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ABSTRACT Two-dimensional NMR has been used to
study the 2:1 distamycin A-d(CGCAAATTGGC)-d(GCCAA-
TTTGCG) complex. The nuclear Overhauser effect spectros-
copy (NOESY) experiment was used to assign the aromatic and
C1'H DNA protons and to identify drug-DNA contacts. These
data indicate that two drug molecules bind simultaneously in
the minor groove of the central 5'-AAATT-3' segment and are
in close contact with both the DNA and one another. One drug
binds with the formyl end close to the second adenine base of
the A-rich strand, while the other drug binds with the formyl
end close to the second adenine of the complementary strand.
With this binding orientation, the positively charged propyl-
amidinium groups are directed toward opposite ends of the
helix. Molecular modeling shows that the minor groove must
expand relative to the 1:1 complex to accommodate both drugs.
Energy calculations suggest that electrostatic interactions, hy-
drogen bonds, and van der Waals forces contribute to the
stability of the complex.

An understanding ofdrug-DNA interactions at the molecular
level is important in facilitating the design of new drugs and
probes that can recognize specific DNA sequences. Distamy-
cin A is an oligopeptide antibiotic (Fig. 1) that binds prefer-
entially to the minor groove of A+T-rich DNA sites (1, 2).
Recently, several studies of 1:1 distamycin A-DNA com-
plexes have provided insight into both the specificity and the
forces responsible for the tight binding of this drug. Foot-
printing and affinity cleaving studies (3) have shown that
distamycin A binds tightly to 5'-AAATT-3' in two orienta-
tions to a degree dependent on flanking base pairs and, in
general, prefers sites that contain several adjacent adenine
residues. NMR studies of distamycin A with d(CGCGAAT-
TCGCG)2 (4, 5) have shown that 5'-AATT-3' is a good
binding site, while calorimetric studies of distamycin A with
d(GCGAATTCGC)2 (6) indicate that the binding constant for
the complex is near 3 x 108 M-1, and that the binding process
is enthalpy driven. Recent crystallographic studies of dis-
tamycin A with d(CGCAAA1TJ7GCG)2 (7) revealed that the
drug bound to a 5'-ATTT-3' sequence, although other sites
with four A-T base pairs were available. Similar results have
been obtained from footprinting (8, 9), calorimetric (10),
crystallographic (11-14), and NMR (15-18) studies of
netropsin-DNA complexes. Analysis of these data indicates
that van der Waals forces, hydrogen bonds, and electrostatic
forces (19) contribute to the stability of these complexes and
the sequence specificity of these drugs.

Using NMR spectroscopy, we have now examined the
binding of distamycin A to d(CGCAAATTGGC)-
d(GCCAAITTTGCG),t henceforth called the AAATT du-
plex. Our major motivation was to examine which binding
sites were occupied in solution when a sequence with more
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FIG. 1. Schematic ofdistamycin A. The drug consists of a formyl
group, followed by three N-methylpyrrole carboxamide units, and a
propylamidinium group. The numbering scheme used in this paper is
shown.

than the minimal four A-T base pairs was available. Titration
of the DNA with distamycin A showed that at low drug-
to-DNA ratios at least two different binding sites were
occupied. The binding behavior in this regime will be de-
scribed elsewhere. At higher amounts of added drug, but still
below a 1:1 ratio, a new binding mode was evident; a complex
using this mode became the only form present at a drug-
to-DNA ratio of 2:1. It is the structure of this 2:1 complex
which will be described here. Nuclear Overhauser effect
spectroscopy (NOESY) (20) data were used to assign the
single set ofDNA resonances and identify contacts between
the bound drugs and the DNA and also between the two
inequivalent drugs in the complex. Distance restraints de-
rived from the NOESY experiment were used with the
Assisted Model Building and Energy Refinement (AMBER)
(21) molecular mechanics program to develop a model for the
complex and to evaluate the contributions to the binding
energy.

