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ABSTRACT: A series of sulfonate esters that are attached to a noncationic minor-groove-binding 
N-methylpyrrole dipeptide (Lex) related to netropsin have been synthesized. The compounds prepared 
differ in two respects: (1) the length [(CH2)2 vs (CH2)8] of the tether between the DNA affinity binding 
portion of the molecule and the sulfonate ester and (2) whether a methyl group [MeOSOz(CHz),-Lex] or 
the dipeptide including the aliphatic tether [MeS020( CH2),-Lex] is covalently transferred to the DNA. 
The DNA-cleavage patterns of these bimolecular alkylating compounds have been mapped in 32P-end- 
labeled restriction fragments using neutral thermal hydrolysis and alkali treatment to expose single-strand 
breaks at bases with thermally labile modifications. In contrast to the alkylation of DNA by simple alkyl 
alkanesulfonate esters, that predominantly yield major-groove alkylation at AT-guanine, the modification 
of DNA by MeOSOz(CH&,-Lex and M ~ S O ~ O ( C H ~ ) , - L ~ X  occurs primarily at  N3-adenine residues 
associated with previously footprinted Lex DNA affinity binding regions. The ratio for the formation of 
N3-methyladenine (minor groove) to AT-methylguanine (major groove) in calf thymus DNA is 1 :7 for 
dimethyl sulfate, while only the former adenine product is observed with MeOSO2(CHz),-Lex, indicating 
the change in groove specificity. DNA cleavage by MeOSOz(CHz),-Lex and MeSO2O(CHz),-Lex is 
efficiently inhibited by the coaddition of distamycin; however, only the DNA damage generated by the latter 
is blocked by NaC1. As expected, increasing the length of the (CH2)n tether from n = 2 to n = 8 moves 
the alkylation site by 1-2 base pairs further from the affinity binding domain. Finally, a comparison of 
the methylation patterns of MeOS02(CHz),-Lex as a function of tether length provides an insight into Lex 
sequence and orientational preferences. 

The cytotoxicity of many antibiotics, including some of 
clinical value, is a direct consequence either of their affinity 
binding to DNA or of a subsequent event that is initiated by 
complexation with DNA (Sarma & Sarma, 1988). Theminor 
groove of DNA frequently serves as a receptor for these 
compounds, and binding often involves A/ T-rich regions. The 
antibiotics distamycin and netropsin (Figure l), based on 
N-methylpyrrolecarboxamide subunits and commonly referred 
to as lexitropsins (Lex),' are classic examples of such minor- 
groove binders, and their interactions with DNA have been 
probed by NMR (Patel, 1982; Patel & Shapiro, 1968; Lee et 
al., 1988;Pelton & Wemmer, 1989; Pelton & Wemmer, 1990; 
Sarma et al., 1990), crystallography (Kopka et al., 1985; Coll 
et al., 1987; Coll et al., 1989), visible, UV, or CD spectroscopy 
(Luck et al., 1974; Zimmer et al., 1975), thermodynamic 
studies (Marky & Breslauer, 1987; Dabrowiak et al., 1990) 
and chemical methods (Shultz et al., 1982; Taylor et al., 1984; 
Shultz et al., 1984; Portugal & Waring, 1987; Baker et al., 
1989; Church et al., 1990; Churchill et al., 1990). On the 
basis of these studies it is generally agreed that VDW contacts, 
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H-bonding, and electrostatics stabilize the DNA-drug complex 
and play a role in sequence-selective DNA recognition. The 
specific details of binding include (a) the formation of H-bonds 
between the peptide amide N-H's and the N3-A and 02-T 
atoms that line the floor of the minor groove, (b) H-bonds 
between the ionized terminal amidine or guanidinium groups 
and the same DNA H-bond acceptor atoms, (c) VDW contacts 
between the pyrrole C3-H's and the C2-H of A, and (d) VDW 
contacts between the aliphatic terminus and the C2-H of A 
(Figure 1). 

While the above information regarding Lex binding to DNA 
provides a basis to rationalize experimentally verified binding 
domains, it is not possible to predict a priori which A/T-rich 
regions will be preferred binding sites within large DNA 
fragments. In fact, it is not uncommon to observe a G residue 
contained in a strong binding site (Shultz et al., 1982; Taylor 
et al., 1984; Shultz & Dervan, 1984; Youngquist & Dervan, 
1985; Churchill et al., 1990). It is assumed that VDW 
interactions are pivotal in the sequence recognition, and the 
precise sequence-dependent conformational requirements for 
this type of binding are not readily predicted or modeled. 

Because of an interest in regulating groove- and sequence- 
selective DNA adduct formation by small alkylating agents, 
we have prepared minor-groove binders related to netropsin 
with alkyl sulfonate ester functionalities. In designing these 
molecules several important changes have been made with 
respect to the natural product. The amidine and guanidinium 
groups on the C- and N-termini of netropsin have been 
replaced, respectively, with an N-propyl amide and a sulfonate 
ester (MeOSOror MeS020-) attached with a (CH2)nchain 
(n  = 2 or 8) (Figure 1). This deletion of charged terminal 
groups removes the electrostatic interactions between the 
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pane was dissolved in acetone (25 mL) containing diisopro- 
pylethylamine (600 rL, 3 mmol). The flask was cooled to 
-20 OC, and acryloyl chloride (90 pL, 1.2 mmol) was slowly 
added. The reaction was stirred at -10 OC for 20 h and then 
concentrated in vacuo. Upon addition of H20 to the residue, 
a solid formed which was collected, dried, and purified by 
silica column chromatography (EtOAc): yield 221 mg (62%); 
IH NMR 6 10.11 (s, 1 H, CONH), 9.89 (s, 1 H, CONH), 
8.00 (t, 1 H, CONH), 7.27 (d, 1 H, pyrrole CH), 7.18 (d, 1 
H, pyrrole CH), 6.92 (d, 1 H, pyrrole CH), 6.85 (d, 1 H, 
pyrrole CH), 6.36 (q, 1 H, CH2=CHCO), 6.19 (9, 1 H, 

3 H, NCH3), 3.79 (s, 3 H, NCH3), 3.12 (m, 2 H, 
CH2CH2CH3), 1.48 (m, 2 H, CH2CH3), 0.86 (t, 3 H, 

E-HCH-CHCO), 5.66 (4, 1 H, 2-HCH=CHCO), 3.84 (s, 

CH2CH3); 13C NMR 6 161.09 (CONH), 160.65 (CONH), 
157.74 (CONH), 130.96 (CH2=CHCO-), 124.95 
(CH2=CHCO-), 122.52, 121.39, 121.13, 117.85, 117.18, 
103.56, 103.43, 35.57, 35.32, 22.01, 10.86. 
(B) [ I-Methyl-l-[ I -methyl-4-(3-sulfopropanamido)pyr- 

role-2-carboxamido]pyrrole-2-carboxamido]propane Am- 
monium Salt (lb). The olefin la  prepared above (178 mg, 
500 pmol), 45% NH4HSO3 (600 pL, 3 mmol), and 30% H202 
(100 pL, 1 mmol) were refluxed in H2O (1 5 mL) for 3 h. The 
solution was concentrated in vacuo and the resulting residue 
thoroughly triturated with anhydrous EtOH. The EtOH was 
concentrated in vacuo to yield 200 mg (91%) of product: 'H 
NMR 6 9.97 (s, 1 H, CONH), 9.85 (s, 1 H, CONH), 8.00 
(t, 1 H, CONH), 7.17 (d, 1 H, pyrrole CH), 7.15 (d, 1 H, 
pyrrole CH), 7.1 1 (br s, 4 H, NH4), 6.85 (s, 2 H, pyrrole 
CH's), 3.82 (s, 3 H, NCHs), 3.79 (s, 3 H,NCH3), 3.10 (m, 

SCH2CH2), 1.49 (m, 2 H, CHzCHs), 0.87 (t, 3 H, CH2CH3); 
13C NMR 6 167.94 (CONH), 160.67 (CONH), 157.82 
(CONH), 122.52, 122.13, 121.53, 121.47, 117.53, 117.12, 
103.55, 103.36, 47.02 (SCHz), 35.47, 35.29, 31.97, 22.01, 
10.87; IR (KBr disk) 3189, 235'3, 2246, 1633, 1619, 1543, 
1174,1043 cm-l; MS (FAB, Xe, 9 keV) m/z 440 (12, M + 

