product was purified, and the and
methyl transfer. -anomers separated, by flash column chromatography, using an
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eluent of ethyl acetate/n-hexane (3:1). The appropriate fractio8s39-3.31 (1H, m, H-4, 2.39-2.17 (2H, m, H-gand H-2}). 6
were combined to obtain the product as the pumeomer (0.82 g, (13C-NMR; 75 MHz, ¢-DMSO): 41.9 (C-2), 58.3 (C-4), 62.0
16%,; overall yield op-anomer: 1.28 g, 33%) and pur@anomer  (C-1'), 63.0 (C-58), 73.4 (C-3), 97.3 p-benzoyl CH), 128.1, 128.7
(2.26 g, 45%). The isolatedp-anomers of the product (3.54 g, (o/mbenzoyl aromatic), 132.8 (quaternary benzoyl aromatic), 133.1
78%) gave the/p ratio as 3:2. (C-5), 146.6 (C-6), 155.6 (C-2), 162.4 (C-4), 167.5 (benzoyl
B-anomer: R[0.36 EtOAc/n-hexane (3:13.(*H-NMR; 300  carbonyl). Mass spectrum (+ve LSIMS); m/z 370 (13%, [M¥)\a]
MHz, CDCk): 8.85 (1H, br.s, 4-NBz), 8.64 (1H, d3) = 7.4 Hz, 348 (47%, [M+HY), 216 (100%, [base+H). Elemental analysis
H-6), 7.90 (2H, d3J = 7.0 Hzp-benzoyl), 7.63—7.17 (14H, m; found: C, 55.26%:; H, 4.81%; N, 11.82%; S, 9.005tG 704N3S
10H, PICHy; 3H, benzoyl aromatic; 1H, H-5), 6.47 (1H, m, B;1 requires: C, 55.32%; H, 4.93%; N, 12.09%); S, 9.23%.
4.60-4.43 (4H, m, 2 PhCH), 4.23 (1H, m, H-3, 3.84-3.65
(38H, m; 2H, H-5; 1H, H-4), 2.69-2.56 and 2.37-2.20 (2H, m, N4Benzoyl-%0-(4,4-dimethoxytriphenylmethyl)-4hio-2'-
H-2'3 and H-2p). 3 (13C-NMR; 75 MHz, CDC#): 41.7 (C-2),  deoxycytidine To a stirred solution oN4benzoyl-4-thio-2'-
53.6 (C-4),63.1(C-1), 70.5, 71.7 (R PhQHy), 73.7 (C-5), 81.4  deoxycytidine (508 mg, 1.68 mmol) in pyridine (20 ml), under an
(C-3), 96.9 p-benzoyl aromatic), 127.6, 127.7, 127.9, 128.0, 128.3yrgon atmosphere at room temperature, was added triethylamine
128.5, 128.7, 128.9 (benzyl and benzoyl aromatic), 133.0 (C-§0.31 g, 0.42 ml, 3.03 mmol) 4-dimethylarapyridine (10 mg,
133.3 (quaternary benzoyl aromatic), 137.4, 137.6 (quaternagy08 mmol) and 4,4dimethoxytriphenylmethyl fdoride (0.97 g,
benzyl aromatic), 146.7 (C-6), 155.3 (C-2), 161.8 (C-4), 166.8.86 mmol). The reaction mixture was left stirring at room
(benzoyl carbonyl). Mass spectrum (+ve LSIMS); m/z 528 (17%emperature for 42 h and was then quenched by the addition of
[M+H]*), 420 (2%, [M-BnQY), 216 (100%, [base+H) Elemental  methanol (5 ml) and stirring was continued for a further 10 min.
analysis found: C, 68.27%; H, 5.58%; N, 7.90%; S, 6.00%The solvent was removeih vacuo and the crude product
Ca0H2904N3S requires: C, 68.29%; H, 5.54%); N, 7.96%; S, 6.08%dissolved in dichloromethane (100 ml). The organic layer was
a-anomer: R[0.28 EtOAc/n-hexane (3:1)p. (*H-NMR; 300  washed with a saturated aqueous solution of sodium hydrogen
MHz, CDCk): 8.78 (1H, br.s, 4-NBz), 8.61 (1H, d3J =8.3Hz, carbonate (2 100 ml) and a saturated aqueous solution of
H-6), 7.89 (2H, mo-benzoyl), 7.63-7.17 (14H, m; 10H,®H,;  sodium chloride (1x 100 ml). The organic layer was dried
3H, benzoyl aromatics; 1H, H-5), 6.36 (1H, m, H;%4.59-4.34  (MgSQy), filtered and the solvent removiedvacugq followed by
(4H, m, 2 PhCh), 4.31 (1H, m, H-3, 4.02 (1H, m, H-4,3.50  co-evaporation with toluene and then methanol, to yield the crude
and 3.37 (2H, m, H‘5and H-8y), 2.57-2.38 (2H, m, H-2and  product as a yellow foam. The product was purified by silica gel
H-2'p). 8 (13C-NMR; 75 MHz, CDC}): 41.1 (C-2), 55.1 (C-4),  column chromatography, using an initial eluent of dichloromethane/
65.6 (C-1), 71.0, 71.9 (R PhCHy), 73.3 (C-5), 83.3(C-3),95.9  methanol (99:1) (+0.5% TEA), followed by an eluent of
(p-benzoyl aromatic), 127.6, 127.7, 127.8, 127.9, 128.0, 128.8ichloromethane/methanol (98:2) (+0.5% TEA). Combination of
128.5, 129.0 (benzyl and benzoyl aromatics), 133.0 (C-5), 133tBe appropriate fractions yielded the product (0.84 g, 89%) as a
