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ABSTRACT

Minor groove binding compounds related to dista-
mycin A bind DNA with high sequence selectivity,
recognizing sites which contain various combinations
of A-T and G-C base pairs. These molecules have the
potential to deliver cross-linking agents to the minor
groove of a target DNA sequence. We have studied the
covalent DNA-DNA cross-linked complex of 2,3-
bis(hydroxymethyl)pyrrole—distamycin and [d(CGCG-
AATTCGCG)]». The alkylating pyrrole design is based
on the pharmacophore of mitomycin C and is similar in
substructure to another important class of natural
products, the oxidatively activated pyrrolizidine alka-
loids. Ligand—DNA NOEs confirm that the tri(pyrrole-
carboxamide) unit of the ligand is bound in the minor
groove of the central A+T tract. Unexpectedly, it is
shifted by 1 bp with respect to the distamycin A
binding site on this DNA sequence. The cross-link
bridges the 2-amino position of two guanine residues,
G4 and Gyy. The C3-Gyy and G 4-Cyq base pairs exhibit
Watson—Crick base pairing, with some local distortion,
as evidenced by unusual intensities observed for
DNA-DNA NOE cross-peaks. The model is compared
with a related structure of a cross-linked mitomycin
C:DNA complex.

INTRODUCTION

Ligands based on the oligopeptide antibiotics distamycin and
netropsin can be designed to bind specific sequences of DNA. These
natural products are di- and tripeptides that bind with submicromolar
affinity in the minor groove at sites containing at least four
successive A-T base pairs-{2). Investigations of these molecules
in complexes with DNA by X-ray crystallographi/1(13), NMR
spectroscopy 914-17) and thermodynamic method48(19)
reveal that hydrogen bonding, van der Waals interactions and
electrostatics all contribute to their binding affinity and specificity.

Structural studies of complexes of netropsin and distamycin
with various DNA oligomers led to the design of analogs which
have been sigessful in recognizing specific mixed A+T- and
G+C-containing sequenceX)}26). Most recently an analog has
been developed which binds an entirely G+C coreZi)e This
well-characterized class of molecules has the potential to target
a variety of DNA sequences with predictable binding behavior and
could deliver a cross-linking agent to the minor groove of the target
DNA sequence.

2,3-bis(Hydroxymethyl)pyrrole, an inefficient DNA cross-
linking agent alone, has been synthetically tethered to a distamycin
analog to form a 2,3-bis(hydroxymethyl)pyrrole—distamycin
conjugate (XL-Dst) (Figl; 27). The bis(hydroxymethyl)pyrrole
function mimics in part the functionality present in reductively
activated mitomycins or oxidatively activated pyrrolizidine alkaloids
(Fig. 2; 28). This substructure cross-links the minor groove amino
group of guanines of the sequence d(CG), albeit slowly. The
conjugation of this agent to distamycin results in a molecule shown
to have a high efficiency of interstrand cross-linking in both a

Several effective anti-tumor substances function by alkylatinipearized plasmid and synthetic DNA oligomer37)( and

DNA (1,2). Although the DNA sequence selectivity of these agentspecificity for sites bearing the distamycin binding sequence
can be high, the length of the sequence recognized is invariably qaithacent to a pyrrole cross-linking sequence. The distamycin portion
small. For example, mitomycin C, which has been used clinically tof the ligand is important: the conjugate is 1000-fold more active
treat a variety of cancers, selectively cross-links guanines in tti&n 2,3-bis(hydroxymethyl)-1-methylpyrrole alog&)(

sequence CG to form a cross-link in the minor grodve)( It is Other DNA alkylating reagents have been conjugated to
possible that a molecule which could target a very restricted setroémbers of the distamycin/lexitropsin class of molecules. Most
binding sites might be therapeutically more valuable. The cros®m DNA monoadducts 20-34), with some forming the
linking agent described herein was designed as an initial step towgeherally more cytotoxic interstrand cross-liri&35). Many of

the goal of achieving selectivity for longer DNA sequences. these alkylating agents alone have no sequence preference, but ir
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Figure 1. Structure of the 2,3-bis(hydroxymethyl)pyrrole—distamycin conjugate
(XL-Dst). The cross-linking pyrrole unit is shown by heavy lines.

the conjugated molecule alkylate sequence specifically and in the
minor groove. To our knowledge no detailed structural studies have
been done on either covalent or non-covalent complexes of any of
these compounds with DNA.