(C)  [I -Methyl-4-[l-methyl-4-(3-sulfopropanamido)pyr- 
role-2-carboxamido]pyrrole-2-carboxamido]propane (IC). 
The ammonium sulfonate salt l b  (50 mg, 110 pmol) was 
dissolved in H2O and the pH adjusted to 2.0 with 1 N HCl. 
After 5-10 min, the solution was concentrated in vacuo and 
the remaining solid was repeatedly triturated with MeOH. 
The combined MeOH extracts were concentrated to afford 
the corresponding sulfonic acid in quantitative yield: lH NMR 
S 10.02 (s, 1 H, CONH), 9.89 (s, 1 H, CONH), 8.02 (t, 1 H, 
CONH), 7.18 (s, 1 H, pyrrole CH), 7.16 (s, 1 H, pyrrole 
CH), 6.87 (s, 1 H, pyrrole CH), 6.85 (s, 1 H, aryl CH), 3.82 
(s, 3 H, NCH3), 3.79 (s, 3 H, NCH3), 3.11 (m, 2 H, 
NHCH2CH2CH3), 2.70 (t, 2 H, SCH2), 2.56 (t, 3 H, 
SCH2CH2), 1.48 (m, 2 H, CHZCH~), 0.87 (t, 3 H, CH2CH3); 
13C NMR 6 167.72 (CONH), 160.68 (CONH), 157.82 
(CONH), 122.52, 122.14, 121.46, 117.54, 117.14, 103.56, 
103.37, 46.97 (SCH2), 35.48, 35.30, 31.69,22.00, 10.86; IR 
(KBr disk) 3133, 1653, 1560, 1401, 1220,1189, 1173, 1046 
cm-l. 

(D)  [I -Methyl4 [ I -methyZ-4-(3-(merhoxysulfonyl)pro- 
panamido)pyrroJe-2-carboxamido]pyrrole-2-carboxami- 
dolpropane (MeOSO2( CH2)tLex) .  The sulfonic acid (50 
mg, 1 18 pmol) was suspended in anhydrous THF (10 mL), 
cooled in an ice-H20 bath, and repeatedly treated with ethereal 
CH2N2 until all the starting material had dissolved in the 
THF. The solvent was removed in vacuo and the residue 
purified by preparative TLC (silica, EtOAc): yield 29 mg 

2 H, NHCH2CH2CH3), 2.69 (t, 2 H, SCH2), 2.54 (t, 2 H, 

1 - NH3). 
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FIGURE 1 : Structure of compounds and model for equilibrium binding 
of Lex to DNA. 

peptide and DNA and was intended to reduce the number of 
factors involved in the equilibrium binding process, and possibly 
increase the degree of cellular uptake. The alkylating property 
of the molecules, as mapped in DNA restriction fragments, 
serves to report where the peptide binds, since the mechanism 
of alkylation involves a concerted process (Lawley, 1984). 
Finally, the employment of hydrocarbon linkers of different 
lengths provides confirmation of the relationship between 
binding and bonding sites as well as orientational preferences 
within binding sites. 

MATERIALS AND METHODS 

1H and l3C NMR were recorded on a Varian XL-300 
spectrometer in DMSO-da, and 2D-NMR techniques (COSY 
and phase-sensitive DQCOSY) were used in structural 
assignments. Mass spectral data were collected on an AEI 
MS-9 (Eppley Institute, University of Nebraska Medical 
Center) or a Kratos MS-50 (Midwest Center for Mass 
Spectrometry, University of Nebraska-Lincoln) spectrometer 
utilizing fast-atom bombardment ionization techniques. An- 
alytical and preparative silica TLC employed 0.25- and 2.0- 
mm Merck Kieselgel glass plates. All flash column chro- 
matography was performed with 40 pm silica gel. 
Synthesis (Figure 2 ) .  (A) [I-Methyl-4-[I-methy1-4-(2- 

propenamido)pyrrole-2-carboxamido]pyrrole-2-carboxam- 
idolpropane (la). [ 1-Methyl-4-( l-methyl-4-nitropyrrole-2- 
carboxamido)pyrrole-2-carboxamido]propane (333 mg, 1 
mmol) (Church et al., 1990), 10% Pd/C (600 mg), and 
cyclohexene (15 mL) in 95% EtOH (50 mL) were refluxed 
for 4-6 h. The mixture was filtered and the catalyst thoroughly 
washed with MeOH. Thecombined filtrates were concentrated 
in vacuo, and the residue containing [ 1-methyl-4-( l-methyl- 
4-aminopyrrole-2-carboxamido)pyrrole-2-carboxamido] pro- 



7956 Biochemistry, Vol. 32, No. 31, 1993 Zhang et al. 
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FIGURE 2: Synthesis of MeOS02(CH2)rLex and MeS020(CH2),-Lex compounds: a, CHzCH= COCl; b, PhCOp-t-Bu-N%HSOp; c, pH 
2.0; d, CH2NrMeOH; e, CH2=CH(CH2)&OCI; f, H*OrNH,HSO3; g, p-N02-PhNHN=NCH3; h, i3-propiolactone; i, MeS02Cl; j, 
HOCH2(CH2),C02H-dipyridyl sulfide-PhpP. 

(56%): UV (MeOH) 234 and 294 nm; 'H NMR 6 10.07 (s, 
1 H, CONH), 9.87 (s, 1 H, CONH), 8.00 (t, 1 H, CONH), 
7.17 (s, 2 H, pyrrole CHs),  6.87 (s, 1 H, pyrrole CH), 6.84 
(s, 1 H, pyrrole CH), 3.86 (s, 3 H, OCH3), 3.83 (s, 3 H, 
NCH3), 3.79 (s, 3 H, NCH3), 3.62 (t, 2 H, SCHz), 3.11 (m, 
2 H, CHzCHzCHs), 2.74 (t, 2 H, SCHZCH~), 1.48 (m, 2 H, 

(CONH), 160.66 (CONH), 157.81 (CONH), 122.52,121.53, 
121.47, 121.07, 117.58, 117.17, 103.55, 103.35, 47.01 
(CHsOS), 43.52 (OSOZCHZ), 35.46, 35.30, 31.99, 22.00, 
10.86; MS (FAB, Xe, 9 keV) m/z 454 (20, M + l ) ,  395 (23, 

(KBr disk) 3384,2961,2362,1637,1582,1540,1437,1362, 
1166 cm-l. 

(E) [l -Methyl-4- [ 1 -methy1-4-(8-nonenamido)pyrrole-Z- 
carboxamido]pyrrole-2-carboxamido]propane (2a). To Mg 
turnings (0.6 g, 25 mmol) suspended in Et20 (10 mL) 
containing a trace amount of IZ was added 6-bromohexene 
(200 pL). When the reaction was initiated, additional 
6-bromohexene (3.2 mL, 25 mmol) in 35 mL of Et20 was 
introduced. After all the Mg had dissolved, the solution was 
refluxed for 15 min and then cooled to -50 OC. CuCl(5 mg) 
was added followed by the dropwise addition of ethyl acrylate 
(83 mg, 8.3 mmol) in 20 mL of Et20 over a 3-h period with 
vigorous stirring. At each 15-min interval during the addition, 
another 5 mg of CuCl was added while maintaining the system 
under NZ atmosphere. The last portion of CuCl was added 
just after completion of the addition of ethyl acrylate. A total 
of 65 mg (610 pmol) of CuCl was used. The cooling bath was 
then removed and the reaction mixture stirred at room 
temperature for 1 h. The dark solution was poured onto a 
mixture of crushed ice and concentrated HC1 with vigorous 
stirring. The H2O layer was extracted with EtzOseveral times, 
and the combined extracts were dried (MgS04). Upon 
concentration, the ester was obtained as an oil (1.14 g). The 
crude ester was dissolved in a minimum amount of MeOH, 
and then KOH (4 g) in 15 mL of HzO was added. The resulting 
solution was stirred at room temperature for 24 h and then 
poured onto a mixture of crushed ice and concentrated HC1 