(quaternary benzoyl aromatic), 137.1, 137.7 (quaternary benzgleam foam. R[0.46 DCM/MeOH (97:3) +0.5% TEA]d
aromatic), 148.3 (C-6), 155.2 (C-2), 161.9 (C-4), 166.7 (benzoytH-NMR; 300 MHz, CDC4): 8.37 (1H, d3] = 7.6 Hz, H-6), 7.89
carbonyl). Mass spectrum (+ve LSIMS); m/z 660 (6%, [M¥Cs] (2H, m,o-benzoyl), 7.65-7.24 (14H, m; 9H, DMTr aromatic; 3H,
550 (1%, [M+Na}), 528 (7%, [M+HY), 420 (1%, [M-BnO}),  benzoyl aromatic; 1H, H-5; 1H, NB#), 6.88 (4H, m, DMTr
216 (52%, [base+H]), 105 (42%, [Bzl), 91 (100%, [Bri}).  aromatic), 6.34 (1H, m, H2)}, 4.77 (1H, br.s, 30H), 4.35 (1H,
Elemental analysis found: C, 68.12%; H, 5.23%; N, 7.90%; Sn, H-3), 3.83 and 3.82 (6H, 2sx®Me on DMTr group), 3.54
5.87%. GoH2904N3S requires: C, 68.29%; H, 5.54%; N, 7.96%;(2H, m, H-5), 3.39 (1H, m, H-4, 2.55 and 2.19 (2H, m, HR
S, 6.08%. and H-2p,). 3 (13C-NMR; 75 MHz, CDG}): 44.0 (C-2), 55.3 (X
OMe on DMTr group), 55.6 (C}4 62.8 (C-1), 64.4 (C-3), 74.5
N4Benzoyl-4thio-2'-deoxycytidineTo a stirred solution of boron (C-3'), 87.0 [QAr)3 on DMTr group], 97.2ibenzoyl aromatic),
trichloride in dichloromethane (1.0 mol/@(30 ml, 30 mmol), at 113.2-130.1 (benzoyl aromatic and DMTr aromatic), 133.0
—85°C under a nitrogen atmosphere, was added dropwise a solutiéiaternary benzoyl aromatic), 133.1 (C-5), 135.6, 135.7, 144.4
of N*-benzoyl-3,5"-di-O-benzyl-4-thio-2-deoxycytidine (2.00 g, (DMTr aromatic), 146.3 (C-6), 155.7 (C-2), 158.7 (DMTr
3.80 mmol) in dichloromethane (75 ml), after which thaction ~ aromatic), 162.1 (C-4), 166.8 (benzoyl carbonyl). Mass spectrum
mixture was left stirring for 4 h. The reaction was then quenchettve LSIMS), doped with Na m/z 688 (1%, [M+K]), 672
at —85 C, by the addition of methanol/dichloromethane (1:1Y17%, [M+Na[’), 650 (3%, [M+HF), 303 (100%, [DMT), 238
(50 ml). The reaction mixture was then immediately neutralizetB8%, [base+Nd), 216 (30%, [base+H). Accurate mass
by the addition of methanolic ammonia (2.0 M@ ml). Then  Ca7H3sN3OgNaS requires 672.2144. Observed 672.2118.
the reaction mixture was allowed to warm to room temperature
and was filtered to remove the ammonium chloride formetl*Benzoyl-50-(4,4-dimethoxytriphenylmethyl)-8-[2-cyano-
during neutralization. The solvent was then remdnegcuoto  ethyl(diisopropylamino)-phosphinoyloxy}-thio-2'- deoxycytidine
yield a white solid. The crude product was purified by flastTo a stirred solution df*-benzoyl-3-O-(4,4"- dimethoxytriphenyl-
column chromatography, using an eluent of dichloromethanedethyl)-4-thio-2’-deoxycytidine (1.611g, 2.48 mmol) in tetra-
methanol (9:1). Combination of the appropriate fractions yieldelydrofuran (150 ml), under a nitrogen atmosphere’ @t vas
the product (0.78 g, 59%) as a white solig[(R40 DCM/MeOH  addedN,N-diisopropylethylamine (1.60 g, 2.16 ml, 4.96 mmol)
(9:1)]. 8 (*H-NMR; 300 MHz, ¢-DMSO0): 11.28 (1H, br.s, followed by cyanoethyN,N-diisopropylchlorophosphoramidite
4-NHBz), 8.56 (1H, d3J = 7.8 Hz, H-6), 8.00 (2H, ) =8.0 Hz, (1.17 g, 1.10 ml, 4.96 mmol). The reaction mixture was then
o-benzoyl), 7.65-7.47 (3H, myp-benzoyl), 7.39 (1H, 1 =7.8 allowed to warm to room temperature and was left stirring for 6 h.
Hz, H-5), 6.31 (1H, m, H-}, 5.35 (1H, m, 30H), 5.21 (1H, m, The solvent was removeéua vacuoand the resultant white solid
5'-OH), 4.43-4.33 (1H, m, H‘R 3.74-3.56 (2H, m, H%  was dissolved in ethyl acetate (150 ml). The organic layer was
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washed with a saturated aqueous solution of sodium hydrogPBurification of M. Hhal
carbonate (2x 150 ml) and a saturated aqueous solution o
sodium chloride (1x 150 ml). The organic layer was dried dialvzed t d boGrat] L-methioni
(MgSQy), filtered and the solvent removadvacuoto yield a lalyzed to remove endogenous bo enosyk-methionine
yellow/brown oil. The product was purified by flash column(AdOMet)'

