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PROBING THE MVAI METHYLTRANSFERASE REGION THAT INTERACTS 
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WITH DNA: AFFINITY LABELING WITH THE DIALDEHYDE-CONTAINING 

O.M.Gritsenkoa, S.N.Mikhailovb, E.V.Efimtsevab, 
A.Van Aerschotc, P.HerdewijnC, E.S.Gromovaa* 

aDepartment of Chemistry, Moscow State University, Moscow, 11 9899, Russia 
bEngelhardt Institute of Molecular Biology, Russian Academy of Sciences, Vavilov str. 
32, Moscow I 1  7984, Russia 
CRega Institute, Katholieke Universiteit Leuven, Minderbroedersstraat 10, B-3000 
Leuven, Belgium 

ABSTRACT: Affinity labeling of methyltransferase MvaI by DNA duplexes containing 
oxidized 2’-O-P-D-ribofuranosylcytidine or 1-(p-D-galactopyranosy1)thymine residues 
was performed. Partial chemical hydrolysis of the covalently bound methylase in the 
conjugates with the dialdehyde-containing DNA allowed us to determine the amino acid 
region in the C terminus of methylase MvaI that interacts with DNA. 

INTRODUCTION 
N4-cytosine (N4C) DNA methyltransferases (Mtases) belong to restriction- 

modification systems. MvaI DNA methyltransferase (M.Mva1) recognizes the DNA 

sequence 5’ ... CCA/~GG ... 3’ and transfers methyl group from S-adenosyl-L-methionine 

(AdoMet) to nitrogen N4 of the “inner” cytosine residue’. The information concerning 

the M.MvaI crystal structure is not available and the enzyme region that interacts with 

DNA remains to be determined. As for other N4C methylases, only the structure of PvuII 

Mtase in the absence of DNA substrate has been reported*. 

This paper is dedicated to the memory of Professor A.Krayevsky. 
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1806 GEUTSENKO ET AL. 

Affinity modification of enzymes by modified substrates followed by identification 

of the cross-linking region is one of the methods used for determination of the amino acid 

residues involved in specific interactions with the target DNA. To identify the MvaI 

Mtase contacts with DNA, modified substrates containing sugar moieties with dialdehyde 

groups can be used. Dialdehyde-containing nucleic acids can specifically join to the 

proximal lysine residues in the protein. The affinity modification of EcoRII and MvaI 

DNA methyltransferases and EcoRII restriction endonuclease by the dialdehyde- 

containing DNA duplexes has been performed3. Besides, the DNA duplexes with 

dialdehyde groups have been employed for cross-linking to T7 RNA polymerase4. 

In this work, the amino acid region of M.MvaI interacting with the DNA sugar- 

phosphate backbone was determined for the first time for N4C Mtases by affinity labeling 

with the dialdehyde-containing substrates. 

RESULTS AND DISCUSSION 

(A) Design of substrate analogs for cross-linking to MvaI DNA methyltransferase 

For probing the MvaI Mtase region interacting with DNA, it was necessary for us to 

introduce dialdehyde groups into the oligonucleotide substrate in regiospecific manner. 

One possibility is to replace cytidine or thymidine residues in oligonucleotides with 2’-0- 

p-D-ribofuranosylcytidine (Crib) or 1 -(P-D-galactopyranosy1)thymine (Tgal)3, 

respectively. These analogs contain cis diol groups. After periodate oxidation, one can 

obtain oligonucleotides with dialdehyde groups in any desired position of an 

oligonucleotide chain (SCHEME 1). All main functional groups in the dialdehyde- 

containing DNA duplexes are preserved. 

14 mer DNA duplex 1 is a canonical substrate of MvaI Mtase (TABLE 1). DNA 

duplexes 2-9 (14 mers) were synthesized, in which dC or dT of DNA duplex 1 were 

replaced with oxidized 2‘-O-P-D-ribofuranosylcytidine (Crib*) or oxidized 1 -(p-D- 

galactopyranosy1)thymine (TgaI*) residues, respectively. Both types of modifications 

were used in order to have 

chemically active groups of different “length” (Crib*, “extended” label, and Tgal*, “zero- 

length” label), which should favour trapping the DNA-binding region of M.MvaI. Crib* 

or Tgal* were introduced into definite positions of the M.MvaI recognition site (2-5 and 
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PROBING THE MvnI METHYLTRANSFERASE REGION 1807 
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Tgd* 

SCHEME 1. 