CHZCH~), 0.86 (t, 3 H, CHzCH3); 13C NMR 6 167.96 

M - NHCHZCH~CH~) ,  273 (73, M - 180), 358 (37); IR 

with vigorous stirring. The solution was extracted with ether 
several times, and the combined ether layers were dried 
(MgS04). After evaporationof solvent, the residue was treated 
with SOClz (1 5 mL) and the resulting solution refluxed for 
1 h. The reaction solution was concentrated in vacuo, and the 
8-nonenoyl chloride product was used in the next reaction 
step without further purification. Nitrodipetide (333 mg, 1 
mmol) was reduced to the amine (as described above) and 
then dissolved in MeCN (25 mL) containing diisopropyleth- 
ylamine (600 pL, 3 mmol) and cooled in an i ceHz0  bath. 
The 8-nonenoyl chloride (1.2 equiv) in MeCN (10 mL) was 
added dropwise. The resulting solution was stirred for 1 h 
and then concentrated in vacuo. The crude product was 
purified by flash chromatography (silica, EtOAc) to yield 
378 mg (86%) of product: lH NMR 6 9.82 (s, 1 H, CONH), 

H, pyrrole CH), 7.17 (s, 1 H, pyrrole CH), 6.85 (s, 2 H, 
pyrrole CH's), 5.75 (m, 1 H, CH2dCH), 4.95 (m, 2 H, 

(m, 2 H, CHZCHZCH~), 2.20 (t, 2 H, CHZCO), 1.98 (m, 2 
H, C H ~ ~ C H C H Z ) ,  1.55 (m, 2 H, CHZCH~CO), 1.48 (m, 2 
H, CHZCH~), 1.28 (m, 6 H, (cH2)3), 0.86 (t, 3 H, CH2CH3); 
13C NMR 6 168.80 (CONH), 160.53 (CONH), 157.68 
(CONH), 138.07 (CHzzCH), 122.40,122.03,121.37,121.32, 
117.37, 117.00, 113.94 (CHzdCH), 103.41, 103.23, 35.34, 
35.18, 34.93,32.44,27.83,27.60,27.49,24.63,21.88, 10.72; 
MS (FAB, Xe, 9 keV) m/z 442 (25, M + 1); IR (KBr disk) 
3239, 2929, 2854, 1633, 1544, 1539, 1465, 1434 cm-l. 
(F) [ 1 -Methyl-4- [ 1 -methyl-4-(9-sulfononanamido)pyrrole- 

2-carboxamido]pyrrole-2-carboxamido]propane (2b). Olefin 
2a (144 mg, 326 pmol), tert-butyl peroxybenzoate (3.16 g, 
16.3 pmol), and 45% NHdHSO3 (220 pL, 1 mmol) were 
dissolved in MeOH containing sufficient H2O to make a clear 
solution. The solution was stirred at 60 OC for 4 h, the solvent 
removed in vacuo, and the residue extracted with EtOH. The 
ammonium salt product was purified by flash chromatography 
(silica, MeOH-EtOAc, 3:7) and then dissolved in Hz0, and 
the pH was adjusted to 2.0 with 1 N HCl. The resulting 
solution was stirred at room temperature for 15 min and the 

9.75 (s, 1 H, CONH), 7.99 (t, 1 H, CONHCHz), 7.15 (s, 1 

CHZdCH), 3.83 (s, 3 H, NCH3), 3.79 (s, 3 H, NCH3), 3.10 
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solvent removed in vacuo to afford 100 mg (59%) of product: 
1HNMR69.86(s,1H,CONH),9.77(s,1H,CONH),8.00 
(t, 1 H, CONHCHz), 7.17 (s, 1 H, pyrrole CH), 7.15 (s, 1 
H, pyrrole CH), 6.84 (s, 2 H, pyrrole CH’s), 3.81 (s, 3 H, 
NCH3), 3.78 (s, 3 H,NCH3), 3.11 (m,2 H,CHZCHZCH~), 
2.38 (t, 2 H, SO~CHZ), 2.21 (t, 2 H, CHzCO), 1.25-1.56 (br 
m, 14 H, (CHZ)~  and CHZCH~),  0.86 (t, 3 H, CHzCH3); MS 
(FAB, Xe, 9 keV) m/z 524 (1, M + 1); IR (KBr disk) 3408, 
2930, 2855, 1653, 1559, 1437, 1209 cm-I. 

(G) [I -Methyl-4-[1 -methyl-4-(9-(methoxysulfonyl)nonan- 
amido)pyrrole-2-carboxamido]pyrrole-2-carboxamido]pro- 
pane (MeOSO2(CH2)eLex). Sulfonic acid 2b (30 mg, 57 
pmol) in THF (1 0 mL) was cooled in an i ceHz0  bath, and 
methyl-p-tolyltriazine (1 0 mg, 67 pmol) in THF was added 
dropwise. The resulting solution was stirred at room tem- 
perature for 4 h, and the solvent was then removed in vacuo. 
The product was purified by preparative TLC (silica, MeOH- 
CHzClz, 1:9, Rf0.44) to yield 18.9 mg (62%): lH NMR 6 
9.84 (s, 1 H, CONH), 9.76 (s, 1 H, CONH), 7.99 (t, 1 H, 
CONH), 7.15 (m, 2 H, pyrrole CH’s), 6.84 (m, 2 H, pyrrole 
CH’s), 3.83 (s, 3 H, CH30S02), 3.81 (s, 3 H,NCH3), 3.79 
(s, 3 H, NCH3), 3.31 (t, 2 H, SOZCHZ), 3.11 (m, 2 H, 
CONHCHz), 2.22 (t, 2 H, CHzCO), 1.47-1.69 (br m, 14 H, 
CHZCH~ and (CHZ)~), 0.86 (t, 3 H, CH2CH3); 13C NMR 6 
168.81(CONH),160.53(CONH),157.69(CONH),122.42, 
122.05,121.38,121.32,117.37,117.01,103.43,103.25,55.58 
(CH~SOZ), 47.17 (OSOZCHZ), 35.32, 35.16, 34.93, 27.88, 
27.84, 27.64, 26.60, 24.63, 22.39, 21.87, 10.71; MS (FAB, 
Xe, 9 keV) m/z 538 (3, M + 1); IR (KBr disk) 3422,2934, 
1653, 1582, 1541, 1384, 1194, 1044 cm-I. 

(H) [I -Methyl4 [I -methy1-4-(3-hydroxypropanumido)py- 
rrole-2-carboxamido]pyrrole-2-carboxamido]propane (3a). 
The nitrodipeptide (70 mg, 210 pmol) was reduced (as 
described above) and the resulting amine dissolved in MeCN 
(5 mL). 8-Propiolactone (50 pL, 800 pmol) in MeCN (2 mL) 
was added in three equal portions over 6 h under Ar atmosphere 
and the resulting solution stirred at room temperature for 20 
h. Upon removal of the solvent in vacuo, the pure product 
(48.3 mg, 61%) was obtained by TLC (silica, MeOH-EtOAc, 
1:9, Rf0.36): ‘H NMR 6 9.84 (s, 1 H, CONH), 9.81 (s, 1 
H, CONH), 7.99 (t, 1 H, CONHCHz), 7.17 (s, 2 H, pyrrole 
CH’s), 6.86 (s, 1 H, pyrrole CH), 6.84 (s, 1 H, pyrrole CH), 

3.67 (m, 2 H, HOCHz), 3.12 (m, 2 H, CHZCHZCH~), 2.39 
(t, 2 H, CHzCO), 1.49 (m, 2 H, CHZCH~),  0.87 (t, 3 H, 
CHzCH3); MS (FAB, Xe, 9 keV) m/z 376 (10, M + 1). 