chromatography, using an initial eluent of dichloromethan®NA binding

(+0.5% TEA), followed by an eluent of dichloromethane/ethyl . ) ) )
acetate (7:3). Combination of the appropriate fractions yieldddNA binding was studied by gel retardation, essentially as
the product (1.53 g, 73%) as a cream foapfoR7, 0.22 DCM/ escribed previously (27). The targigonucleotide concentration
EtOAc (7:3) +0.5% TEA]S (IH-NMR; 400 MHz, CDC}): ranged fronib to 200 nM.'_I'he cofact&-aplenosylhomocystelr_w-
8.95-8.50 (1H, v.br.s, NBY), 8.42 and 8.29 (1H, 28] = 7.5 Hz, © (AdoHcy) was mcluded in some reactions at a concentration of
H-6), 7.89 (2H, d3J =74 Hzp-benzoyl), 7.62—7.23 (13H, m; 9H, 1 mM. After autoradiography the portions of_ each gel Iane
DMTr aromatic; 3H, benzoyl aromatic; 1H, H-5), 6.86 (4H, 2ddporresppndmg to bound and free oligonucleotide were excised
33 = 6.0 Hz, 9.0 Hz, DMTr aromatic), 6.43 and 6.41 (1H, 3iid, and radloactn.nty.measured by scintillation counting in Opti-fluor
= 6.2 Hz, H-1), 4.56 (1H, m, H-3, 3.82 and 3.81 (6H, mx2 (Packa}rd). Binding constants were determined by Scatchard
OMe on DMTF group), 3.75-3.45 (1H, m, ¥)43.65-3.50 (2H, m, analysis (28). - .
OCt'zCHzCN), 3.65—3.43 (ZH, m,>QNCﬂ(CH3)2), 3.48-3.34 Off-rates .for DNA blndlng were measured by pre-formlng
(2H, m, H-8), 2.75 and 2.60 (2H, m, OGBH,CN), 2.67-2.51 complexes in the presence of 1 mM AdoHcy, 6.4 nM normal or

and 2.19-2.07 (2H, m, Hzand H-2;), 1.18-1.09 (12H, m2 4.8 nM thio-substituted labeled oligonucleotide and 6.4 nM
NCH (CHs)y). & (13C-NMR; 100 MHz, CDG)): 20.2, 20.3 M.Hhal. The association reactions were qgenchgd by addmg
(OCHZQEZCN), 2% 24.5 (NCH(GHg)p), 2 x 42.9 (C-2), 43.2, ©€XCess unlabelled oligo auM final concentration. Dissociation
43.4 (NGH(CHa),), 2 x 55.2 (% OMe on DMTT group), 55.7 of the labeled oligo was allowed to occur for various time mte_rvals.
(C-4), 583, 58.5 (OBI,CH,CN), 2x 62.5 (C-1), 63.5, 64.2 Samples were then loaded onto a running 6% polyacrylamide gel
(C-5,75.0, 76.2(05, 113.2,127.1,127.5,127.9, 128.3, 128_4yand processed in the same manner as the equilibrium binding
129.0, 130.1, 130.2, (DMTr aromatic and benzoyl aromatic), 2 experiments. Off-rates were calculated by monitoring the disappear-
133.1 (C-5), 135.4, ® 135.5 (quaternary DMTr aromatic and 21ce Of the bound labeled DNA.

quaternary benzoyl aromatic)x244.2 (DMTr aromatic), 145.2  Methyl transfer

(C-2),146.0, 146.2 (C-6),2158.7 (quaternary DMTr aromatic), ) ) . )

161.8 (C-4), 165.5 (benzoyl carbony)(31P-NMR; 162 MHz, Methylation reactions were performed in [20 mM Tris-acetate
CDCly): 134.4, 134.8. Mass spectrum (+ve LSIMS), doped wit§PH 7.9) 10 mM magnesium acetate, 50 mM potasium acetate,
Na*; m/z 888 (5%, [M+K]), 872 (24%, [M+Nal), 850 (1%, 1 mM D3'I‘I', 200 pg/ml BS_A]. at 37C in the presence 'of
[M+H]*), 634 (2%, [M-basé), 632 (3%, [M-(OP(NPrp(OCH, S[methyl- H]adenosyi:-methmnme (NEN) with a specific activity
CH,CN))J"), 303 (100%, [DMTT1), 201 (5%, [P(OCHCH,CN)  adjusted to either 9.7 or 15 Ci/mmol. The concentrations of

(N((Pry)]™). Accurate mass fgHs:NsO7NaPS requires 872.3202. €nzyme, DNA and cofactor used are listed in the appropriate
Observed 872.3223. figure legends. All components except the DNA were mixed and

pre-warmed at 37TC for 3 min, at which point the DNA was
added to initiate the reaction. Reactions were stopped by the
Oligonucleotide synthesis and end-labeling addition of excesS-adenosylk-homocysteine (Sigma) to a final
. ) ) ) ) concentration between 1 and 10 mM and/or flash freezing in a dry
The following oligonucleotides were used in the experimentge—EtOH bath. Methyl transfer to DNA was measured by
(Hhal target sequence in bold; M, 5-methytdeoxycytidine; S, trapping DNA on Whatman DE-8L1 filters as previously described
4'-thio-2'-deoxycytidine; F, 5-fluoro-2deoxycytidine). Oligo-  (29). Bound radioactivity was determined by scintillation counting
nucleotidesA—E were 37mers with the sequence: in Opti-fluor (Packard).
GACTGGTACAGTATCGBBETGACCCACAACATCCG
TGACCATGTCATAGTIYBCTGGGTGTTGTAGGCT Restriction digests

where X and Y varied as follow&, X =S, Y =M;B, X=C,Y  Oligonucleotides at a concentration gill were digested with

=M;D,X=C,Y=C;an&E, X=S,Y =C; OligeC contained 14 U restriction endonuclease in{80eactions using the buffer

the unmethylated sequence GGCC in place of GCGC. suggested by the enzyme supplier (NEB). Digestion products
The 5-protected phosphoramidite ofthio-2'-deoxycytidine  were separated by electrophoresis on 4% Metaphor agarose (FMC)

was synthesized as described above and incorporated into tj#gs in X TBE buffer and visualized by ethidium staining and UV

desired oligonucleotides by standard solid phase synthesiisimination.

methodology [Roger Knott, New England Biolabs (NEB)] and

purified using HPLC and polyacrylamide gel electrophoresisx-ray crystallography

Individual strands were annealed in 10 mM Tris—HCI (pH 8.0) . .