MATERIALS AND METHODS
Distamycin A was purchased from Sigma and used without
further purification. Drug concentrations were calculated by
using an extinction coefficient of 34,000 M-1-cm-1 at 303 nm.
Due to the instability of the drug in aqueous solutions, fresh
samples were prepared for each titration.
*The deoxynucleotides d(CGCAAATTGGC) and d(GC-
CAA1TTTGCG) were synthesized by using the phosphite
triester method (22, 23) on an Applied Biosystems 381A
synthesizer. DNA reagents were purchased from American
Bionetics (Hayward, CA). After deprotection by heating
overnight at 60°C in 15 M NH40H, the dimethoxytrityl
(DMT)-containing oligomers were purified by reverse-phase
C18 chromatography on an IBM LC/9533 ternary gradient
chromatograph using a triethylammonium acetate/aceto-
nitrile solvent system. The dimethoxytrityl groups were

Abbreviations: NOE, nuclear Overhauser effect; NOESY, nuclear
Overhauser effect spectroscopy; D1, drug 1; D2, drug 2.
*To whom reprint requests should be addressed.
tNumbering scheme for the undecamer is strand 1, d(CGCAAAT-
TGGC), residues 1-11, and strand 2, d(GCCAAlT-lGCG), residues
12-22. Residue 1 is referred to as C1, etc.
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cleaved in 80% (vol/vol) acetic acid, then the strands were
mixed, annealed, and applied to a hydroxylapatite column
(Bio-Rad DNA-grade) to remove excess single strands. The
duplex was then dialyzed against 5 mM sodium phosphate,
pH 7.0/5 mM sodium chloride. The final sample buffer
contained 10 mM sodium phosphate, 10mM sodium chloride,
1 mM EDTA, and 0.5 mM 2,2,3,3-tetradeutero-3-(trimethyl-
silyl)propionic acid (TSP) as an internal reference. Extinction
coefficients for d(CGCAAATTGGC) and d(GCCAATT-
TGCG) were calculated (24) to be 1.04 x 105 and 1.01 x 105
M-1cm-1, respectively. Absorbances were determined at
80'C. Double-strand DNA concentrations for samples used in
various experiments were 2-4 mM. The purity of the oligo-
mer was greater than 90% as judged on the basis of results of
PAGE.
NMR samples were prepared by drying in a Speed Vac

concentrator (Savant) and dissolving in 99.96% 2H20 (ICN).
To observe exchangeable protons the sample was redissolved
in 400 pl of a 90:10 (vol/vol) H20/2H20 solution.
NOESY spectra were acquired on a GN-500 spectrometer

(General Electric Instruments) and were processed as de-
scribed (5). One-dimensional NOE difference spectra of
exchangeable protons were acquired by interleaving on- and
off-resonance saturated spectra. A 1-3-3-1 pulse sequence
(25) was used to suppress the solvent resonance.

RESULTS
DNA and Drug Proton Assignments. Expansions of the

aromatic to upfield (1.0 ppm) and aromatic to C1'H regions
of a NOESY spectrum of the AAATT duplex taken with two
equivalents of added drug are shown in Fig. 2. In the aromatic
to C1'H region, cross peaks correlating each DNA aromatic
proton (pyrimidine H6 or purine H8) with a C1'H on the same
base and with a C1'H proton on the 5' neighboring base were
found for both DNA strands, allowing the assignment of
these protons by sequential methods (26, 27). These connec-
tivities were confirmed by assignment of the C2'H and C2"H
protons. A review of the intensities of these cross peaks did
not suggest any striking conformational changes in the
AAATT duplex. A more detailed conformational picture
would require an analysis of the time dependence of the
NOESY cross peaks, which was not attempted in this study.
Additional peaks in this region arise from intermolecular
contacts (discussed below).

7.2
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FIG. 2. Expansion of the aromatic to upfield and aromatic to
C1'H regions of a NOESY spectrum of the 2:1 distamycin Al
d(CGCAAATTGGC) complex (200C, mixing time 150 ms). The
sequential connectivities of the A-rich and T-rich strands are denoted
by solid and broken lines, respectively. Intraresidue aromatic to
C1'H cross peaks are indicated with numbers. Drug proton and DNA
C2H proton positions are explicitly labeled.