( I )  [l-Methyl-4-[l-methyl-4-(3-((methylsulfonyl)oxy)pro- 
panamido)pyrrole-2-carboxamido]pyrrole-2-carboxami- 
dolpropane (MeSO2O(CHr)rLex). Compound 3a (10 mg, 
27 pmol) and diisopropylethylamine (54 pmol) in MeCN ( 5  
mL) were cooled in an ice bath, and methanesulfonyl chloride 
(1 5 pL, 270 pmol) in MeCN (0.5 mL) was slowly added. The 
resulting solution was stirred at room temperature for 10 h, 
and the solvent was then removed invacuo. The crude product 
was purified by preparative TLC (silica, MeOH-EtOAc, 1:9, 
Rf0.70) to afford 8.3 mg (69%) of product: lH NMR 6 10.07 
(s, 1 H, CONH), 9.88 (s, 1 H, CONH), 8.01 (t, 1 H, 
CONHCHz), 7.18 (s, 2 H, pyrrole CH’s), 6.89 (s, 1 H, pyrrole 
CH), 6.85 (s, 1 H, pyrrole CH), 4.47 (t, 2 H, SOZOCHZ), 

CH~SOZ), 3.12 (m, 2 H, CHZCHZCH~), 2.72 (t, 2 H, CHzCO), 
1.48 (m, 2 H, CHZCH~), 0.87 (t, 3 H, CHZCH~); I3C NMR 
6 167.72 (CONH), 160.68 (CONH), 157.82 (CONH), 
122.58,121.39,121.13,117.85,117.45,103.56,103.43,66.25, 
35.87, 35.34, 35.18, 34.20, 21.88, 10.73; MS (FAB, Xe, 9 

4.65 (t, 1 H, OH), 3.82 (s, 3 H, NCH3), 3.79 (s, 3 H, NCH3), 

3.79 (s, 3 H, NCH3), 3.83 (s, 3 H, NCH3), 3.14 (s, 3 H, 
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keV) m/z 454 (3, M + 1); IR (KBr disk) 3431,2940, 1633, 
1583, 1437, 1347, 1200, 1058 cm-l. 
(J) [ I  -Methyl-4-[l-methyl-4-(9-hydroxynonanamid~)py- 

rrole-2-carboxamido]pyrrole-2-carboxamido]propane (4a). 
Azelaic acid monomethyl ester (2.02 g, 10 mmol) in anhydrous 
THF (20 mL) was cooled in an ice-HzO bath, and 20 mmol 
of LiBEt3H (1 M in THF) was slowly added under Nz 
atmosphere. The resulting solution was stirred at 0 OC for 
1 h and the reaction mixture carefully quenched with HzO 
and neutralized with 1 N HCl. The product was extracted 
into EtOAc, and the organic layer was washed several times 
with HzO and dried (MgS04). The EtOAc was removed in 
vacuo, and the resulting residue containing the desired 
9-hydroxynonanoic acid was used without any further puri- 
fication. Nitrodipeptide (333 mg, 1 mmol) was reduced (as 
described above) and the resulting amine dissolved in dry 
oxygen-free xylene (15 mL). In a separate flask, 9-hydrox- 
ynonanoic acid (174 mg, 1 mmol), 2,2’-dipyridyl disulfide 
(330 mg, 1.5 mmol), and triphenylphosphine (394 mg, 1.5 
mmol) were dissolved in dry oxygen-free xylene (25 mL) under 
Nz and stirred at ambient temperature for 5 h. At this time 
the aminopeptide in xylene was added and the resulting solution 
was stirred at room temperature for 24 h. The product (254 
mg, 55%) was obtained by flash chromatography (silica, 
MeOH-CHZC12,1:9): ‘H NMR 6 9.83 (s, 1 H, CH2CONH), 

H, pyrrole CH), 7.14 (s, 1 H, pyrrole CH), 6.83 (s, 2 H, 
pyrrole CH’s), 4.32 (t, 1 H, HOCHZ), 3.80 (s, 3 H, NCH3), 
3.77 (s, 3 H, NCH3), 3.35 (m, 2 H, HOCHz), 3.11 (m, 2 H, 
CHZCHZCH~), 2.21 (t, 2 H, CHZCHZCO), 1.54 (m, 2 H, 
CHZCHZCO), 1.48 (m, 2 H, CHZCH~), 1.39 (m, 2 H, 
HOCHzCHz), 1.25 (m, 8 H, (CH2)4), 0.85 (t, 3 H, CHzCH3); 
13C NMR 6 168.84 (CONH), 160.53 (CONH), 157.68 
(CONH), 122.38, 122.01, 121.36, 121.30, 117.38, 117.00, 

28.17, 27.97, 24.79, 24.69, 21.88, 10.73; MS (FAB, Xe, 9 
keV) m/z 460 (12, M + 1). 

( K )  [l -Methyl-l-[l -methyl-4-(9-((methylsulfonyl)oxy)- 
nonanamido)pyrrole-2-carboxamido]pyrrole-2-carboxami- 
dolpropane (MeSO2O(CHr)eLex). Alcohol 4a (35 mg, 76 
pmol), diisopropylethylamine (39.8 pL, 230pmol), and MeCN 
(10 mL) were cooled in an ice bath, and methanesulfonyl 
chloride (1 7.7 pL, 230 pmol) in a minimum volume of MeCN 
was slowly added. The resulting solution was stirred at room 
temperature for 24 h and the solvent removed in vacuo. The 
crude product was purified by preparative TLC (silica, 
MeOH-CHzC12, 1:9, Rf 0.67) to yield 25 mg (69%) of 
product: lH NMR 6 9.85 (s, 1 H, CHzCONH), 9.75 (s, 1 
H, CONH), 8.00 (t, 1 H, CONHCHz), 7.16 (s, 2 H, pyrrole 
CH’s), 6.85 (s, 2 H, pyrrole CH’s), 4.18 (t, 2 H, SOZOCHZ), 

CH~SOZ), 3.1 1 (m, 2 H, CHZCHZCH~), 2.22 (t, 2 H, CHzCO), 
1.65 (m, 2 H, SOZOCHZCHZ), 1.57 (m, 2 H, CH~CHZCO), 
1.49 (m, 2 H, CHZCH~), 1.29 (m, 8 H, (CH2)4), 0.86 (t, 3 
H,CHzCH3); 13CNMR6 168.79(CONH), 160.52 (CONH), 
157.68 (CONH), 122.40, 122.03, 121.36, 121.31, 117.37, 
117.01,103.40,103.22,69.74 (SO~OCHZ), 35.87 ( ~ ~ S O Z ) ,  
35.34,35.18,34.92,27.96,27.90,27.80,27.66,24.64,24.19, 
21.88, 10.73; MS (FAB, Xe, 9 keV) m/z 538 (10, M + 1); 
IR (KBr disk) 3426, 2929, 1654, 1584, 1437, 1346, 1171, 
1023 cm-*. 

Preparation of 32P- End- Labeled DNA Restriction Frag- 
ments. 5’- and 3’-32P-End-labeled DNA restriction fragments 
(Figure 3 shows resolved regions of restriction fragments) 
were prepared from a 3220-bp DNA clone containing the 

9.75 (s, 1 H, CONH), 7.99 (t, 1 H, CONHCHz), 7.16 (s, 1 

103.41, 103.23,60.01 (HOCHz), 35.34, 35.18,34.95, 31.82, 

3.81 (s, 3 H, NCH3), 3.79 (s, 3 H, NCH3), 3.16 (s, 3 H, 



7958 Biochemistry, VoZ. 32, No. 31, 1993 Zhang et al. 

2 2 7  I ,  
5 ' - C C A - T A A C T A A C C A T G C A C A T A T T A A A G G  ( W a t s o n )  

- ,  
I -  - '\ * 3 ' - G G T A C A A A T T G A T T G G T A C G T G T A T A A T T T C C  ( C r i c k )  

" I  2 2 1  

/ I  

C H , O S O , (  C H , ) , ,  e x 

C H , 0 S 0 2 ( C H , ) , -  I e x  ' I  
M e O S O Z ( C H 2 ) g - l e x  

I I  

S ' - . . A C C T T T A A T C  C G C T A G T T T A  T C A C A G T T A A  A T T G C T A A  W A T S O N  
C 3 0  4 0  5 0  6 0  

3 , - J Z p . .  T C G A A A T T A C  G C C A T C A A A T  A G T G T C A A T T  T A A C G A T T . .  , 5 1 C R I C K  - - - 
I I  

' I  I 

I / I  
I C H , S O , O ( C H , ) , - l  a~ 

FIGURE 3: Resolved sequence of 85 (A), 576 (B), and 167 (C) bp fragments with Lex-binding sites (underlined). Location and normalized 
intensities for bands (based on strongest cleavage band for each strand with each compound) for the sulfonate esters are indicated by vertical 
lines. The cleavage analysis is derived, in part, from Figures 4-7 (gel data for the 3'4abeled 85-bp and 5'4abeled 576-bp fragments are not 
shown). 
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promotor region of the coat protein gene of the canine 
parvovirus (Rhode, 1985) using standard procedures (Maxam 
& Gilbert, 1980) as previously described (Wurdeman & et 
al., 1989). A 3'-end-labeled 167-bp fragment was prepared 
from pBR322 plasmid by sequential EcoRI endonuclease 
digestion, treatment of the linearized DNA with [ ( U - ~ ~ P I ~ A T P  
in the presence of the Klenow fragment of polymerase I, and 
restriction with RsaI endonuclease (Figure 3). The end- 
labeled fragments were purified by electrophoresis on 5% 
polyacrylamide gels prior to use. 