We have used NMR spectroscopy to determine the binding \05.
mode of a 2,3-bis(hydroxymethyl)pyrrole—distamycin conjugate
covalently cross-linked to [d(CGCGAATTCGC&)We present XL-Dst adduet

a semi-quantitative model of the cross-linked DNA and discuss
the ligand binding site. The model is compared with a reIatelq'g re 2. Comparison of the structures of the cross-linking agents mitomycin C

I . . . igu . [ uctu -lINKI fomyci
structure of a cross-linked mitomycin C:DNA complex. and 2.3-bis(hydroxymethyl)pyrrole.

MATERIALS AND METHODS
Synthesis and purification of cross-linked oligonucleotides NMR experiments and resonance assignments
XL-Dst was synthesized as described previoly The oligo-
nucleotide d(CGCGAATTCGCG) was synthesized on an aut
mated DNA synthesizer and purified by standard methods.
The following reaction was conducted to yield a sample
cross-linked DNA for NMR experiments. The purified oligome
d(CGCGAATTCGCG) (2.3 umol duplex) was dissolved in
35.2 ml of a solution of 50 mM HOAc/NaOAc buffer, pH 5.0
100 mM NaCl and 5 mM Mggin a 50 ml plastic centrifuge tube.
This solution was then treated with XL-Dst (@rfol in a total
volume of 0.5 ml CHOH, added in 5@l aliquots, vigorously
shaken after each addition) and the mixture was allowed to st spectra were acquired in TPPI mod&)(

at ambient temperature for 4.5 days. The DNA-containing produClyy,q ja4a were processed with FELIX v. 2.30 (Hare Research) on
was recovered by ethanol precipitation. The cross-linked prodLgt Silicon Graphics IRIS/4D workstation. Skewed sine bell

was separated from native DNA or alkylated single strands o : o : ;
20% denaturing polyacrylamide gel. The band with electrophorer;tlﬂmt'ons were used for apodization of the free induction decays.

mobility roughly half that of native single strand was excised frorne
the gel and the product recovered by a crush-and-soak proced
The sample was desalted using a C18-RP Sep-Pak (Watersg)
afford 137 ODBgg of cross-linked duplex DNA.

The numbering scheme for the cross-linked oligomer is:
5-Ci Gy C3 G4 As Ag T7 Tg Cg Gig C11 G123 (strand 1)
3-Gas Cp3 Gpz C21T20 T19A18A17G16C15 Gua C135  (strand2) A model of XL-Dst cross-linked to [d(CGCGAATTCGCgYyas
Bold lettering indicates the sites of cross-linking. built based on the NMR data. Watson—Crick hydrogen bond

restraints were employed for all base pairs, based on the presence
of slowly exchanging imino protons in the NMR spectrum.
Ligand—DNA distance restraints were generated from the volume
NMR samples were prepared by dissolving the dried, cross-link@ttegrals of the cross-peaks in th&€INOESY spectrum acquired
oligonucleotide duplex in 0.5 ml 10 mM potassium phosphatat a mixing time of 200 ms as described previod&\2(). The
buffer, 50-500 mM NaCl, pH 7.0, and then lyophilizing to drynessross-peak volumes were classified semi-quantitatively into three
For experiments carried out inoD the solid was redissolved categories: strong (1.8-2.8 A), medium (1.8-3.5 A) or weak
in 0.5 ml 99.96% BO (Cambridge Isotope Laboratories) and for(1.8-5.0 A) relative to the volume integrals of the cytosine H5—-H6
experiments in bD a 90% HO/10% DO solution was used. The cross-peak volumes. Model refinement was performed with and
concentration of the NMR sample was 1.0 mM in duplex. without intramolecular DNA restraints in the region of the