8) or into the 3' (6 and 9) or 5' (7) end flanking nucleotide sequences. Our goal was to 

probe the M.MvaI contacts with different functional groups of DNA, first of all with 

DNA phosphates, by Lys-dialdehyde cross-linking (TABLE 1). 

14 mer non-modified DNA duplex 10 5'-GCCAACCGGCTCTA 

3'-CGGTTGGCCGAGAT 

and 21 mer Crib*-containing DNA duplex 11 (TABLE l), both lacking the MvaI 

recognition site were used in control experiments. 

(B) Interaction of MvaI methylase with the substrate analogs containing Crib* 

(a) Thermal stability ofmodijied duplexes 

Before using the DNA duplexes with dialdehyde groups for affinity modification of 

M.MvuI, it is necessary to evaluate their thermal stability, substrate properties, and the 

ability to specifically bind to the enzyme. 

Melting temperatures (Tm) of the Crib*-containing DNA duplexes 2-7 were 

determined at pH 7.0 in the presence of Mg2+ (buffer A) or at pH 9.0 in the buffer for the 

cross-linking reaction lacking DTT and BSA (buffer B) (TABLE 1). In both cases, 

incorporation of Crib* into the canonical DNA duplex 1 (DNA duplexes 2-7) led to a 

slight destabilization (3-4°C) of double-stranded structure. We could not determine T, of 

the Tgal*-containing DNA duplexes 8 and 9 due to their rapid decomposition under 

melting conditions3.The Crib*-containing DNA duplexes were chemically 

stable under the cross-linking conditions in buffer C at pH 9.0. 
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DNA duplex Tma Relative 

V: 

Buffer Buffer 

A B 

65 44 I C  

65 - 0.20+0.05 

62 - 0.04k0.02 

63 - 0.06k0.02 

63 41 0.03f0.01 

1 5' GCCAACCTGGCTCT 
3' CGGTTGGACCGAGA 

2 5' GCCAAXCTGGCTCT 
3' CGGTTGGACCGAGA 

3 5' GCCAACX_TGGCTCT 
3' CGGTTGGACCGAGA 

4 5' GCCAACCTGGCTCT 
3' CGGTTGGACXGAGA 

5 5' GCCAACCTGGCTCT 
3' CGGTTGGAXCGAGA 

GRITSENKO ET AL. 

Cross-linking 

yield, %d 

3 

4 

3 

4 

TABLE 1. Properties of the Crib* or Tgal*-containing DNA duplexes as substrates of 
M.MvaI. Cross-linking of M.MvaI to DNA duplexes containing Crib* or Tgal* residues 

62 

61 

6 5' GCCAACCTGGXTCT 
3' CGGTTGGACCGAGA 

7 5' GC&AACCTGGCTCT 
3' CGGTTGGACCGAGA 

40 0.44+0.10 2 

- 0.42k0.09 6 

8 5' GCCAACCYGGCTCT 

9 5' GCCAACCTGGCYCT 
3' CGGTTGGACCGAGA 

3' CGGTTGGACCGAGA 
11 5' CACAGAATTXTAGATATCACA 

3' GTGTCTTAAGATCTATAGTGT 

0.01' 2 

0.41' 3 

3 - 

aAccuracy of T, determination f 1 OC. 

bDefined as the ratio of V, of DNA duplexes 2-7 to V, of DNA duplex 1. For 

methylation conditions see Materials and Methods. 

'Relative methylation was defined for 30 min at 2OoC as the ratio of 3H radioactivity 

incorporation into DNA duplexes 8 and 9 to 3H radioactivity incorporation into DNA 

duplex 1 [3]. 

dCross-linking reactions were performed at the [enzyme] / [DNA duplex] ratio 1.6. 
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PROBING THE MvaI METHYLTRANSFERASE REGION 1809 

(b) Methylation 

The substrate properties of the Crib*-containing DNA duplexes 2-7 

strongly depended on the location of the oxidized disaccharide residue. 