Cross peaks in the aromatic to C1'H region of the NOESY
spectrum were also used to assign several adenine C2H
resonances. In general, for A-rich sequences, NOEs are
observed from the C2H of an adenine residue to the C1'H of
its 3' neighbor, and to the 3' neighbor of the complementary
base (28-31). These are clearly seen in NOESY spectra ofthe
AAATT duplex alone (data not shown). Since A6 and T19 are
the 3' neighbor and the 3' neighbor of the complementary
base of A5, respectively, the resonance at 7.71 ppm, with
cross peaks to A6 and T19 C1'H, must belong to A5 C2H.
Another pair of cross peaks connect the resonance at 8.13
ppm with T8 and T17 C1'H, which must therefore belong to
A16 C2H. Finally, cross peaks correlate a resonance at 8.07
ppm with T7 C1'H and A5 C2H and must belong to A6 C2H.
These assignments were confirmed, and, in addition, the A4
and A15 C2H assignments were determined by systematic
one-dimensional NOE experiments of the DNA imino pro-
tons (32). The DNA aromatic and C1'H proton assignments
are summarized in Table 1.
The origins of the drug H3 pyrrole resonances in the 2:1

complex were determined by first assigning these resonances
after addition ofa stoichiometric amount of distamycin A. At
this point in the titration, two sets of drug resonances
appeared (ratio 1.5:1) between 6.3 and 6.7 ppm corresponding
to the binding ofdistamycin A in one oftwo orientations (33).
The drug H3 proton assignments associated with the major
binding form were determined through one-dimensional
NOEs of the drug amide protons as described (4). The drug
H3 proton assignments associated with the minor binding
form were then obtained by analysis of chemical exchange
cross peaks observed in a NOESY spectrum (20) taken with
0.5 equivalent ofadded distamycin A (33). These cross peaks
occur due to exchange of the drug between the major and
minor binding sites, allowing for the direct transfer of the
major form assignments to the minor form. These major and
minor form assignments were then transferred to the 2:1
complex, in a similar manner, by analysis of chemical ex-
change cross peaks observed between the 1:1 and 2:1 com-
plexes, in aNOESY spectrum acquired with 1.25 equivalents
of added drug. The drug proton assignments are summarized
in Table 1.

Intermolecular Contacts. In addition to the intramolecular
NOEs used in assignment ofDNA resonances, the NOESY
spectrum contains many intermolecular (drug-DNA) NOEs,
indicating close proximity of specific drug-DNA proton
pairs. In Fig. 2 it can be seen that each H3 proton gives a
strongNOE to a C1'H proton. Specifically, the chemical shift
degenerate H3-1 protons of the two drugs, which will here-
after be referred to as D1 and D2, give NOEs to A6 and T17
C1'H, while the D1 and D2 H3-2 protons give NOEs to T7 and
T18 C1'H, respectively, and the D1 and D2 H3-3 protons give
NOEs to T8 and T19 C1'H, respectively. Cross peaks also
correlate each drug H3 proton with an adenine C2H proton.
Specifically, cross peaks correlate the D1 and D2 H3-1
protons with A5 and A16 C2H, the H3-2 drug protons with A6
C2H, and D1 and D2 H3-3 protons with A16 and A5 C2H,
respectively. An NOE is observed between H3-1 and A6
C2H, but it is weaker than the other H3-1-C2H cross peaks
by a factor of 3, and it may contain contributions from the
H3-1 protons of both drugs. Intermolecular NOEs are also
observed between two sharp resonances at 7.92 and 7.99
ppm, which can be assigned to the D1 and D2 formyl protons,
and A5 and A16 C1'H, respectively.

In the aromatic to upfield region of the NOESY spectrum
(Fig. 2), it can be seen that NOEs connect the D1 and D2
formyl protons with a resonance at 1.12 ppm and with
resonances at 2.14 and 2.20 ppm, respectively (not shown).
Examination of the upfield region of the NOESY spectrum
revealed the presence of strong NOEs between the resonance
at 1.12 ppm and the resonances at 2.14 and 2.20 ppm.