1 mM NaEDTA (TE) to generate double-stranded DNA. The structure of Mdhal in a ternary complex with AdoMet and

Annealed oligonucleotides weré Bnd-labeled using T4 poly- & Short DNA duplex (referred to as the S13 structure) was

nucleotide kinase (NEB) ang-$2P]JATP [New England Nuclear determined by X-ray crystallography. Two 13mer oligonucleotides

(NEN)] using the protocol suggested by the manufacture@._\‘EB) were annealed to form a 12 bp asymmetric duplex with 5

Unincorporated nucleotide was removed by spun column chroma@hgle base overhangs:

graphy using Quick-Spin G-25 columns (Boehringer Mannheim) 5-TCCAT GMGTGAC -3’

or MicroSpin S-200 columns (Pharmacia). 3- GGTA CGSGBCTGT-5

K/I.Hhal was purified as described previously (9) and exhaustively
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where M = 5-methyl-2deoxycytidine and S ='4hio-2-  an anomeric mixturea( ratio 3:2) of the nucleoside derivative
deoxycytidine. Crystals of the S13 complex were grown by mixing\*-benzoyl-3,5'-di-O-benzyl-4-thio-2'-deoxycytidine. Separation
the MHha-AdoMet-DNA complex, as described previously of the anomers either by crystallization of fr@nomer or by
(12,13), with an equalolume of 1.4-1.8 M ammonium sulfate, silica gel column chromatography proved to be facile, due to the
50 mM citrate at pH 5.6, and equilibrating the mixture against 1 nresence of th&%-benzoyl protecting group. Removal of the
of the latter solution at P&. The S13 crystals formed within days 3',5'-di-O-benzyl protecting groups was achieved using boron
in the same trigonal space group as in the previously reporté&ithloride at low temperature, although the yield was lower than
ternary structures (11-13). One S13 complex was present mpected due to partial debenzoylation of ti&benzoyl
asymmetric unit. Three weeks after formation of the crystals, therotecting group. Dimethoxytritylation of thé-Bydroxyl group
X-ray diffraction intensities were measured at a wavelength dbllowed by phosphitylation of the'#iydroxyl group gave the
1.15 A on a Mar Research imaging-plate diffractometer adesired phosphoramidite. The overall yield of the phosphoramidite
beamline X12C of the National Synchrotron Light Sourcefrom the 4-thiosugar was 13%; the padf ratio (3:2) at the
Brookhaven National Laboratory (67.5tal rotation with 1.5  condensation step results in a maximum theoretical yield of only
increment and 90 s exposuréh6°C). Data acquisition, similar  40%.
to that described previousi12,13), yielded 32 880nigue The 5-protected phosphoramidite dF-benzoyl-4-thio-2'-
reflections. R-merge Z[xI> — I>2<I> = 0.078 and <> = 12.1,  deoxycytidine proved to be completely compatible with standard
where | is the measured intensity of each reflection, <I> is thsolid phase synthesis of oligonucleotides via the phosphoramidite
intensity averaged from multiple observations of symmetry-relategbproach.
reflections, ana is the root mean square deviation from the mean.
The structure was solved by the difference Fourier methaglethylation is inhibited by 4'-thio-2’-deoxycytidine
using the previously solved HM13 ternary structureHhl P o o )
with AdoHcy and a hemi-methylated DNA identical in sequencé - Thiothymidine is known to inhibit methylation by EtdRV
to the one used here but containing unmodified cytosine at t4d1€n present adjacent to the target ad_enlr)e that becomes methylatex
target) as the initial modéL3). The model wasptimized by ~ (24). We examined the effects of-thio-2-deoxycytidine as a
rigid-body refinement from 20 to 3 A and was further refined againé@rdet nucleotide on catalytic function in a DNA cytosine
diffraction data measured from 5.0 to 2.05 A using X-PL80. methyltransferase, Mhal. M.Hhal methylates the inner cytosine
After 11 rounds of least square refinement, manual mod&f the sequence GCGC to yield GSmCGC. We constructed a 37
building, and placement of well-ordered solvent molecule§ase double-stranded DNA oligonucleotide containing a centrally
(interpreted as water) by examination of difference electron densitgcated Hhal site (GCGC) in which the inner cytidine was
the crystallographic R-factor and R-fré& T, — X Fo0 where replaced by the thio-modified residue on one strand and by
F, and R are the observed and calculated structure factg-methyl-2-deoxycytidine in the other strand. Incubation of
amplitudes, respectively) were reduced to 0.186 and 0.288dor M.Hhal vv_|th the hemi-methylated 37mer 4-thio oligonucleotide
and 10% of the data, respectively. We used the difference Fouri@8ulted in very poor transfer 8H-methyl groups from the
synthesis (5— F, 0¢) to confirm and locate the positions of the pofac_tor AdoMet relative to a he.ml-methylated 3_7mer.substrate
sulfur atom of 4thio-2'-deoxycytidine and the transferabletg identical in sequence but containing normal cytosine (Fig. 3). The
group of AdoMet. level of incorporation offH-methyl was co_m_parable to that
observed with a non-methylated 37mer containing the non-cognate
target sequence GGCC. The turnover rate constggtfbt

RESULTS methyl transfer was >100-fold lower in the praee of the

thio-substituted hemi-methylated substrate (0.020%nialative to
Synthesis of the Sprotected phosphoramidite of unmodified hemi-methylated DNA (2.3 mi). Kinetic analysis of
N“-benzoyl-4-thio-2'-deoxycytidine the inhibition suggests that DNA targaites containing

: . - 4'-thio-2'-deoxycytidine interact competitively with respect to
The key step in the synthesis of theotected phosphoramidite of unmodified target sites (apparent®—5 nM) (Fig. 4). This value

N*-benzoyl-4-thio-2'-deoxycytidine requires either the condensais comparable to the jof 2.3 nM reported for a poly(dGdC)
tion of a cytosine base with a suitably protected 4-thiosugaypsirate (19).