DNA duplexes 6 and 7 containing the modified sugar residues in the 

sequences flanking the recognition site retained their ability to be 

methylated (TABLE 1). Substitution of dC in the recognition site by the 

oxidized disaccharide-containing analog (DNA duplexes 2-5) resulted in a 

significant loss of the MvaI Mtase activity. Similar effect of Tgal* 

incorporation into the MvaI recognition sequence or into the flanking 

nucleotide sequence (DNA duplexes 8 and 9, respectively) on M.Mva1 

activity has been observed3. 

(c) Binding 

Binding of DNA duplexes 1-9 to M.MvuI as well as cross-linking 

experiments have been performed in the presence of the reaction product S -  

adenosyl-L-homocysteine (AdoHcy). This compound is h o w n  to facilitate 

the formation of specific complexes. Complex formation was monitored by 

the gel mobility shift assays. 

M.Mva1 can form two types of complexes with the canonical substrate 1 

depending on the enzyme concentration (FIG. 1). With increase of the 

enzyme excess, the amount of a slower-running complex was increased 

(FIG. IA, lanes 4 and 5) .  Only the faster-running or the slower-running M. 

MvuI-DNA duplex 1-AdoHcy complexes were formed with a 1.6-fold or a 

9-fold molar excess of the enzyme, respectively (FIG. lA, lane 5 and lB, 

lane 1). Only the slower-running complex was formed at any enzyme 

concentrations between M-MvaI and DNA duplex 10 without the 

recognition site (FIG. IA, lanes 2 and 3). 

The slower-running M.MvaI-DNA-AdoHcy complexes are likely 

formed due to non-specific binding and the faster-running complexes are 

likely formed due to specific binding. The faster-running complex mobilities 

are similar to that of the ternary complex M.EcoRII-DNA duplex 1-AdoHcy 
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1810 GRITSENKO ET AL. 

FIG. 1. Binding of DNA duplexes 1 , 4  and 7-10 by M.MvaI in the presence 
of 0.1 mM AdoHcy. A: Binding of 0.35 pM of P32-labeled DNA duplexes 
10 and 1 with 1.16 and 3.2 pM of M.Mva1 (lanes 2-3 and 4-5 respectively); 
lane 1: DNA duplex 10. B: Binding of P3*-labeled DNA duplex 1 and 
dialdehyde-containing DNA duplexes 4 and 7-9 (0.35 pM) by M.MvaI (0.58 
pM) (lanes 1-5); lane 6: DNA duplex 4. 

(data not shown). Molecular masses of MvaI and EcoRII Mtases are similar 

(about 54 m a ) .  One can suggest that the faster-running complex contains 

one molecule of M.MvaI bound to one molecule of DNA duplex. The 

slower-running complex probably contains two molecules of M.MvaI. It is 

known that some Mtases have the ability to form dimers and multimers at 

high  concentration^^-^. Two types of complexes were observed by others in 

the case of Mtases MspI and Hha15,8. The authors confirmed that the faster- 

running complex was due to specific binding and the slower-running 

complex was due to non-specific binding. 

Binding of modified DNA duplexes 2-9 to M.MvaI was studied under 

conditions when only the faster-running ternary complex was observed with 
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PROBING THE MvuI METHYLTRANSFERASE REGION 1811 

the canonical DNA duplex 1 (a 1.6-fold molar excess of M.Mva1). However, 

under these conditions modified substrates formed both types of complexes, 

and the ability to form each of them depended on the substrate properties of 

the duplexes. DNA duplexes 6 (data not shown) and 7 (FIG. 1B) which 

retained the ability to be methylated by M.MvaI formed only the faster- 

running complexes. DNA duplexes 3-5, which were poor substrates, formed 

the slower-running complexes (DNA duplex 4, FIG. 1B). DNA duplex 2 

with an intermediate ability to be methylated by the enzyme gave two kinds 

of complexes (data not shown). 

The Tgal*-containing DNA duplexes 8 and 9 formed only the faster- 

running complex with the 1.6-fold molar excess of the enzyme (FIG. 1B). 

Only the slower-running complex was obtained at any enzyme 

concentrations with the Crib*-containing 21 mer duplex 11 lacking the MvaI 

recognition sequence (data not shown). 