Reactions of M ~ O S O ~ ( C H ~ ) , - L ~ X  and MeSO2O(CH2)n- 
Lex with 32P-End-Lubeled DNA Fragments. The restriction 
fragment (80 000-100 000 cpm) and sonicated calf thymus 
DNA (final concentration 83 pM, phosphate) were dissolved 
in 10 mM sodium cacodylate buffer (pH 7.8) containing, when 
specified, the desired concentration of inorganic salt or cationic 
DNA affinity binder. This DNA solution was incubated at 
37 OC for a specified time with freshly prepared anhydrous 
MeOH solutions of sulfonate esters. The reactions were 
terminated by cooling and precipitation of the DNA with 
NaOAc and EtOH. The DNA was washed with cold 70% 
EtOH and dried in vacuo. 

Generation and Analysis of DNA Strand Breaks. Strand 
breaks in the reacted DNA were generated by either neutral 
thermal hydrolysis (Lawley & Brookes, 1973) or Maxam- 
Gilbert G-specific reaction (Maxam & Gilbert, 1980) as 
previously described (Church et al., 1990). 

Analysis ofDNA Adducts from MeOSO2(CH2)rLex. Calf 
thymus DNA (1 00 pM nucleotide), that had been dialyzed 
against 10 mM Tris-HC1 buffer (pH 7.8) overnight, was 
reacted with MeOSOz(CHz)z-Lex (100 pM) at room tem- 
perature for 24 h in 10 mM Tris-HC1 buffer (pH 7.8) in a 
total volume of 1 mL. The DNA was precipitated from the 
reaction solution with 3 M NaOAc and EtOH, and the 
precipitated DNA was washed with EtOH. The DNA was 
redissolved in 10 mM Tris buffer (pH 7.0) to a total volume 
of 500 pL and then heated at 90 OC for 30 min to release 3- 
and 7-alkylpurines. The partially apurinic DNA was pre- 
cipitated at 0 OC by adding 0.1 volume of 0.1 N HCl (Beranek 
et al., 1980) and the supernatant analyzed by HPLC (column, 
Partisil-10 SCX strong cation exchange; eluant, 175 mM 
ammonium formate buffer, pH 3.0; flow rate, 1 mL/min; 
detection, UV at 270 nm to monitor N7-MeG and N3-MeA). 
Authentic standards were used to confirm the identification 
of adducts and to calculate response factors. 

RESULTS 
Synthesis (Figure 2 ) .  The preparation of the peptide portion 

of the Lex molecules is based on the synthesis of distamycin 
(Lown & Krowicki, 1985) and has been previously described 
in detail (Church et al., 1990). The elaboration of the 
MeS020 functionality on the N-terminus of MeS020(CHz)n- 
Lex employed treatment of the primary amine with @-lactone 
( n  = 2) or 9-hydroxynonanoic acid and dipyridyl sulfide- 
triphenylphosphine ( n  = 8) (Mukaiyama et al., 1970; Corey 
et al., 1976). The resulting alcohols were treated with 
methanesulfonyl chloride to afford the desired products in 
-70% yield after purification. The synthesis of the 
MeOSOz(CHz),-Lex compounds entailed the initial attach- 
ment of a methylene tether with a terminal olefin onto the 
amino terminus of the dipeptide. The olefin was then converted 
into the ammonium sulfonate salt by treatment with ammo- 
nium bisulfite and oxidation with HzOz or peracid (Gilbert, 
1965). After conversion of the ammonium salt into the sulfonic 
acid, the O-methyl sulfonate ester was prepared in -60% 
yield by treatment with diazomethane or N-methyl-N'-(4- 
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nitropheny1)triazene in MeOH, the latter being the reagent 
of choice because of convenience. 

DNA Alkylation. The general featureof the DNA-cleavage 
pattern produced by MeOS02(CHz),-Lex and MeS020- 
(CHZ),-Lex is the dominance of A-cleavage sites (Figures 
4-6). This contrasts with the pattern generated by DMS 
(Figures 4-6, Maxam-Gilbert G-lane) and MMS (Figure 5 
, lane x; Figure 6, lane p) that is essentially restricted to G's. 
Furthermore, the bands induced by MeOSOz(CHz),-Lex and 
MeSO2O(CHz),-Lex are restricted to A's located in previously 
footprinted Lex-binding sites in the parvovirus (Church et al., 
1990) and pBR322 (Schultz & Dervan, 1984) fragments 
(Figure 3). MeOSOz(CHz),-Lex and MeSOzO(CH2),-Lex 
share another common feature: distamycin inhibits their 
facility to cleave DNA (Figure 4, lanes 1, 0, y; Figure 5, lanes 
g, 1, q, v; Figure 6, lanes e, h, k, n). In contrast, distamycin 
has virtually no effect on DMS or MMS (Figure 6, lane q; 
Wurdeman & Gold, 1988). The modifications of DNA by 
M ~ O S O ~ ( C H Z ) ~ L ~ X  and MeSOzO(CHz),-Lex differ in two 
important aspects. Firstly, the rate of DNA modification by 
MeOSOz(CHz)rLexis faster than that for MeSOzO(CH2),- 
Lex. The bands for MeOSOz(CHz),-Lex reach a maximum 
intensity near 6 h (Figure 4), while the cleavage by 
MeS020(CHz),-Lex continues to intensify up through 24 h 
(data not shown). Despite differences in rate, the same band 
patterns are observed at low concentrations or with short (1 5 
min) incubation periods (data not shown) for each compound. 
The second difference relates to the effect that the coaddition 
of 200 mM NaCl has on DNA adduct formation. DNA 
methylation by MeOSOz(CHz),-Lex is completely refractory 
to NaCl, MgC12, and spermine, while alkylation by 
M e S 0 2 0 ( C H ~ ) ~ L e x  is substantially inhibited (Figure 4, lane 
p; Figure 5 ,  lane h; Figure 6, lanes f, i; data not shown). 

Cleavage Patterns. The A-cleavage sites for MeOS02- 
(CHz),-Lex and their relative intensities (based on densit- 
ometry) in the three restriction fragments are shown in Figure 
3. It is stressed that the sequencing gel data are normalized 
in Figure 3 for each compound on each strand; therefore, 
absolute comparisons between strands or compounds are not 
intended. The most intense cleavage bands in the 85-bp 
fragment at the 2-h time point for MeOSOz(CHz)z-Lex are 
at Azlg, Azo5 A ~ w ,  and A199 (Watson strand, Figure 4) and 
at A221-220 and Azoz-201 (Crick strand, data not shown). For 
MeOSOz(CHz)8-Lex, the bands at Azl8, A205, A199, and A198 
(Watson strand) and AZZZ-ZZ~ and A201 (Crick strand) are the 
mast intense. The nonmethylating analogues MeSOzO(CH2)r 
Lexand MeSOzO(CHz)8-Lexcleave selectively in the Watson 
strand at A199 and A198, and Alga, respectively. The corre- 
sponding cleavage sites in the Crick strand for the two 
compounds are at A221-2~0, Az02-201, and A201, respectively 
(data not shown). Other A's become prominent cleavage sites 
at longer time periods, but as noted above, the relative cleavage 
pattern for each compound seems to be qualitatively insensitive 
to increasing drug concentration within the range studied. 