compound, or the anversion of the uridine analogue to the
corresponding cytidine analogue. Secrist and co-workers hayre_
previously reported the synthesis oftHio-2'-deoxycytidine(31).
Initially this group attempted to preparetdio-2'-deoxycytidine
via direct condensation of cytosine with a suitably protecte®ne obvious explanation for the inhibition of methylation by
4-thiosugar. However, it was not possible to separate thE-thio-2'-deoxycytidine was the potential disruption of the
a/B-anomers at either the protected or deprotected stage doidding of the methyltransferase to the target sequence. To test
therefore 4-thio-2'-deoxycytidine was prepared via a uridine tothis, equilibrium binding assays were performed on the same hemi-
cytidine conversion on tHg&anomer of 4thio-2'-deoxyuridine.  methylated oligonucleotides that were refractory to methylation. As
Here we report an improved procedure for the preparation shown in Figure 5, the'4hio modified oligonucleotide bound as
4'-thio-2'-deoxycytidine, usindN*-benzoylcytosine in a direct well as the unmodified oligonucleotide. Equilibrium dissociation
condensation approach. constants for unmodified and-#hio-2'-deoxycytidine-containing
N4-Benzoylcytosine was synthesized, using the procedure ofigonucleotides were determined by Scatchard analysis to be 18
Brownet al (32), in a yield of 93%. This base was thendensed and 21 nM, respectively. Addition of AdoHcy to the binding
with benzyl 3,5-di©-benzyl-2-deoxy-1,4-dithi@-erythropento-  reaction increased binding of both oligonucleotides as expected
furanoside, synthesized by the method of Dygah (33), togive  from previous work (13,22,27,34-36) (data not shown).

Thio-2'-deoxycytidine does not interfere with sequence
recognition
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Figure 3. Progress curves for methylation of oligonucleotide substrates.
Methylation reactions were performed as described in Materials and Methods.
Reaction mixtures contained 1,681 AdoMet (9.7 Ci/mmol), 3.2 nM enzyme
and 1uM target oligonucleotide (37mér, B, C orE in Materials and Methods)

in 700l total volume. At 0, 15, 30, 45, 60, 120 and 180 min, diCfliquots
were removed and the reaction quenched by addition of AdoHcy to 2 mM
followed by flash freezing in a dry ice/EtOH bath. Incorporation of methyl groups

Figure 4. Kinetics of inhibition by 4thio-2'-deoxycytidine. Methylation
reactions were performed at a series of substrate (pRAg&) and inhibitor
(4'-thio-2'-deoxycytidine DNA, oligdA, Materials and Methods) concentrations

in the presence of 80 nM AdoMet and 80 pM enzyme. Methyl transfer was
measured by trapping DNA on DE-81 filters (Materials and Methods) and
scintillation counting. Initial velocities were calculated and displayed as a

into DNA was measured as described in Materials and Methods. Each data poirfP™x©n Plot. The horizontal axis value at the point of intersection of the curves
shown is the average of three samples. Target sequences-(S0=24deoxy- Is (_eqL_JaI to =K The point of intersection is consistent with competitive
cytidine, M = 5-methyl-2deoxycytidine)A, GSGC/GMGCB, -GCGC/GMGC; inhibition.

C, GGCC/GGCCE, GSGC/GCGC. Curves andC overlap at the scale

shown. Katvalues (see text) were estimated from the 15 min time points where

the reaction rate was approximately zero-order (data not shown).

1 24'-8-dC Kd=21nM
While the equilibrium binding of the’4hio modified oligo- 251 04-0-dC Kd=18nM
nucleotide was essentially identical to the unmodified control DNA, ]
the off-rates for the two species were considerably different, as
shown in Figure 6. Incorporation ofthio-2'-deoxycytidine into
the target sequence substantially increased the off-rate of the
DNA relative to unmodified DNA. Half-lives of the/4hio and
unmodified DNA complexes under the binding conditions used
were 60 and 760 min, respectively. In combination with the
equilibrium binding studies, this result indicates that the stability
of the DNA—methyltransferase complex is substantially altered ]
by the presence of thé-thio modification. .05+

[bound]/[free]
&
1

4'-Thio-2'-deoxycytidine does not interfere with endonuclease o+——""r——
digestion 10 1 12 13 14 15 16

. . - . - . bound] (nM
Oligonucleotides containing '4hiothymidine were previously [ M)
shown to b.e reSIS.tf’:mt.to Clea\./age by the e.nd.onum ... _Figure 5. Equilibrium DNA binding. Binding reactions with normal and
when the thio-modification was incorporated V_V|th|n the recognitiony_thio-2'-deoxycytidine substituted hemi-methylated oligonucleotides were
sequence of the enzyme (24). The conformati®ftdRV does not  performed in the absence of cofactor as described in Materials and Methods and
change significantly when complexed with thio-modified DNA separated by electrophoresis on a 6% non-denaturing polyacrylamide gel.

Binding constants were estimated by Scatchard analygisvalies for
as opposed to normal DNA (KOStrewa'D" Hancox,E.L., Walker’thio-substituted and normal DNA were 21 and 18 nM, respective$:dC,

RT, ConnO"y!B_'A' and \_Ninkler":'K" unp.Ub"Shed reSU|ts)' HOW' 4'-thio-2'-deoxycytidine oligo (oligoA, Materials and Methods); O-dC,

ever, the Mg* ion required for catalysis was not present in normal DNA (oligoB).

crystals ofEcdRV bound to a thio-modified substrate, despite

being crystallized out of Mg-containing solution. In the current

study, we constructed non-methylated versions of the oligonucleobserved (Fig. 7). To determine if the proximity of the thio- modified
tides used in the methylation assays and subjected them dgtidine to the actual site of cleavage was a factor in the digestion,
digestion by the cognate restriction endonucleadbdRand its  the reaction was repeated usingliRP11 which cleaves’3o the
isoschizomer RMinP1l. After incubation with Rdhal which  inner cytosine (G/CGC), immediately adjacent to the modified
cleaves 5to the outer cytosine (GCG/C), complete digestion wasesidue. As seen in Figure 7, theHRP1l digestion also
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Figure 7. Restriction by Rdhal. Each oligonucleotide (oligo® and E,
Materials and Methods; final concentratioqul¥) was incubated with 14 U
restriction endonucleasetfhal or RHinP1l at 37 C for 1 h. After the reaction,
products were separated on a 4% Metaphor agarose gel and visualized under
UV after ethidium bromide staining.