Thus, specific non-covalent complexes were formed between M.MvaI 

at the 1.6-fold molar excess and DNA duplexes 6 and 7, containing Crib* in 

the 3’-end flanking nucleotide sequence, adjacent to the recognition site (6 )  

or separated from the 5’-end of the recognition site by two nucleotide 

residues (7) and DNA duplex 9 which contains Tgal* in the 3’-end flanking 

nucleotide sequence separated fiom the recognition site by a single 

nucleotide residue. All these DNA duplexes retained the ability to be 

methylated. DNA duplex 8 containing Tgal* in the center of the recognition 

site was almost not methylated by M.MvaI but also formed the specific non- 

covalent complex. These DNA duplexes were referred to group 1. This 

group was of prime importance for cross-linking experiments. DNA 

duplexes 3-5 with Crib* substituting for the “inner” or “outer” dC residues 

of the recognition site form non-specific non-covalent complexes with the 

1.6-fold molar excess of M-MvaI. They lost the ability to be methylated by 

the enzyme. These DNA duplexes as well as DNA duplex 11 lacking the 

recognition sequence were referred to group 2. 
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1812 GRITSENKO ET AL. 

(d) Cross-linking 

To probe the M.Mva1 region interacting with DNA, cross-linking of 

DNA duplexes 6-9 (group 1) to Mval Mtase has been performed under the 

conditions favorable for the specific non-covalent complex formation. To 

compare the enzyme DNA binding sites in the faster-running (specific) and 

the slower-running (referred to as non-specific) complexes, affinity 

modification of M.MvaI by DNA duplexes 3-5 and 11 (group 2) was carried 

out under the same conditions. 

DNA duplexes of groups 1 and 2 containing Crib* or Tgal* residues 

were cross-linked to the enzyme (TABLE 1, FIG. 2). Only small differences 

in reactivity were found between reagents 2-9 and 1 1 .  Lntroduction of dialdehyde group 

into DNA duplex 1 resulted in 2-6% cross-linking of total DNA (TABLE 1). However, 

the yields of cross-linking of dialdehyde-containing DNA duplexes to M.Mva1 relative to 

bound DNA vary from 10 to 50%. In each case, one covalent DNA-enzyme conjugate 

was formed under any conditions. Molecular mass of the DNA-enzyme conjugates 

corresponded to total molecular mass of one M~Wval subunit and the appropriate 

oligonucleotide strand. The cross-linking yields could be increased up to 12% relative to 

total DNA with the increase of the enzyme excess. However, in these cases the cross- 

linking reaction for DNA duplexes of group 1 would proceed under conditions favorable 

for the slower-running non-speciiic complex formation. 

(C) Mapping the M-MvaI regions cross-linked to substrate analogs 

One of the methods making possible determination of peptide fi-agments cross-linked 

to DNA is partial hydrolysis of the covalently bound enzyme in the oligonucleotide- 

enzyme conjugates with chemical reagents under conditions of the "single-hit cleavage" 

followed by analysis of the oligonucleotide-peptide conjugates obtained'. 

This method was used for the analysis of the M44vaI conjugates with modified DNA 

duplexes. Several chemical reagents, such as, 2-nitro-5-thiocyanobenzoyc acid (NTCBA) 

and N-chlorosuccinimide (NClS) cleaving peptide bonds at cysteine or tryptophan 

residues, respectively, were used (FIG. 3A). Mval Mtase has one cysteine and four 

tryptophans. 
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NTCBA ‘ P 

I 74 
NClS > 

1813 

DNAduplex 2 2 3 7 4 5 
1 2 3 4 5 6  

Covalent conjugate 

Free DNA 

FIG. 2. Cross-linking of M.MvaI to DNA duplexes 1-5 and 7 in the 
presence of 0.1 mM AdoHcy. 10% SDS PAGE of the reduced reaction 
mixtures contaning P3’-labeled DNA duplexes 2-5 and 7 (0.35 pM) and M. 
MvuI (0.58 pM) (lanes 2-6); control: DNA duplex 2 (lane 1). 