NMR experiments were performed on a 500 MHz GE Omega or
% Bruker AMX-600 spectrometer. Spectra yOHvere acquired

sing a 1-1 pulse sequence to suppress the water signal. 2D
. OESY spectra in pO were acquired at 3C with a spectral
width of 13514 Hz, 64 scans/increment and a mixing tynef
200 ms, and at 4& with a spectral width of 13889 Hz, 64
' scansf/increment angy 350 ms. 2D NOESY spectra in@were
acquired at 30 and 3€, with a spectral width of 5000 Hz, 64
scans/increment am, 200 ms. A 2D TOCSY in D was
aTFquired at 35C, with a spectral width of 5000 Hz angl50 ms.

sonance from the frequency spectrum. NOESY spectra of the
Bnd:DNA complex in BO and BO enabled assignment of the
A and ligand resonances as described beléyt (,21,38,39).

Distance restraints

Sample preparation
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cross-link. Some long distance restraints of 4.0-7.0 A derived froreflects weaker binding of the modified ligand in the non-covalent
several missing base aromatic—sugat NDESY cross-peaks DNA complex.
were used.

Model refinement 1D NMR of cross-linked DNA

We performed preliminary NMR studies on three versions of
The model of the [d(CGCGAATTCGCGHuplex was constructed x| _Dst covalently cross-linked to d(CGCGAATTCGGGThe

using the Biopolymer module of Insight Il (Biosym) from Sta”qar‘%ompounds differed in the length of the (hHether connecting
B-form DNA. A new potential was added to the AMBER force fielde cross-linking pyrrole with the distamycin unit, where2, 3 or

for the adducted guanine N2 atoms. XL-Dst was assembled usilgThe 1D NMR ‘spectra of the = 2 andn = 4 cross-linked

the sketcher module of Insight Il (Biosym) and assigned AMBERsomplexes show little dispersion and very broad imino proton
type potentials. The partial charges on the atoms were obtainedrB¥onances (data not shown). These data suggest weaker binding c
a MOPAC calculation on the ligand. The ligand model Wage distamycin end of the molecule in these complexes. The NMR
manually docked into the minor groove using Insight Il. spectrum of the = 3 cross-linked complex was chosen for further

Energy minimizations were performed using the Discover modulggy because the resonances are relatively narrow with better
of Insight Il (employing the AMBER force field). Force constantSshemical shift dispersion.

of 200 (kcal/mol)/& and 50 (kcal/mol)/A were used for the
experimentally derived Watson—Crick hydrogen bond restraints and ,
ligand-DNA NOE restraints respectively. The cut-off distance fdNMR resonance assignments of DNA

non-bonded interactions was set at 18 A, with a switching distan f ; f th | lex th f th
of 2 A. A distance-dependent dielectric of the fermR was used ﬁ&n olci)g;[)nrgg?r[]d?CégG(j:X'?'l'e&th%r%ﬁse)k()rgfer? y;?](rjn%t]rg/ t\?vot €

to account for solvent effects. The energy of the complex W@sa strands have non-degenerate resonances which can be

initially minimized using 100 steps of a steepest descents algorit igned independently. Part of a NOESY spectrum of the
and 3000 steps of conjugate gradient minimization. The final modg] S+ e . P .
was created by subjecting the minimized starting model to 12 ps DstDNA complex in HO is presented in Figus; showing
restrained molecular dynamics (RMD) at 300 K, which Wagy\a hase H6 HS8. adenine H2 and thvmi
) ' ymine methyl proton

subsequently cooled to 100 K over 6 ps, followed by 5 ps of RMRAqnances in the free and the cross-linked DNA were made from
at 100 K. The model was then energy minimized by conjuga}ﬁe DO NOESY spectra (see Talilp