In the 576-bp fragment the sequence-selective methylation 
of DNA by MeOSOz(CHz)z-Lex shows a clear preference 
for AZ6l-248, A288, and A321-322 (Watson strand, data not 
shown) and A303, &os, and A326325 (Crick strand, Figure 3, 
which are all associated with distamycin binding sites. The 
MeOSOz(CH2)8-Lex analogue shows an A-cleavage pattern 
restricted to Lex affinity binding sites, but with a 1-2-bp 
displacement relative to the CZ compound. It is of interest 
that the increase in the length of the tether in MeOS02(CH2)8- 
Lex allows strong methylation of A285, which is separated 
from a Lex binding site by a G-C base pair (Figure 5, lane 
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FIGURE 4: 5’-Labeled 85-bp fragment. Time course and dose response for methylation of DNA by MeOS02(CH2),-Lex and alkylation of 
DNA by MeSO2O(CH2)rLex: lane a, G; lane b, G + A; lanec, 500 pM MNU (2 h); lanes d-g, 250 pM MeOSOz(CH&-Lex (with incubation 
times of 2, 6, 12, and 24 h, respectively); lanes h-m, 500 pM MeOSO2(CH2)rLex (with incubation times of 2, 6, 12, 24, 24, and 24 h, 
respectively); lanes n-p, 500 pM MeSO2O(CH2)rLex (with 24-h incubation time); lanes q-t, 250 pM MeOSO2(CH&-Lex (with incubation 
times of 2, 6, 12, and 24 h, respectively); lanes u-z, 500 pM MeOSOz(CH2)s-Lex (with incubation times of 2, 6, 12, 24, 24, and 24 h, 
respectively); lanes 1, 0, and y, 100 pM distamycin; lanes m, p, and z, 200 mM NaCl; lane aa, control (2-h incubation); lane bb, control (24-h 
incubation). 

s). Apparently the N2-amino of c-G286 does not interfere 
with the extension of the aliphatic tether in the minor groove. 
The prominent A bands generated by MeS020(CH2)2-Lex 
are at A267-268, A288, A311, and A322 (Watson strand, 
data not shown) and at A324 (Crick strand, Figure 5). For 
MeS020(CH2)8-Lex, A288, and A322 are the 
dominant cleavage sites. 

The reaction of the pBR322 3’-end-labeled 167-bp fragment 
with MeOS02( CHz),-Lex and MeS020(CH2)rLex yields 
bands associated with previously MPE-Fe(I1)-footprinted 
distamycin-binding sites (Schultz et al., 1982; Taylor et al., 
1984). MeOS02(CH2)2-Lex targets A57 and A62 while 
MeOS02(CH2)8-Lex reacts at A56 and A59. Weak bands are 
seen at A33, A34, A47, A48, A57, and A61 in the three different 
Lex recognition domains with MeS02(CH2)2-Lex. The c8- 
linked analogue affords three moderate cleavage sites at A56, 
As;; and A62. As seen in the other fragments, the addition of 
distamycin and NaCl inhibits alkylation. 

DNA Adducts from MeOSO2( CH2)rLex. The HPLC 
analysis of the reaction products of calf thymus DNA and 
MeOSO2(CH2)rLex is limited to thermally labile adducts, 
and only the N3-MeA adduct was detected: no N7-MeG was 
observed even upon analysis of large amounts of supernatant. 
The yield of N3-MeA product is presented as the ratio of 
N3-MeA to A to correct for DNA recovery. The N3-MeAIA 
ratio for MeOSO2(CH2)2-Lex is 0.0056 f 0.0007. 

DISCUSSION 

Alkylation Pattern. The methylation of DNA by either 
DMS or MMS affords as the dominant product (7540%) 
N7-MeG along with lesser amounts of N3-MeA (10-1 5%), 
N7-methyladenine (2%), and N3-methylguanine (1 %) (Be- 
ranek et al., 1980; Den Engelse et al., 1986; Beranek, 1990). 
These alkylating agents show little sequence selectivity in their 
modification of the dominant nucleophilic site (N7-G), and 
the yield of DNA lesions is not sensitive to the addition of 
inorganic salts, e.g. Mg2+ and Na+, or DNA affinity binding 
cations, including distamycin, spermine, and ethidium bromide 
(Wurdeman & Gold, 1988). CH3S020CH2CH3, which can 
be considered as a model for MeSO2O(CH2),-Lex, produces 
a similar alkylation profile with several notable differences: 
the ”7-ethylguanine and N3-ethyladenine adducts are reduced 
to -60% and 4% of the total adducts, respectively. There is 
also a concomitant increase in alkylation of the phosphate 
backbone and 06-G to - 12% and 2% of the total products, 
respectively (Beranek et al., 1980; Den Engelse et al., 1986). 

MeOSO2(CHz),-Lex affords methylation patterns that are 
clearly different from what might be expected from a sulfonate 
ester in that the predominant cleavages occur at A’s, and 
specifically at A’s that are associated with distamycin and 
netropsin equilibrium binding sites. This result was not 
completely unanticipated, since Baker & Dervan had dem- 
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FIGURE 5 :  3’-Labeled 576-bp fragment. Dose response for alkylation of DNA by MeOSOZ(CHz),-Lex and MeSOzO(CHz),-Lex, and 
alkylation of DNA by CC-1065 (all incubations were run for 24 h except lanes z-zb which were for 1 h): lane a, control; lane b, G; lane c, 
G + A; lanes d-h, MeSOzO(CHz)rLex (250,500,1000,1000, and 1000 pM, respectively); lanes i-m, MeSOzO(CHz)gLex (250,500,1000, 
1000, and 1000 pM, respectively); lanes n-r, MeOSOz(CHz)rLex (50,100,250,250, and 250 pM, respectively); lanes s-w, MeOS02(CHZ)s- 
Lex (50, 100, 250, 250, and 250 pM, respectively); lanes x and y, 500 pM MeOSOzOMe; lanes z-zb, 0.5 p M  CC-1065; lanes g, 1, q, v, y, 
and za, 100 pM distamycin; lanes h, m, r, w, and zb, 200 mM NaC1. 
onstrated that a haloketone-functionalized lexitropsin afforded agents (Church et al., 1990). This approach gave mixed results 
alkylation in the minor groove of DNA at N3-A (Baker & with only the (chloroethy1)nitrosoureas reacting in the minor 
Dervan, 1985, 1989). Similarly, it was reported that FCE groove as envisioned; the N-methyl and -ethyl analogues gave 
24517, an aniline mustard appended to the N-terminus of no minor groove adducts. 
distamycin, reacts at A (presumably N3-A) and not at N7-G The dramatic decrease in DNA methylation by the 
as do all other simple mustards (Broggini et al., 1991). In coaddition of distamycin suggests that the antibiotic and 
addition, we have previously synthesized N-alkyl-N-ni- MeOSO2(CHz),-Lex compete for the same minor-groove 
trosoureas (alkyl = methyl, ethyl, and 2-chloroethyl) linked binding sequences. The structure of the A adduct that is 
to lexitropsins in order to prepare minor-groove alkylating responsible for the abasic sites after neutral thermal hydrolysis 



7962 Biochemistry, Vol. 32, No. 31, 1993 Zhang et al. 

60 TT 
AAA 

cT, 
50 A 

TAAAcTA, 

4 0 G  
cA 

T 

l A  
AA 

30T - 
T 

E 
Gn 

G H  

20  T -- 
A 

FIGURE 6: 3'-Labeled 167-bp fragment. Alkylation of DNA by 
MeOSOz(CH2),-Lex and MeSO2O(CHz),-Lex, and effect of dis- 
tamycin and salt: lane a, G; lane b, G + A; lane c, control; lanes d-f, 
1000 pM MeS02O(CHz)rLex; lanes g-i, 1000 p M  MeS020(CH&- 
Lex; lanes j-1, 500 pM MeOSO2(CH2)*Lex; lanes m-o, 500 pM 
MeOSO2(CH2)*-Lex; lanes p r ,  1000 pM MeOSO2Me; lanes e, h, 
k, n, and q, 100 pM distamycin; lanes f, i, 1, 0, and r, 200 mM NaC1. 

was confirmed by reacting MeOSO2(CH2)2-Lex with calf 
thymus DNA. MeOS02(CH2)2-Lex afforded only N3-MeA. 
The failure to observe the N7-MeG lesion is consistent with 
the sequencing gel data and contrasts with the normal 
predominance of the N7-MeG adduct: the N7-MeGIN3- 
MeAratiois7:l forDMS(Beraneketal., 1980). Itisassumed 
that the N3-A position is also the site for electrophilic attack 
by MeS02O(CHz),-Lex. The formation of heat-labile N3- 
alkylA residues from MeSO2O(CH2)2-Lex is in keeping with 
the observation that the A bands are much weaker when 
Maxam-Gilbert G-lane chemistry (Maxam & Gilbert, 1977, 
1980) is used to generate strand breaks (data not shown). 
Additional evidence for the focus of alkylating events in the 
minor groove is the observation that G residues immediately 
adjacent to strong A-cleavage sites are not alkylation targets 
for MeOSO2(CHz),-Lex and MeSOzO(CH&Lex. A de- 
tailed and elegant study has been reported for the reaction of 
DNA with BrCH&O-Dis, an N-terminal alkylating pyr- 
rolecarboxamide tripeptide with a dimethylamino group on 
the carboxy terminus (Baker & Dervan, 1985, 1989). The 
reactions of BrCHzCO-Dis with restriction fragments were 
carried out in 10 mM sodium phosphate (pH 7.0), and DNA 
alkylation is very slow (similar to what is observed for 
MeSO2O(CH2),-Lex) and very selective for a small subset 
of A residues associated with distamycin affinity binding sites. 
The structure of the N3-(CH2CO-Dis)-A adduct was con- 
firmed by NMR (Baker & Dervan, 1989). 