A 

N NTCBA ( ICys) 

: 60 1 73 1 85 I 74 
c NCIS(TV: 

t 
152 

N- :c+-e+: G z- 

i i j .  V 

B 

I 1 

I 

IX-N4 X I II III IV v VI vn vm VIII’ 

N l W W U W  C 
1 454 

FIG. 3. Mapping the M.MvuI regions cross-linked to the dinldehyde-containing substrate analogs. A: Schematic presentation of M Mvd 
cleavage with NTCBA and NClS; o - Lys residues. B: The c r o s s - l i g  region identification by the results of hydrolysis with NTCBA and 
NCIS; conserved motifs (I-X) and numbers of amino acid residues of M M v d  are indicated. 
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1814 GRITSENKO ET AL. 

First, the cross-linked products formed by MA4vaI and the Crib*-containing DNA 

duplexes of group 1 were analyzed. After cleavage of the Mh'vaI-DNA duplex 6 

conjugate with NTCBA, a single oligonucleotide-peptide conjugate was obtained 

corresponding to the C teiminal enzyme region between Cys16' and Ser454 (FIG. 3B). The 

hydrolysis of the MMvaI-DNA duplex 6 conjugate with NClS under conditions of 

"single-hit cleavage" resulted in four essential oligonucleotide-peptide conjugates (FIG. 

4B). The theoretical cleavage patterns of the oligonucleotide-peptide conjugates strongly 

depend ou the location of the cross-link. Comparison of the products obtained with the 

theoretical cleavage patterns (FIG. 4A) allows us to map the cross-lmk between Val38' and 

Ser454 (FIG. 3B). The same cleavage patterns of the cross-linked product of MMvaI and 

DNA duplex 7 with NTCBA or NClS were obtained. 

In the case of the M.Mva1 covalent conjugates with the Tgal*-containing DNA 

duplexes 8 and 9, the single-hit cleavage at Cys or Trp residues was performed. Partial 

hydrolysis with NClS or NTCBA of the cross-linked products of MMvaI and the Tgal*- 

containing DNA duplexes 8 and 9 resulted in the same cleavage patteins as those for 

DNA duplexes 6 and 7 .  Thus, in the case of DNA duplexes of group 1 the cross-linking 

site is located within the same amino acid segment in the C terminus of the protein. 

Then, the covalent conjugates of MvaI Mtase with DNA duplexes of group 2 were 

investigated. The observed patterns of partial cleavage with NTCBA or NClS coincided 

with those for the cross-linked products with DNA duplexes of group 1. These data 

suggest that DNA interacts with the same C terminal region of M-Mval both in the cases 

of specific and non-specific complexes. One can suppose that this MvaI region is involved 

in the interaction with the DNA sugar-phosphate backbone. 

Some predictions concerning the structure of the DNA binding site of M.MvaI may 

be done based on N4C Mtases amino acid sequence alignment" and X-ray structure of 

N4C Mtase PvuII'. According to the recent amino acid sequence alignment of 37 N4C 

Mtases which takes into account the data on X-ray structures of N6-adenine Mtase 

DpnM" and N4C Mtase PvuII' nine sequence conserved motifs I-VIII and X were 

identified". In addition, weakly conserved motif IX (referred to as IX-N4) was 

determined (FIG. 3B). N-methylases are subdivided into three groups (a, p and y) 

depending on the order of the conserved amino acid motifs. The most of N4C Mtases 
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85 60 83 I I 
I 

1815 

74 

B 
NClS 

T a e ,  m,,i 10 0 
N 152 1 60 1 83 1 85 

1 

J 
J 

13 --+ 

FIG. 4. Partial hydrolysis of the cross-linked M.MvaI-DNA duplex 6 complex with 
NClS. A: The theoretical set of oligonucleotide-peptides which should be obtained after 
hydrolysis with NClS if the oligonucleotide is cross-linked to the C terminus of M.Mva1. 
Vertical bars represent the sites of cleavage with NClS. The numbers of amino acid 
residues are indicated. B: The autoradiogram of 10% SDS-PAGE showing products of 
the M.MvaI-DNA duplex 6 conjugate partial hydrolysis with NClS for 0 and 10 min. 

including PvuII Mtase belongs to group p. M.MvaI as well as M.DpnM belongs to group 

CI of N-methylases. However, amino acid sequences of the MvaI individual conserved 

motifs more closely resemble amino acid sequences of the corresponding motifs of N4C 

methylases of group p. According to the crystal structure of the N4C Mtase PvuII 

complex with AdoMet, the M.PvuII polypeptide chain is folded into a structure with a V- 

shaped cleft where probably DNA binds2. The docking model of M.PvuII-DNA complex 

shows that this and other P C  methylases do not maintain DNA-recognizing elements in 

one distinct domain but gain target specificity by extension of flexible loops 

accommodating DNA in a V-shaped cleft2,'0. Several loops containing a large number of 

positively charged amino acid residues, Lys and Arg, capable of interacting with the 
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1816 GRITSENKO ET AL. 