I

gradient minimization to a final rm.s. derivative of <0.05 (kcal/' tha adenosine H2 assignments were made based on cross-peak

eral ligand—DNA cross-peaks. Chemical shift assignments of the

2

mol)/AZ. from the H2 protons to intrastrand and interstrand deoxyribdse H1
protons in the BO NOESY. Cross-peaks from the H2 protons to

RESULTS thymidine imino protons in the 2@ NOESY confirm these

assignments.

Several pieces of evidence define the location of the cross-link.
The 2-amino protons on the two adducted guanines resonate at
&89 p.p.m. and 8.08 p.p.m. (af@) and give rise to a weak NOE

The cross-linked dodecamer was prepared by direct admixture
two molar equivalents of XL-Dst with the synthetic dodecamef0SS-Peak. NOE cross-peaks are also observed from the two
dducted amino protons to their respective imino protons. The

Interstrand cross-linked DNA was separated from residual mon8
adducts and ueacted DNA using preparative denaturing PAGET€Sonance at 8.08 p.p.m. also has a contact to ghd2Aand
herefore is assigned to thg Zzamino proton, while the resonance

The cross-linked material had an electrophoretic mobility rough .

half that of the native single strands. The covalent connectivity 8f 8-89 P-P-m. must then be thg@-amino proton.
a closely related interstrand cross-link at the sequence CGAATT

has previously been relatively well characterizZ5B¢) and that NMR resonance assignments of the ligand
connectivity is assumed in the present case.

Sample preparation

Intense NOE cross-peaks are observed from DNA adenine H2

protons to XL-Dst pyrrole H3 and amide NH protons. In
Titration of the AATT site with XL-Dst identifying the location of the cross-link the orientation of the

ligand with respect to the DNA is established, thereby facilitating
NMR spectra were recorded at°5at a number of points in the unambiguous assignment of ligand protons. Chemical shift
titration of the duplex [d(CGCGAATTCGCG)with XL-Dst  assignments for the ligand are listed in Tablewas not possible
(data not shown). The DNA resonances broaden significantly atal stereospecifically assign the methylene protons in the tether or
shift upon addition of ligand, indicating that the complex is on thi the N(CH), tail.
fast side of intermediate exchange on the NMR time scale. UponThe H4 and H5 protons on the cross-linking pyrrole are assigned
addition of 1 M NaCl and increasing the temperature t€4be  t0 6.37 and 6.70 p.p.m. (at45) respectively. An NOE cross-peak
resonances sharpen slightly. However, due to the large linewidtivas observed between the H4 resonance and 3heCGH
we were unable to further characterize the non-covalent complesonance. The methylene protons on the cross-linking pyrrole (H2a,
of XL-Dst with [d(CGCGAATTCGCG) in any detail. H2b, H3a and H3b) were assigned, although not stereospecifically,

In contrast, when the same DNA duplex is titrated with the parebised on NOES to the cross-linked guanine amino groups. NOEs

compound distamycin distinct sets of resonances for the free am@ observed from the H3 protons to the ligand H4 and the DNA
ligand-bound DNA exist9), indicating a much slower dissociation G2 N2H protons and from the ligand H2 protons to the DNA G
rate for the unmodified ligand. This difference in rate probabliN2H proton.
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Figure 3. Expansion of the amide and aromatic to deoxyriboseddion of a NOESY spectrum of the XL-Dst:[d(CGCGAATTCGGG@)mplex (in HO, 45°C,
Tmix 350 ms). Various ligand—DNA and ligand-ligand NOE cross-peaks are labeled.