Binding Preferences. Efforts to footprint the equilibrium 
binding of MeSO2O(CH2),-Lex in the DNA restriction 
fragments with MPE-Fe(I1) (Van Dykeet al., 1982; Hertzberg 
& Dervan, 1984) were unsuccessful. MeS02O(CHz),-Lex, 
the more stable of the two Lex analogues (t l /2 of -35 h under 

reaction conditions), was used to avoid any potential confusion 
about performing experiments in the presence of the sulfonic 
acid decomposition product derived from the hydrolysis of 
MeOSO2(CH2),-Lex. The challenge in obtaining footprinting 
evidence for the binding of a neutral ligand using the 
competitive inhibition approach was anticipated, since previous 
efforts to map the association of the nitrosourea Cl(CH2)2- 
N(NdO)CONH(CH2)2-Lex with DNA had also failed 
(Church et al., 1990). However, the substitution on the 
carboxyl terminus of a -NHCH2CH2N(CH3)2 group that is 
ionized at near-physiological pH in place of -NHCH~CHZCH~ 
resulted in a footprint of the nitrosourea that overlaps with 
distamycin-binding regions (Church et al., 1990). The 
observation of sequence-selective alkylation by MeS020- 
(CHz),-Lex, which is a weak binder, is not unique, since des- 
ABC, an unreactive analogue of the efficient minor-groove 
DNA-alkylating agent CC- 1065, also cannot be footprinted 
by conventional DNA protection methods (Hurley et al., 1988). 
The cleavage pattern induced by CC-1065 is shown in Figure 
5 (lanes z-zb). CC-1065 is a much more powerful alkylating 
agent than the sulfonate esters, since intense cleavage bands 
are evident with CC-1065 at concentrations as low as 0.5 pM 
using a 1-h incubation time. 

While footprinting data are useful, the methylation patterns 
for MeOSOz(CH&-Lex and their shift as a function of tether 
length in some ways provide more valuable information on 
the relative preference of the Lex compounds for binding sites. 
In fact, the effect of the tether (C2 vs c8) to displace the 
cleavage pattern by 1-2 bp's is strong evidence that equilibrium 
binding precedes and determines the site of DNA methylation. 
The same process is proposed for MeSO2O(CH2),-Lex, where 
the length of the tether also changes the cleavage sites. We 
have previously noted that the methylation of N3-A by MNU 
via CH3N2+ (Church et al., 1990) and DMS (unpublished 
data) shows virtually no sequence selectivity, so the alkylation 
patterns of MeOS02( CHz),-Lex, do not reflect sequence- 
dependent differences in the nucleophilic reactivity or ac- 
cessibility of N3-A. 

In order to use the DNA methylation pattern as a marker 
of peptide binding, the distance between the CH3 group in 
MeOSO2(CHz),-Lex that is transferred to DNA and the 
amide N-Hon the N-terminus of the peptide (Figure 1) needs 
to be known in a drug-DNA complex. The calculation of this 
distance, a subject of a previous investigation (Goodsell & 
Dickerson, 1986), translates to 1 and 2 bp's, respectively, for 
the (CH2)2 and (CH2)8 linkers (see Figure 7 for model), 
assuming that the peptide is symmetrically bound in the minor 
groove of B-DNA with a rise per bp of 3.38 A, a helical twist 
angle of 36O, and a mean distance between the ligand and 
DNA axis of 5 A. The other feature of the alkylation patterns 
is the 1-2-bp stagger between the Watson and Crick strands. 
This is because the individual DNA-reading atoms on the 
Lex peptide are not associated with Watson-Crick base pairs 
(Figures 3 and 7) (Kopka et al., 1985; Coll et al., 1987; Pelton 
& Wemmer, 1988; Lee et al., 1988; Coll et al., 1989; Sarma 
et al., 1990). On the basis of extrapolation from NMR, crystal 
structures, and molecular modeling (Kopka et al., 1985; Coll 
et al., 1987; Pelton & Wemmer, 1988; Lee et al., 1988; Coll 
et al., 1989; Sarma et al., 1990; Boehncke et al., 1991), a 3 
bp/strand recognition site for the Lex peptide, involving two 
amido H-bonds and three VDW contacts, is suggested (Figure 
1). A VDW contact between the C-terminal propyl group 
and A-C2-H that is stabilized by an electrostatic interaction 
between the charged C-terminus and minor groove atoms is 
commonly proposed for the binding of netropsin and distamycin 



Alkylsulfonate Lexitropsins Biochemistry, Vol. 32, No. 31, I993 7963 

.&*, 
FIGURE 7: Relaxed stereoscopic vic 

Lex compounds, respecGvely’. Part of one strand of the DNA has been 

zw of MeOSO2(CH2),-Lex modeled in the minor groove of S’-d(CGCGAA”TA( 
TAAATCG). The CH? group ihat is delivered to DNA is darkened and is denoted by 2- and 8- for MeOS02(CH2)- -, - _ -  

deleted to facilitate viewing of the ligands. 

2G)*3’-d(GCGCT- 
IrLex and MeOS02(CH2)s 

(Lee et al., 1988). In the absence of the charged terminus, 
this VDW contact is not envisioned for MeOS02( CHz),-Lex 
or MeSO2O(CHz),-Lex, so the interaction of ligand and DNA 
truncates with the H-bond made by the C-terminus amide 
N-H. The proposed equilibrium binding arrangement trans- 
lates to the following rules to interpret the methylation 
patterns: (i) MeOS02(CH2)rLex binds to three bp’s and 
predominantly methylates the fourth (adjacent) base if it is 
an A and (ii) MeOS02(CH2)8-Lex binds to the same three 
bp’s and predominantly methylates the fifth or sixth base if 
it is an A (Figure 7). Because of the flexibility of the aliphatic 
tether, there is probably a limited distribution of methylation 
sites derived from an individual binding complex rather than 
there being a unique methylation site for each individual bound 
Lex. Notwithstanding, this does not affect the interpretation 
of the data. 

As noted above, MeOS02(CH2)8-Lex can methylate the 
fifth base, assuming it is an A, even if a G intervenes (Figure 
5, lane s), meaning that the N2-amino group of G which 
protrudes into the minor groove and blocks Lex peptide binding 
does not significantly affect the ability of the aliphatic tether 
to deliver the sulfonate ester toN3-A. Obviously, minor groove 
atoms in d-s DNA that react poorly with sulfonate esters, e.g. 
02-T, N3-G, N2-G, and 02-C, will not be efficiently meth- 
ylated, and methylated bases that are not heat labile, e.g. 
NZ-MeG, will not afford abasic sites that can be converted 
into single-strand breaks. Accordingly, no measurable bands 
are observed at T’s, G’s, or C’s near binding sites. It should 
be noted that 02- and N3-alkylC and 02-alkylTdepyrimidinate 
at 100 “C at pH 7.0 with t1p of <5 and 160 min, respectively 
(Singer et al., 1978), so the failure to observe bands is not due 
to the inability to convert these adducts into abasic sites. 