DNA phosphate backbone are on the surface of this cleft2. One of these loops is localized 

between antiparallel P-strands (an antiparallel P-hairpin is formed). For N4C Mtases, an 

antiparallel P-hairpin composes the conserved motif VIII'o. This motif is subdivided into 

two submotifs VIII and VIII' corresponding to either of the P-strands. The intervening 

loop corresponds to a variable region between submotifs VIII and VIII'. It was suggested 

for structurally characterized N-methylases (M.DpnM and M.PvuII) that this antiparallel 

P-hairpin besides the DNA backbone binding forms a part of a target nucleotide binding 

pocket2,". Amino acid sequence of the M.MvaI cross-linking region found in this study 

corresponds to the conserved motif VIII and a variable region in the C terminus of M. 

MvaI (FIG. 3B). Based on the PvuII structure we can suggest that the DNA binding 

region of M.MvaI contains a P-hairpin of the motif VIII. This M.MvaI region is rich with 

Lys residues. 

In summary, the seventy four amino acid region Val381 -Ser454 in the C terminus of 

Mtase MvaI interacting with the DNA sugar-phosphate backbone has been proposed by 

chemical cross-linking (FIG. 3B). Both specific and non-specific DNA bind in the same 

DNA binding cleft. This is the first experimental probing the DNA binding region among 

N4-cytosine methylases. 

EXPERIMENTAL 

Enzymes. T4 polynucleotide kinase was purchased from ME31 Fermentas (Lithuania). 

DNA-methyltransferase MvaI (1.8 mg/ml) was purified by Dr. SKlimaSauskas. 

N~-Benzoyl-l-[5-O-dimethoxytrityl-2-0-(2,3,5-tri-O-benzoyl-~D-ribofuranosyl)-PD- 

ribofuranosyllcytosine. Following coevaporation with anhydrous pyridine an amount of 

710 mg (1 -03 mmol) of N~-Benzoyl-l-[2-0-(2,3,5-tri-0-benzoyl-~-D-ribofuranosyl)-~- 

D-ribofurano~yl]cytosine~~ was dissolved in 30 mL of pyridine and dimethoxytrityl 

chloride (420 mg, 1.24 mmol) was added. The mixture was stirred for 21 h at ambient 

temperature when TLC (CH2C12-MeOH 95:5, Rf = 0.74) indicated the reaction to be 

completed. Following neutralization with aqueous sodium bicarbonate, the mixture was 

concentrated and partitioned twice between dichloromethane and aqueous sodium 

bicarbonate. The organic layer was purified on 35 g of silica gel with a methanol gradient 

(0 to 1%) in dichloromethane containing 0.2% of pyridine, affording 910 mg (0.83 mmol, 
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PROBING THE Mval METHYLTRANSFERASE REGION 1817 

81%) ofthe title compound as a foam. For C63H55N3015 calc. 1093.3633. LSIMS neg. 

(NBA) m/z 1092 (M-H', 5), 303 (DMTr, 100). 1H NMR (CDC13): 6 (ppm) 3.15 (brs, 

OH), 3.45 (m, 2H, H5'a, H5'b), 3.84 (s, 6H, 2xCH30), 4.02 (m, lH, H4'), 4.45-4.90 (m, 

5H, H2', H3', H4", H5"a, H5"b), 5.84-5.97 (m, 3H, Hl", H2", H3"), 6.25 (s, IH, Hl'), 

6.90 (d, J 9 Hz, 4H, arom-H), 7.15-8.10 (m, arom-H, H5), 8.53 (d, J = 8 Hz, lH, H-6), 

8.65 (brs, lH, NH). 13C NMR (CDC13): 6 (ppm) 165.9, 165.4 (~XCO),  162.3 (C4), 

154.6 (C2), 149.7 (C6), 107.0 (Cl"), 96.5 (C5), 89.3 (Cl'), 87.0 (Ph3C), 82.8, 82.3 (C4', 

C4"), 79.7 (C2'), 76.2 (C2"), 72.3 (C3'7, 67.9 (C3'), 64.2 (CS"), 60.8 (CS'), 55.2 

(2xCH30) + aromatic signals. 