Figure 6. Off-rate of MHhal from 4'-S-C and normal C oligonucleotides. Each

labeled oligonucleotide (6.4 nM normal or 4.8 nM thio-substituted) was . . . .
pre-incubated with Mihal (6.4 nM) in the presence of AdoHcy (1 mM) for 30 Of the deoxyribose ring of the target cytosine (a sulfur atomin S13
min at room temperature to form DNA—protein complexes. Excess unlabelledversus oxygen in HM13) and the extra methyl group of AdoMet
oligonucleotide (1uM) was then added and the dissociation of labeled oligo jn S13 compared to AdoHcy used in HM13. Because HM13

was allowed to proceed for the indicated times. Samples were loaded onto runni ;
gels, resulting in the pattern of ‘half-smiles=3-dC, 4-thio-2'-deoxycytidine Tontains the same DNA sequence as the S13 structure, we focusec

oligo (oligoA, Materials and Methods)!<D-dC, normal cytosine oligo (olig8). our comparisons on this_ structure. )
An all-atom superposition of the protein components of S13

and HM13 yielded an rms deviation of 0.4 A. The nucleic acid
proceeded to completion. The same results were obtained whesmponents of HM13 and S13 were also very similar, with an rms
the inner 2-deoxycytidine inboth strands of the DNA was deviation of 0.3 A over all atoms, excluding tHeribose atom
replaced with the thio-modified analog (data not shown). Unlikearing the thio substitution. The target cytosine was rotated out
4'-thiothymidine, incorporation of'4hio-2'-deoxycytidine did not  of the helix and into the catalytic pocket of the enzyme as seen in
reduce susceptibility to cleavage by restriction endonucleasegich of the previous DNA-Mhal co-crystal structures. The
Whether this difference is due to structural variations induced bigitroduction of sulfur into the deoxyribose ring did not grossly
the thionucleoside or differences in the details of the cleavagiistort the structure of the nucleotide. Torsion angles associated
mechanisms remains to be determinedcBRV leaves blunt with the flipped base in S13 are reasonably close to those in the
ends upon cutting, whereadHRal and RHinP1l leave 5and 3 other structures (data removed), with the greatest differences
tails, respectively. clustered immediately adjacent to the sulfur and along the DNA
backbone. Pseudorotation phase angles indicate that the sugat
Structure of DNA containing 4'-thio-2'-deoxycytidine pucker (C3-endo) is very similar to that of unmodified cytidine
bound to M.Hhal in the N13 structure (12).
Although we expected an intact AdoMet to be present in the
We have now determined by X-ray crystallography the structurgtructure because AdoMet was initially used in the mixture for the
of M.Hhal in a ternary complex with AdoMet and a 13mercrystallization and methyl transfer was strongly inhibited in
non-palindromic DNA duplex containing-thio-2'-deoxycytidine  solution, we were quite surprised to find that the difference
as the target nucleotide on one strand, and 5-methgle@xycyti-  electron density clearly shows two distinguishable locations of
dine on the complementary strand. The existence of the sulfire methyl group: onéll.6 A away from the donor, the sulfur
atom of 4-thio-2'-deoxycytidine and the methyl group of the atom of AdoMet, and a secontl.6 A away from the acceptor,
5-methyl-2-deoxycytidine on the complementary strand werdghe C5 atom of 4thio-2'-deoxycytidine (Fig. 9). The first location
confirmed by (5 — R, a¢) electron density maps in which the is most likely the methyl group of AdoMet prior to methyl
sulfur atom and methyl group were omitted from the structureransfer, consistent with the relative position of the AdoMet
factor calculation, respectively (Fig. 8). The peak height for thenethyl group in the Mihal-AdoMet binary complex (10). The
sulfur atom was comparable to that for the sulfur atom of Cys-8econd location is most likely the C5 methyl group. This methyl
and for the sulfur atom of AdoMet. The targettdio-2'-  group is located out of the plane of the cytosine ring, as observed
deoxycytidine was flipped out of the DNA helix, while thein the M13 structure where the C5 methyl group of the flipped
5-methyl-2-deoxycytidine on the complementary strand remaine-methyl-Z-deoxycytidine is bent out of the plane of the cytosine
stacked within the DNA helix. ring and towards the sulfur atom of AdoHcy (12). Two
Four other ternary structures containingHtal, DNA and  distinguishable locations of electron density were also associated
cofactor have been solved, each with a different combination wfith the sulfur of Cys81 (Figs 8 and 9). One position 2.7 A away
modification at the target cytosine in the two DNA strands (sefeom cytosine C6 presumably reflects the reactive ‘partial-covalent’
table 1 of ref. 13). The oligonucleotide complexed withival bond seen in the HM13, N13 and M13 structi&s13), while
in the S13 structure reported here is hemi-methylated arble other position 3.6 A away from C6 (close to the sum of the van
identical in sequence to the DNA in HM13. There are only twaler Waals radii of sulfur and an Sp2 carbon atom) may represent
differences between the HM13 and S13 complexes:'thtorh  a completely unreactive state. This is the firstival structure
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Figure 8. Difference electron density maps showing the position of the sulfur atoms of the modified target, Cys81 and AdoMet. haps (et ®© right) in the
vicinity of (a) target 4—thio—2’—deoxycytidine, 1) Cys81, €) AdoMet and g) 5—methy|—2—deoxycytidine. The sulfur atom in (a), (b) and (c) and the meth)/l group
in (d) were not included in the structure factqy, () calculation. The (25— R, a¢) in blue is contoured at 100The (i — R, 0¢) in green is contoured at 1f)

80’, 10'c and 3o in (@), (b), (c) and (d), respectively.

in which this alternative extended conformation of the catalytitl.Hhal ternary structures, the stereochemical juxtaposition of
cysteine has been observed. 04’ and the Arg NH group is favorable and such a hydrogen