Nucleophilic atoms on bases that cannot readily adopt the 
required transition-state geometry to facilitate the alkyl group 
transfer will also not be readily modified. For MeS020- 
(CHz),-Lex this requirement appears to be important, and 
it is proposed that the reduced rate of alkylation and the smaller 
number of cleavage sites for MeSOzO(CH2),-Lex arise from 
steric interactions between N3-A and the hindered sulfonate 
ester. A similar argument has been made for the highly 
selective and lethargic modification of DNA by BrCH2CO- 

Dis (Baker & Dervan, 1989). A related issue is the inhibition 
of DNA cleavage seen only with MeSO2O(CH&-Lex in the 
presence of 200 mM NaC1, 10 mM MgC12, or 100 pM 
spermine. This probably reflects the stiffening of the DNA 
resulting in reduced conformational flexibility and accessibility 
of the nucleophilic N3-A site. Even the longer more flexible 
aliphatic tether in MeS020(CH2)8-Lex does not overcome 
the inhibition by salt. Cations could also exert a modulating 
effect on the affinity binding of the peptide ligand. However, 
the failure to observe any consequence of added cations on 
MeOS02(CH2),-Lex-mediated DNA methylation, either 
quantitative or qualitative, makes it unlikely that a decrease 
in the affinity binding of the neutral Lex is involved. We are 
not aware of any other S N ~  alkylating ligand showing a similar 
salt effect, although it is possible that the mechanism for the 
alkylation of DNA by MeSO2O(CH2),-Lex involves a 
transition state with significant positive charge buildup. In 
contrast to MeSO2O(CH2),-Lex, the intensity of the cleavage 
pattern of CC-1065 does not change with the coaddition of 
NaCl or MgC12 (data not shown). 

On the basis of the above arguments and the observed 
methylation patterns, the Lex-binding sites are depicted in 
Figure 3 and involve essentially the same bp’s as footprinted 
for a charged Lex compound (Church et a1.,1990). Within 
the binding domains there are favored 3-bp recognition 
sequences and orientational preferences (see below). This is 
illustrated for MeOS02(CH2)rLex in the 85-bp fragment at 
the T2w(watson)ATTA region (Figure 3A). The relative 
intensities of the bands at A2&198(watson) are approximately 
4:3:1, and this implies a binding preference order of 5’-ATT 
> TTA > TAA. This interpretation is confirmed by the 
methylation pattern generated by MeOS02(CH2)rLex in 
the same region, which shows that the strongest methylation 
site has moved toward the 3‘ end by 1-2 bp’s. The potential 
to have intense methylation at A200 and A198 with the c8 
compounds confirms that the methylation pattern from the 
C2 Lex’s results from binding preferences and not differences 
in N3-A nucleophilicity. A 5’-ATT sequence is also associated 
with the most intense methylation bands in the Crick strand 
of the 576-bp fragment at A325 with MeOS02(CH2)rLex 
and in the Watson strand at A327 for MeOS02(CH2)8-Lex. 
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To put this sequence recognition ranking in perspective, the 
difference in relative intensities between the A’s in the 5’- 
ATATTAAA (Watson) sequence in the 85-bp fragment 
ranges‘Cfold, a value similar to binding preferences observed 
for distamycin using NMR (Pelton & Wemmer, 1990b) or 
a DNA-footprinting approach (Schultz et al., 1982; Taylor 
et al., 1984). 

It is particularly informative to compare the binding 
preference of the neutral dipeptide Lex’s to that of the 
monocationic tripeptides. DNA alkylation by BrCH2CO- 
Dis and oxidative cleavage by an Fe(I1)-EDTA-Dis has been 
studied in thesame 167-bp restriction fragment. The preferred 
binding site of the two-ring Lex compounds is at T58-A62 
(Crick strand). This same preference was observed for Fe(I1)- 
EDTA-Dis (Shultz & Dervan, 1984). In addition, both 
compounds share the same orientational preference with the 
N-terminus pointing toward the 5’-end of the Crick strand. 
BrCHzCO-Dis, which we incorrectly assumed would behave 
similarly to MeSOzO(CHz)rLex, alkylates almost exclusively 
at A48 (Baker & Dervan, 1985; 1989). A 4 8  is not a strong 
alkylation site for any of the sulfonate ester Lex compounds. 
Calculations indicate that in the minor groove the deepest 
negative electrostatic well exists at A-T-rich regions (Pullman, 
1988). Accordingly, it has been argued that the binding of 
mono- and dicationic Lex compounds to A-T-rich regions 
has a significant electrostatic component (Lee et al., 1988; 
Marky & Breslauer, 1987). The current workcannot address 
the question of A-T sequence-specific electrostatic interactions 
between the neutral Lex peptide and DNA; however, the 
similar sequence and orientational preferences of monocationic 
tripeptide Dis and neutral dipeptide Lex strongly argue against 
the role of electrostatics in sequence or orientational selectivity. 

Orientational Preferences. It was first noted by Dervan 
and co-workers that a monocationic distamycin analogue 
derivatized with a DNA cleaver can adopt both possible 
orientations within an individual equilibrium binding region. 
In general the N-terminus of the peptide points toward the 
3’-end of the T-rich strand (Schultz et al., 1982; Taylor et al., 
1984). NMR and crystallographic studies, although limited 
in number, tend to confirm this orientational bias (Coll et al., 
1987; Pelton & Wemmer, 1990b). This preference was also 
seen in the interaction of BrCHzCO-Dis with the 167-bp 
pBR322 fragment (Baker & Dervan, 1989). MeOSO2(CH2)r 
Lex at some binding sites shows a similar orientational 
preference, while at other sites none is obvious. The orien- 
tational preference of the Lex molecule used in this study is 
most easily seen in the Watson strand at the A4 stretches 
starting at 5’-A267 (data not shown), -A287, and -A304 in the 
576-bp fragment (Figure 3B). In all three sets the favored 
orientation has the methylating end (N-terminus) of the 
molecule toward the 3’-end of the T-rich strand and the most 
reactive A is the one second from the 5’-end (Figure 3). In 
the binding sites flanked by G-C bp’s (beginning at 5’-A267 
and 5’-A287), the MeOSO2(CH2)2-Lex must associate with 
the 3’-GC bp in order to bind in the site and still methylate 
the A that it does. These results indicate that the Lex prefers 
not to bind across the central two A’s, since this would result 
in preferential methylation at the 5’-terminal A in the runs. 
The observation of an orientational preference at a GAAAAG 
run implies the sequence is not symmetrical. This is in accord 
with NMR data that demonstrate that A4 runs are bent and 
that there is a B-B’ conformational transition between the 
middle A’s with associated changes in propeller twisting (Coll 
et al., 1987; Sarma et al., 1990; Chuprina et al., 1991). That 
the neutral Lex compounds show the same interactions with 

these sequences as the ionized distamycin tripeptide indicates 
that the origin of the orientational preference can be narrowed 
down to the dipeptide structure. The crystal structure data 
on distamycin disclose several differences on the interactions 
of the two ends of the antibiotic with DNA. On the carboxyl 
terminus, the amide N-H (H-bond donor) and the C3-H 
(VDW contact) of the associated pyrrole point toward each 
other and sterically interact. The result is a significant 
torsional angle between these two H’s. On the amino terminus 
there is no similar steric effect, with the N-H and C3-H being 
virtually parallel and nearly coplanar to each other. Exactly 
how the different ends of the peptide interact with the 
asymmetrical minor-groove recognition sequence remains to 
be determined. 

CONCLUSIONS 

In an attempt to enhance our control over DNA alkylation, 
we have prepared alkyl sulfonate esters that are tethered to 
a DNA affinity binding peptide. These are bimolecular 
alkylating agents; therefore, no diffusible species is involved, 
and the alkyl group is only delivered to DNA sites it can 
“touch”. Sequencing gel studies show that high groove and 
sequence specificity, dictated by the binding of the peptide, 
are obtained with both the MeS02O(CH2),,-Lex and 
MeOSO~(CH~)fl-Lexcompounds. The adduct data show that 
the predominant point of electrophilic attack occurs at N3-A. 
To our knowledge, MeOSO2(CHz),,-Lex are the first com- 
pounds that predominantly methylate this position in duplex 
DNA. The ability to alter the “normal” alkylation patterns 
will be useful in understanding the contributing role of different 
DNA adducts in toxicity and mutagenicity, in the design of 
novel chemotherapeutic agents, and in unraveling the activity 
of different DNA-repair enzymes. 
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