N4-Benzoyl-l-/S-O-diineth oxytrityl-3-O-(pcyanoethyl-N,N- 

diisopropylaminophosphinyl)-2-0-(2,3,5-tri-O-benzoyl-~D-ribo furanosyl)+D- 

ribofuranosyllcyfosine (the synton for oligonucleotide synthesis). The 

dimethoxytritylated derivative (860 mg, 0.78 mmol) was dissolved in 10 mL 

dichloromethane under argon and diisopropylethylamine (0.4 1 mL, 2.36 mmol) and 2- 

cyanoethyl N,N-diisopropylchlorophosphoramidite (0.26 mL, 1.18 mmol) were added and 

the solution was stirred for 30 minutes when TLC indicated complete reaction. Ethanol (4 

mL) was added, the solution was stirred for 10 min. and partitioned between 

dichloromethane (50 mL) and aqueous NaHC03 (30 mL). The organic phase was washed 

with aqueous sodium chloride (3x30 mL) and evaporation of the organics left an oil which 

was flash purified on 40 g of silica gel (hexane: acetone: TEA, 58:40:2) to afford the 

product as a foam after coevaporation with dichloromethane. Dissolution in 2 mL of 

dichloromethane and precipitation in 60 mL cold (-70°C) hexane afforded 802 mg (0.62 

mmol, 79%) of the title product as a white powder. Rf (hexane: acetone: TEA 49:49:2): 

0.53. For C72H72N5016P calc. 1293.4712. LSLMS ( M A )  m/z 1294 (M+&, l), 303 

(DM'I'r, 100). IH NMR(CDCl3): 6 (pprn) 1 . 0 1 - 1 . 1 5  (4 NCM3), 2.35 (t) and 2.55-2.7f 

(m) (2H, CHzCN), 3.35 (dt) and 3.46-3.91 (m, HSa, H5'b, CH3O, NCH, POCH2), 4.17 

(a IH, H4'), 4.45-4.61 and 4.70-4.77 (m, 5H, H2', H3', H4", H5"a, H5"b), 5.76 (2d, lH, 

J = 4.7HZ, H2"), 5.85 (m, IH, H3"), 5.88, 5.92 (2s, lH, Hl"), 6.21, 6.27 (2s, IH, HI'), 

6.85 (2 d, 4H, arom-H), 7.18-7.57 (111, 22H, arom-H, H5), 7.78-8.00 (m, 9H, arom-H, 
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H6), 8.45, 8.51 (2 d, lH, NH). 13C NMR (CDC13): 6 (ppm) 166.0, 165.2, 165.1, 165.0 

(~XCO),  162.2 (C4), 154.6 (C2), 145.0 (C6), 117.7, 117.3 (CN), 106.1, 105.9 (Cl"), 96.2 

(C5), 90.1, 89.8 (Cl'), 87.1 (Ph3C), 81.8, 80.7, 80.4 (C4', C4'7, 79.2, 79.0 (C2'), 75.9, 

75.5 (C2"), 72.5, 72.4 (C3"), 69.4, 68.9 (2d, J=14.6Hz, C3'), 65.0, 64.8 (CS"), 60.6, 60.3 

(CS'), 58.1, 58.0 (2d, J=19.3Hz, POCHz), 55.2 (2xCH30), 43.4 (d, J=12.5Hz, NCH), 

24.7-24.3 ( N C E ) ,  20.2, 20.1 (2xd, J=7.5Hz, C&CN), + aromatic signals. 31P Nh4R d 