In the immediate vicinity of the target cytosine, there is onbond appears feasible. The O2 atom has been calculated to have
amino acid which directly contacts thealom of the deoxyribose a negative charge of —0.5B8) which rendered it a goodcptor
ring: Argl65 (Fig. 10). This amino acid is strongly conservedor hydrogen bonds.
among C5 Mtases (1,10,37). In HM13 and otheHih&l In S13, where the'4deoxyribose atom bears the thio substitution,
structures, the sidechain of Arg165 has three major interactiotiee conformation of Arg165 remains largely unchanged relative
with the flipped cytosine. The Arg165n4 (NH group) forms  to the HM13 structure. However, there is an indication that the
a charge—charge interaction with the phosphate oxygen O1p (3.0 A); sulfur sterically ‘bumps’ Arg165. This interaction might
both Nn2 (NH> group) and I (NH group) form hydrogen bonds explain the observed increase in the distance between the target
with the cytosine 02 (2.9 and 3.0 A, respectively); and férms  nucleotide and Arg165, especially near thpiosphate group
aweak hydrogen bond with the deoxyribose. @He net positive of the 4-thio-2'-deoxycytidine. The separation between
charge carried by the Arg is mainly balanced by the negativarg165 N1 and the phosphate oxygen O1p (3.4 A) represents
charge of the nearby phosphate group. The O4 oxygen has beerextreme value in the range of observed distances (Fig. 10).
calculated to carry a total charge of only —0.@38), siggesting  As a result, the normal charge—charge interaction between these two
that it is a weak hydrogen bond acceptor. However, in each of taeoms may be disrupted.
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Figure 9. Electron density maps showing the two detected methyl groups. The difference electron density grags, €@FFin blue and (F— R, a) in green,
contoured at 2@ and 3.@, respectively, superimposed on the refined coordinates illustrating the position of the methyl group. The methyl groupciuasdot

in the structure factor (Foc) calculation. There are two density peaks above tlzel&v@! for the methyl group, an indication that the methyl group has two partially
occupied positions: one is 1.6 A away from the sulfur atom of AdoMet and the other is 1.6 A away from the C5 atom o bgtdsineiews are related by a°90
rotation. (i — R, a¢) density is only shown in one view.

DISCUSSION Why the reaction is slowed is difficult to discern, even from the

. . . N . o high resolution crystal structure. It is formally possible that in the
Oligonucleotides bearing™4hio modifications display biological absence of crystal packing forces the minor distortions evident in

properties that differ from their unmodified counterparts, €Vehe structure might be amplified sufficiently to dislocate the target

Fsrt]rouucgtgréhgy Dslt\rl,li\cgﬁt;ﬁﬁ]ea’ﬁh?gthbem?d?ge s#(gly gf/?glegi Tr& osine such that it is no longer optimally oriented, leading to the
9 Y b Y inhibition of methylation seen in solution. However, given the

been characterized by X-ray crystallograf@§) and that of free overall similarity in the S13 and HM13 structures, we believe that

?hggéogﬁr(;génﬁhzycgmgnﬁggoigagh;gggI%%rj ggg 98' Itrr]1e 1 alysis of the current structure is relevant to understanding this
! Y jnhibition (especially that seen in the crystal environment). In

substitution have been minor, short-range, and limited to tHE'

sugar—phosphate backbone in the immediate vicinity of thtérmciple,_ther_e are three pc_)ints atwhich the methylation re_act_ion
modified nucleotide. However, incorporation dftdiothymidine could be inhibited: recognition of the target sequence and flipping
adjacent to the target adenine was sufficient to interfere wifi!t the target base, formation of the initial covalent bond at C6,
methyl transfer by MECCRV (24). In the present work, and _methyl trgnsfer to C5 In DNA binding studles,_ th_e thio
4'-thio-2'-deoxycytidine was used to replace the targeIEHOdlflcatlon did not significantly reduce the level of binding as
2'-deoxycytidine for methylation by Mhal. As with MEccRyv, ~ measured under equilibrium conditions, but did significantly
in solution the methylation reaction was strongly inhibited. Thighcrease the off-rate of the bound oligonucleotide, suggesting that
result is somewhat surprising since the presence of sulfur at t#& complex forms but fails to become fully stabilized. Although
4’ position of the sugar is not obviously incompatible chemicallg -thio substitution might introduce backbone distortions that
with the known mechanism for C5-cytosine methylation. Théaise the thermodynamic barrier to base-flipping, no substantial
strong inhibition observed in the solution studies can be overcorfiuctural deformations that would be incompatible with base
over a long period of time in the crystal environment, as evidencétrusion were observed in the S13 crystal structure. At present,
by the substantial, albeit partial, methylation of the cytosine C#e are unable to assess definitively whether the rate of base
position in the crystal structure of the ternary complex ¢ft\l,  flipping is reduced by ‘4thio-2'-deoxycytidine in solution as we
4'-thio-substituted DNA, and AdoMet. These results attest to lack a reliable assay for this process in the absence of methylation.
greatly-slowed reaction, even in the crystal environment whetdowever, given the equilibrium binding and structural data, as
packing forces stabilize the complex and position the substratevrell as the observation that methylation is slowed in the crystal
an optimal orientation for the reaction to proceed. where flipping has definitely taken place, it is unlikely that base
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S13 HM13 N13 M13 Fi3 H3a H3b
2.9 3.1 2.9 2.9 2.8 3.1 3.0
2.9 3.3 3.0 3.3 3.2 2.6 2.8
34 2.9 3.1 3.4 3.2 2.8 3.1
3.1 3.0 2.7 27 25 27 27
2.9 3.0 3.2 3.0 2.7 3.4 29
3.1 2.8 2.9 3.0 3.2 2.9 24
2.7/13.6* | 2.6 2.6 2.8 1.8 1.8 1.8
3.4 3.0 3.0 2.9 2.8 2.8 25
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Figure 10. Interatomic distances within the catalytic pocket. A comparison of key interatomic distances among residues that inteegetrgeticytosine. S13 is