Table 1.Chemical shift assignments of the d(CGCGAATTCGE@M)plex, free and in the XL-Dst:DNA compFRex

H6/H8 H1' A H2/T CHg

Free Complex Ad Free Complex Ad Free Complex Ad
Strand 1
C1 7.61 7.66 +0.05 5.79 5.77 —-0.02
G2 7.93 7.95 +0.02 5.88 5.95 +0.07
C3 7.25 7.08 -0.17 5.63 5.84 +0.21
G4 7.82 7.87 +0.05 5.45 6.00 +0.55
A5 8.08 8.27 +0.19 5.98 6.22 +0.24 7.27 7.55 +0.28
A6 8.07 8.36 +0.29 6.14 6.20 +0.06 7.63 8.17 +0.54
T7 7.07 7.01 —0.06 5.88 5.63 -0.25 1.24 1.34 +0.10
T8 7.36 7.12 -0.24 6.08 5.70 -0.38 151 1.48 -0.03
C9 7.45 7.29 -0.16 5.66 5.30 —-0.36
G10 7.89 7.85 -0.04 5.85 5.94 +0.09
C11 7.31 7.34 +0.03 5.78 5.79 +0.01
G12 7.93 7.97 +0.04 6.15 6.19 +0.04
Strand 2
C13 7.61 7.64 +0.03 5.79 5.80 +0.01
G14 7.93 7.98 +0.05 5.88 5.88 0.00
C15 7.25 7.29 +0.04 5.63 5.74 +0.11
G16 7.82 7.91 +0.09 5.45 5.43 —-0.02
Al7 8.08 8.19 +0.11 5.98 6.05 +0.07 7.27 7.40 +0.13
Al8 8.07 8.11 +0.04 6.14 5.77 -0.37 7.63 8.23 +0.60
T19 7.07 6.90 -0.17 5.88 5.54 -0.34 1.24 1.14 -0.10
T20 7.36 6.99 -0.37 6.08 5.35 -0.73 1.51 1.37 -0.14
c21 7.45 7.02 -0.43 5.66 5.41 -0.25
G22 7.89 7.87 -0.02 5.85 5.97 +0.12
c23 7.31 7.51 +0.20 5.78 6.10 +0.32
G24 7.93 8.00 +0.07 6.15 6.17 +0.02

aChemical shifts are given in p.p.m.Q.01 p.p.m.). The residual HDO resonance is referenced to 4.65 p.p.8).f(8%oth the free and the complexed
DNA. Bold lettering indicates the sites of cross-linking.
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Figure 4. Stereo view of a molecular model of the XL-Dst:[d(CGCGAATTCGG@Ymplex obtained by energy minimization using semi-quantitative distance
restraints derived from NOESY data. For clarity, hydrogen atoms are omitted for the DNA but not for the ligand molecule.

Table 2.Chemical shift assignments of XL-Dst in the interstrand cross-linked

complex with [d(CGCGAATTCGCG{-P

Proton Chemical shift
H2(a,by 3.75, 4.07
H3(a,bf 3.80, 4.18

H4 6.37

H5 6.70

H6(a,b), H7(a,b), H8(a,by 2.26,2.27, 2.45, 2.70, 3.73
NH-1 10.25

H3-1 6.65

NH-2 9.09

H3-2 6.66

NH-3 9.30

H3-3 6.80

NH-4 Not assigned

H9(a,b), H10(a,b), H11(a,)
N,N-(CHs)2

Not assigned
Not assigned

aChemical shifts are given in p.p.nt Q.01 p.p.m.), with the residual HDO

resonance referenced to 4.52 p.p.m° @B
bRefer to Figure 1 for numbering system used.

CResonances assigned as a group.

done resonance in this group not assigned.