(ppm, external ref = H3PO4 capil.) 150.53, 151.73 

Oligonucleotide synthesis. Synthesis of oligonucleotides containing 2'-0- 0-D- 

ribofuranosylcytidine was performed on an ABI 392 synthesizer at 1 -01 scale using 

commercial 2-cyanoethylphosphoroamidites and standard methodology, but for a longer 

coupling time (80 sec) and a higher concentration (0.15 M) for disaccharide amidite to 

ensure high coupling yields. The oligonucleotides obtained were deprotected and removed 

from the solid support by concentrated ammonia (55"C, 16 h) and purified by ion- 

exchange on a MonoQ column using NaCl gradient (0.3-0.7 M) in 10 niM NaOH and 

reverse phase HPLC on Nucleosil 100 C18, 5 m column (4 x 250 mm) using MeCN 

concentration gradient (10%-20% of MeCN in 25 min) in 0.1 M triethylammonium 

acetate, pH 6.9 with subsequent gel filtration of the products on the Toyopearl HW-40 

column in water. The oligonucleotide structure was proved by MALDI spectra. 

Synthesis of oligonucleotide derivatives containkg the regiospecifically incorporated 

1-(P-D-galactopyranosy1)thymine has been performed as described'. 

Oxidation of the 2'-O-~-D-ribofkanosylcytidine or 1 -(P-D-galactopyranosy1)thymine 

containing oligonucleotides was carried out for 1.5 h at 37OC in 20 mM or 50 mM NaI04 

solution, respectively. 

Determination of T, values. The thermal melting curves of DNA duplexes 1-7 were 

obtained in 40 mM Tris-HC1, pH 7.0, 15 mh4 MgC12 (buffer A) and 50 mM Tris-HCI, pH 

9.0, 20 mM NaCl (buffer B) using a Hitachi 150-20 spectrophotometer (Japan); 

concentration per duplex (C,) 1 pM. 

Gel mobility-shift assay. MMvaI (0.29-3.2 pM) was incubated with the 32P-labeled DNA 

duplexes 1-9 (0.35 pM) in 10 yl of 50 mM Tris-HC1, pH 9.0, 20 mM NaC1, 1 mM DTT, 

100 yg/ml BSA (buffer C) containing 5% glycerol and 0.1 mM AdoHcy at room 
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temperature for 5 min and at 0°C for 15 min Complex formation was monitored by the 

gel i etaidation analysis ' 
Methylation asyay. The efficiency of methylation was monitored by the radioactivity 

(Ct3H]?) incorporation into DNA duplexes 1-9 using DE 81 i51ters3 Methylation reactions 

were carried out at 10°C for 1, 2, 4, 8, 16 and 30 min in lop1 reaction mixtures containing 

buffer C, lpCi of [methyL3H]-AdoMet (Amersharn, 15 Ci/ m o l e ) ,  0 35 pM of DNA 

duplexes 1-9 and 0 58 pM of MvaI Mtase The amount of methylation per minute was 

computed as V,  ( I,,) = ((cpm - cpmo)*[AdoMet]) / (cpmloo *t), 
where cpm - value of 3H radioactivity incorporation into DNA after methylation reaction 

foi t min (with washing procedure), cpm and cpmloo - blank values of 3H radioactivity 

incorporation (without enzyme) with or without washing procedure, respectively 

Cross-linking. Cross-linking of MMvaI (0 58 or 3 2 pM) to duplexes 2-9 and 1 I (0 35 p 

M) was performed in 10 p1 of buffer C containing 0 1mM AdoHcy at room temperature 

for 5 min and at 0°C for 15 min 6 p1 of 2 mh4 N a B b  was added and reaction mixtures 

were kept at 0°C for 40 min Reactions were followed by 10% SDS-polyacrylamide gel 

electrophoresis (PAGE)3 The cross-linking yield was determined as the ratio of the 

covalent conjugate radioactivity to total radioactivity of the conjugate and unbound DNA 

The cross-hnked products were excised fiom the gel and eluted with 2 vol of 1% SDS at 

37°C for 5-7 h 

Mapping the cross-links. Partial cleavage with NTCBA or NClS of MA4vaI conjugates 

with DNA duplexes 2-9 and 11 was performed as The cleavage products 

weie fractionated by 10% SDS-PAGE in Tris-glycine buffer system, identified by 

comparing with calibration protein standards, and compared with masses of the theoretical 

cleavage products, which were calculated as sum of the oligonucleotide and the 

conesponding peptide masses 

nM 
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