the MHhal structure containing ‘4hio-2'-deoxycytidine. HM13 contains the identical DNA sequence without the thio substitution. N13, M13 (12) and F13 (11)
contain a different DNA sequence with unmethylated, fully methylated and 5-fluoro-substited target cytosines, respectametyH3B8%are the two protein-DNA
complexes in the NHadll crystal structure (14). F13, H3A and H3B are covalent complexes in which the enzyme and DNA are covalently bondedéatwleen C
the catalytic cysteine. The stereo view shown above the table displays S13 structure elements in thick lines. Thirdinteordpragations in the four otheriVhal

ternary structures discussed in the text. The van der Waals radii of sulfur and oxygen are represented by yellow andpkerdsttespectively. (*) The sulfur
atom of Cys81 has two detectable positions. The position shown corresponds to 2.9 A, the weighted average of the twiarpusitiengefinement.

flipping is the key step affected. The observed differences ih.40 A for O) sulfur appears to ‘bump’ the nearby Arg165 residue
complex stability, as measured by the off-rate of DNA from the@nd thereby increase the separation between the terminal amino
complex, occurred in the presence of AdoHcy and not AdoMegroups of Arg165 and the nearby charged phosphate group which
which suggests that the primary effects 6tho substitution normally participate in a charge—charge interaction. The separation
occur prior to methyl transfer. An indication that the initialbetween the charged fuimanal groups of Arg165 and the O2
nucleophilic attack may be unfavorable comes from the inhibitionarbonyl of cytosine is also slightly increased. It is the latter ring
seen in solution and the van der Waals length contacts obsenagthched atom that may be the focus of the electronic disturbance.
between Cys81 and C6 in the crystal. The instability of the The influence of the pyrimidine ring’s delocalized electronic
DNA-—protein complex may also be related to the inability to fornstructure on the rate of methylation has been noted previously.
the initial transient covalent bond. For these reasons, the step mBaker et al (40) have gggested that cytosines which are
likely inhibited in solution by the introduction of a sulfur atom atprotonated at N3 should be preferentially methylated because
the 4-deoxyribose position is the formation of the covalent bonghrotonation substantially increases the charge or{406t1),
between the catalytic cysteine and cytosine C6. predisposing the ring to nucleophilic attack at that posfd@i.

Given the close similarity between the S13 structure andiu and Santi (43) have shown thabfamation of N3 is required
previous MHhal structures and the lack of a culpable change ito initiate catalysis of dCMP methylation by the N229D mutant
conformation around the reactive C5 or C6 atoms, we propose tiedithymidylate synthase which has a catalytic mechanism similar
the observed inhibition is the result of perturbations in the electronio that of C5-Mtases. Since tlemolecular orbital system of
environment of the cytosine ring. The lower electronegativity ofytosine encompasses the O2 carbonyl, the charge on C6 will be
sulfur relative to oxygen (2.5 versus 3.5) and the separation of thffected by the delocalized charge distribution on O2 as well as
4" atom from the ring atoms lowers the likelihood of direct inductivN3. Gabbarat al (21) have sggested that delocalized charge
or resonance effects by sulfur on the electron distribution withimay be stabilized on the O2 carbonyl by interaction with the
the pyrimidine ring. However, it is worth noting that the relatechearby arginine (Arg165) as an alternative to protonation at N3.
compounds 5-fluoro-4thio-2’-deoxycytosine and 5-fluoro<4  Their model presupposes that nucleophilic attack has already
thio-2'-deoxyuridine have absorption profiles that differ from thetaken place; however, the influence of Arg165 on the O2 carbonyl
analogous compounds bearing-@sygen (R.T.W., unpublished that they propose is still of significance. Changes in the electronic
results), so some influence may occur. Theulfur atom may environment around the O2 carbonyl may also destabilize the
indirectly affect the electronic environment of the pyrimidine ringcharge distribution on this atom, feeding excess electrons back
by perturbing the charge interactions of other groups with the ririgto the ring. Decreasing the charge on C6 would reduce the
atoms. By virtue of its larger van der Waals radius (1.85 versymsopensity for nucleophilic attack on this atom. Alternatively,



excessive polarization or protonation of the O2 oxygen may’
sequester delocalized electrons and inhibit later stages of thae
reaction. Changes in the electron distribution around the ring may
also perturb the pKa of the N3 atom and alter its protonation. The
precise nature of the electronic effects occurring in the S1®
structure are too complicated to predict accurately based on the
current structure, but the importance of the O2 carbonyl i
influencing the rate of the methylation reaction is worth noting,»
In conclusion, our work suggests thatiio-2'-deoxycytidine
may be an excellent compound for inhibiting DNA cytosinel3
methylation. This result may help to explain why incorporatioq 4
of 4'-thio-2'-deoxynucleotides into DNA results in toxicity to the
organism. Thus, 4thiothymidine which is a substrate for cellular 15
and viral kinases is toxic to both cells and herpes \(i4d3,
whereas 4thio-5-ethyl-2-deoxyuridine which is only a substrate 16
for herpes virus kinase only shows overt toxicity to the (#6%.
It is probable that the inhibition of methylation caused by thgg
presence of 4thio-2'-deoxycytidine in the DNA, seen here, is 19
only one example of many necessary metabolic steps whiéR
require precise nucleic acid—protein recognition and which a
disrupted by the modification. In the case of cytosine methylatiogy,
by M.Hhal in solution, the maodification probably acts by disrupting
the electronic configuration of cytosine required for methyk3
transfer. The thio-modification does not appear to distort the
structure of the DNA grossly nor hinder its ability to be recognized,
by DNA-binding enzymes. The work also suggests that the
currently accepted reaction pathway may require modification iz6
order to include the influence of Arg165 on the reactivity of the
cytosine base and a more significant role for the O2 carbonyl ¢
determining the reaction rate. Clearly, the reaction mechanism of
cytosine methylation is more sensitive to subtle changes in its
environment than once believed and merits further study. 28
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