Ligand—DNA contacts

NOE cross-peaks localize the ligand in the minor groove of the
central AATT:AATT tract of the duplex (Tali. Cross-peaks from
DNA H2 and H1 protons to ligand pyrrole H3 and amide NH
protons indicate that the ligand pyrrole ring system spans the
5-AsAgT7Tg-3' sequence (Fid3), in the minor groove. Several
additional contacts are made between the XL-Dst protons and the
DNA. These include NOEs from the cross-linking pyrrole H4to G
C1'H, from pyrrole H2 and H3 protons tqGi2H and G N2H
respectively and from the ligand tether methylene protonsg;to G
N2H.

Molecular modeling of the complex

Atotal of 16 ligand—DNA distance restraints derived from NOE data
(see Tabl&) and the two covalent ligand—DNA bonds were used to
obtain the energy minimized model of the distamycin cross-linker
complex with CGAATT:AATTCG (Figd). There is some distortion

of the DNA helix at the cross-linking site, which does not extend
beyond the base pairs on either side of the cross-link. Although the
dimethylammonium proton is likely to be involved in hydrogen
bonding interactions with the DNA, specific acceptors cannot be
resolved by the current data and model.

Several methylene proton resonances were assigned to the lighd CUSSION
protons in the tether, H6(a,b), H7(a,b) and H8(a,b), because tl i
exhibit cross-peaks to NH-1 (the first amide of the distamycirng‘\{e of cross-link
fragment) and the cross-linking pyrrole H5. Some of the proton§_-Dst adducts guanine basé&$)and both N2 amino groups of

in this group have NOEs to the; ®I2H and A H2 protons,
consistent with the location of the cross-link ata®d Go.

deoxyguanosine residues at the sequence CG are necessary fo
efficient DNA-DNA interstrand cross-linkin@T). XL-Dst has
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previously been shown to form an interstranded cross-link with
the sequence used in this study, d(CGCGAATTCGL®Y
denaturing gel electrophoresis and mass spectrorm@jry (

Table 3.Ligand—-DNA contacts for the XL-Dst:[d(CGCGAATTCGCG)]
interstrand cross-linked complex

XL-Dst DNA NOE classificatiof
NH-1 A5 H2 w
NH-1 A6 HY m
H3-1 A6 H2 S
H3-1 T20 H1 m
H3-1 T7 H1 m
NH-2 A6 H2 w
NH-2 T7 HY m
H3-2 A18 H2 s
H3-2 T19 H1 w
H3-2 T8 H1 w
NH-3 Al18 H2 m
NH-3 T8 HI w
H3-3 A17 H2 S
H3-3 A18 H2 w
H3-3 C9H1 m
Cross-linking pyrrole H4  G22 HY m

Figure 5. View down the helical axis of) a standard B-form DNA duplex of
aNOE classification: s, strong (1.8-2.8 A); m, medium (1.8-3.5 A); w, weakthe sequence CG (built using Insight Il software) ajthe base pairsg33,,
(1.8-5.0 A). and GG in the XL-Dst:AATT cross-linked complex. Explicit hydrogen

atoms are shown only for the aromatic bases and the cross-linking pyrrole unit.

The G:-Gy2and G-G1 base pairs are stabilized by the interstrand
cross-link. The @and Gy imino proton resonances exhibit _slow Distortion of the DNA due to cross-link
exchange with solvent water, even at@swhere other imino
proton resonances are broadened due to increased exchange With model of the XL-Dst:[d(CGCGAATTCGCG)Lomplex is
solvent. In the interstrand cross-linked complex of mitomycin Ghown in Figurel. Weak intraresidue NOE cross-peaks from base
with [d(TACGTA)]> the imino proton resonances on the twoprotons to Hlprotons indicate that the bases are alitrgeometry.
cross-linked guanines are similarly unaffected by increasing terBeveral extremely weak or missing cross-peaks are indicative of
perature ). distortion in the two cross-linked base pairs, which extends to the
The NMR data confirm that the lesion occurs at the guanine Nase pairs on either side of the cross-link. In the refined model we
position. In unadducted DNA oligomers the guanine 2-aminobserve a large negative buckle for the3» base pair and a large
proton resonances are broad due to the rotation of the amino grpogitive buckle for the £&1 base pair. Additionally, the model
about the C2-N2 bond on a millisecond time scale. Covaleshows a decrease in helical twist between these two base pairs,
attachment of a ligand to N2 prevents this rotation, resulting in omaicating unwinding at the cross-link site.
narrow NMR resonance for the remaining amino proton. The two The slide between the two base pairs at the cross-link site is
substituted amino proton resonances gai@ G, have contacts unusual compared with standard B-DNA, so thpatl G4 are
to nearby ligand and DNA protons and intense NOE cross-peak®ved from the edges of the groove toward the center of the helix
to the imino proton on the same guanine base. Similar patterns anel G, and G are pushed away from the center of the helix (Fig.
observed in the cross-linked mitomycin C complex, in whictb). As a result, the cross-linked guanine bases are positioned over the
mitomycin C forms adducts in the minor groove at N2 of guanineseoxyribose H2and H2 of C3 and G;. The NMR data of the
in the sequence CG)( The chemical shifts of the substituteg G cross-linked complex agree with this model. There&onances of
and G» amino (8.89 and 8.08 p.p.m.) and imino (13.17 and3 and G4 are dramatically upfield shifted, by 0.80 and 0.99 p.p.m.
12.45 p.p.m.) protons in the XL-Dst:DNA cross-linked complexespectively, relative to the uncomplexed DNA. An upfield shift of
are similar to those observed in the mitomycin C complex (amindisis magnitude has not been observed in any complexes of
at 9.36 and 8.87 p.p.m. and iminos at 13.12 and 12.60 p.p.m.)distamycin and related analogs with DNA in our laboratory. We
Additional evidence that the cross-link is in the minor grooveonclude that these unusual shifts are due to distortion of the DNA
arises from NOEs from hydroxymethyl pyrrole protons and liganstructure by the cross-link. The cytosing Had HZ resonances
tether protons to DNA nucleotideg,@s and Go. We were unable undergo an upfield ring current shift due to stacking over the
to confirm scalar coupling between the ligand H2 protons and tlagomatic guanine base, as seen in the model, similar to ring current
G4 amino proton and between the ligand H3 protons andhe Gshifts observed for protons which are stacked over aromatic amino
amino proton. acid side chains in protein NMR studies.
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# CGCGAATTCGCG with an observed NOESY cross-peak between the H4 proton on
+ the pyrrole ring and the Hproton of Go. Patel and co-workers
GCECTTABAGE G C came to the same conclusion, based on their NMR-restrained
structure calculations and on unusual chemical shifts of the sugar
H1' and HZ protons on the analogous strand in the region of the

W CQGCQGAATTCGCG mitomycin C:DNA cross-link&).
OO0 The minor groove width of GC regions has typically been
GCEGCTTAAGCGC measured to H&—7 A (41,42). The non-planar five membered ring

in mitomycin C may widen the minor groove to 9.2 or 10.8 A,
depending on its pucke)( The bis(methoxy)pyrrole unit is planar.

Figure 6. Schematic ofd) the XL-Dst:[d(CGCGAATTCGCGYcross-linked  The minor groove width in the region of the XL-Dst cross-link
complex andlf) the non-covalent distamycin:[d(CGCGAATTCGC&pmplex. (10_11 A) is similar to that in the mitomycin C adduct.

. . Molecular design
Overall binding site

_ ) ) ) _ _The properties and dimensions of tethers are becoming increasingly
An important feature of XL-Dst is that it requires both a distamycifportant in ligand design. Tethers have been used to link a variety
binding DNA sequence and an adjacent pyrrole cross-linkingf reactive groups to lexitropsin®29-35). Two or more
sequence to cross-link DNA efficientlg4), resulting in a 6 bp  |exitropsins have been tethered together end-to&H8), sub-
binding site, CGAATT. Ligand-DNA NOEs unambiguously stantially increasing the length of the targeted site to 10 or more
confirm formation of the XL-Dst:DNA complex at this site in thepase pairs. The finding in this study that the XL-Dst tether bridges
minor groove. The tether is fully extended, bridging theTabase 1 pp, with the binding site for the tripyrrole unit shifted by 1 bp
pair. It is not clear whether the tether can tolerate a G-C base paiiefiitive to the distamycin binding site, may be due in part to the
this site. The amino group at the 2 position of guanine may stericaliyoperties of the tether. This emphasizes the need for further
interfere with the ligand binding and/or reactivity at the cross-linkingyyestigation and systematic characterization of different linkers
site. The N(CH)> tail extends across theyGye base pair, but N0 and their minor groove binding properties in 1:1 and 2:1
specific contacts are observed. _ ~ ligand—-DNA complexes.

From the model, hydrogen bonds can be inferred between ligandh critical issue in the design of sequence-specific DNA ligands
amide protons and adenine N3 and thymine O2, as seen in offi@ich contain a reactive group is the effect of the reactive group on
models of distamycin complexed to DN&6,17). The tripyrrole  the affinity and sequence specificity of the ligand. In the cases of
unit contacts three adenine H2 protons in the sequence ATT, with §e.Dst and netropsin—diazen4j each molecule contains a bulky
‘head’ of the ligand (pyrrole ring number 1 in Fly.nearest the  hydrophobic group appended to one end of the molecule and the
adenine, pointing toward the' Slirection of the strand. The NMR exchange behavior indicates lowered non-covalent binding
non-covalent complex of distamycin with [d(CGCGAATTCG- affinity relative to the parent molecules distamycin or netropsin.
CG)pis depicted in Figuré (9). It appears that the covalent linkage since the non-covalent binding event is critical to the delivery of the
in the cross-linked complex forces the tripyrrole unit to shift by 1 bpaactive group to the proper target site, this highlights the need for

toward the 3end of the first strand, relative to the distamycinstudies examining how the presence of a reactive group changes the
binding site. However, it is difficult to predict the preferred subsiteyinding selectivity of such conjugated ligands.

AAT or ATT, for non-covalent binding of XL-Dst to d(CGCGAAT-
TCGCGY) by analogy with these complexes. CONCLUSION

Comparison with mitomycin C We have characterized the DNA binding mode of a new rationally
) . ) . designed DNA cross-linking agent based on distamycin using 2D
The design of the bis(hydroxymethyl)pyrrole unit was derived fronyMR spectroscopy. In this study a distamycin derivative has been
the pharmacophore in mitomycin C (FB. There are many chosen as a starting point for the rational design of a sequence-
similarities between the structure discussed here and the StrUCturQé]iéctive cross-linker. Distamycin and its ana|ogs have shown

the cross-linked mitomycin C:DNA compleg)(In the XL-Dst  flexible and predictable DNA binding selectivity when bound to the
cross-link we find base stacking throughout the helix, but observginor groove of DNA either singly or in an anti-parallel,
several weak NOE cross-peaks between DNA base and sugar kide-by-side two drug complex. This system holds excellent promise
protons near theg@>» and G-G1 base pairs. Patel and co-workersfor the eventual design of a compound which forms interstrand
observed similar indications of base stacking and unusually weglA cross-links with high sequence selectivity for many DNA
NOE cross-peaks at the mitomycin C cross-link 8jte ( _ sequences. Further studies on the binding properties and cross-link-
The overall geometry of the modeled XL-Dst:DNA complex ining mechanism of this and related molecules will prove useful in the
this study is similar to the calculated structure of the cross-linkefévelopment of effective anti-tumor and anti-viral agents.
mitomycin C:DNA complex. In the XL-Dst model the cross-linking
pyrrole ring interacts with bases{and G» on one strand of ACKNOWLEDGEMENTS
DNA, rather than being positioned in the center of the minor
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