Proc. Natl. Acad. Sci. USA 86 (1989)
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Table 1. DNA and drug proton resonance assignments in the 2:1 distamycin A'd(CGCAAATTGGC) complex (ppm)
DNA assignments Drug assignments

Residue Aromatic* C1'H Residue Aromatic* C1'H Residue D1 D2

C1 7.61 5.74 G12 7.95 6.00 HF 7.92 7.99
G2 7.97 5.84 C13 7.51 6.06 H3-1 6.00 6.00
C3 7.33 5.80 C14 7.46 5.83 H3-2 6.35 6.33
A4 8.48 5.44 A15 8.53 5.65 H3-3 6.14 6.22
A5 8.28 5.74 A16 8.44 6.08 CH2 1.12 1.12
A6 8.17 5.28 T17 7.24 5.33 2.14 2.20
T7 7.06 5.45 T18 7.30 5.58
T8 7.23 5.19 T19 7.30 5.27
G9 7.67 5.60 G20 7.76 5.78
010 7.71 5.89 C21 7.33 5.65
Cl1 7.44 6.20 G22 7.94 6.15

D1 and D2 are drug 1 and drug 2; see text.
*Purine H8 or pyrimidine H6 proton.

Furthermore, the resonance at 1.12 ppm is J coupled to these
resonances [determined in a correlated spectroscopy (COSY)
spectrum, not shown] and to a pair near 3.5 ppm. This pattern
is indicative of the D1 and D2 propylamidinium group pro-
tons. Thus, the peak at 1.12 ppm contains two C20 methylene
resonances, one from each drug, while the peaks at 2.14 and
2.20 ppm correspond to the other C20 protons ofD1 and D2,
respectively. The cross peaks in the aromatic to upfield
region therefore represent intermolecular drug-drug contacts
between the formyl and methylene groups. NOEs are also
observed between the C20 protons and both A4 and A15
C2H, which are degenerate in chemical shift. A summary of
the drug-DNA and drug-drug contacts is given in Table 2.

DISCUSSION
In titrations of the AAATT duplex with distamycin A,
resonances associated with the new 2:1 binding mode are
observed before a stoichiometry of 1:1 is reached, accounting
for approximately 10% of the total at three-quarters of an
equivalent ofadded drug. This indicates that the drug binding
affinity in the 2:1 mode is almost as high as in the 1:1 modes.
Exchange studies further suggest that the two drugs do not
bind as a preformed dimer (details will be presented else-
where). We have also studied the binding of distamycin A to
an oligonucleotide containing the sequence 5'-AAAT1T-3',
and we find a very similar 2:1 binding mode. However, in this
case, the 2:1 complex becomes populated at lower amounts
of added drug (below one-half equivalent), indicating an
affinity that is essentially the same as in the 1:1 mode.
The precise drug binding sites can be inferred from the

intermolecular drug-DNA NOEs. For D1, the H3-1, -2, and
-3 pyrrole protons give strong NOEs (and are therefore close)
to A5, A6, and A16 C2H and A6, T7, and T8 C1'H protons,
respectively. Hence, the D1 pyrrole rings span the A5-A6-T7
sequence, oriented so the formyl proton is near the 5' side of
Table 2. Intermolecular NOEs observed in the 2:1 complex

NOEs between
drug and DNA protons NOEs between

DNA proton DNA proton drug protons
Drug correlated correlated D1 D2
proton with D1 with D2 proton proton

HF A5 C1'H A16 C1'H HF CH2
H3-1 A5 C2H A16 C2H CH2 HF

A6 C1'H T17 C1'H
H3-2 A6 C2H A6 C2H

T7 C1'H T18 C1'H
H3-3 A16 C2H A5 C2H

T8 C1'H T19 C1'H
CH2 A15 C2H A4 C2H

the A-rich strand. NOEs between D1 HF and A5 C1'H and
between D1 CH2 and A15 C2H confirm this binding orien-
tation. Similarly the H3-1, -2, and -3 pyrrole protons ofD2 are
close to A16, A6, and A5 C2H and T17, T18, and T19 C1'H,
respectively. This indicates that the D2 pyrrole rings span the
A5-A6-T7 sequence in a manner similar to D1, but with the
drug oriented so the formyl proton is near the 5' side of the
T-rich strand. NOEs between D2 HF and A16 C1'H, and
between D2 CH2 and A4 C2H confirm the binding orientation
of D2. Furthermore, the observed interdrug HF-CH2 NOEs
confirm the positions of D1 and D2 relative to one another.
Together, these data indicate that there is a two-drug minor-
groove binding site in the central portion of this undecamer,
with D1 in close contact with the sequence 5'-AATT-3' of the
A-rich strand, and with D2 is in close contact with the
sequence 5'-ATIT-3' ofthe T-rich strand, as indicated in Fig.
3.
The NMR data also indicate that the sequence and orien-

tational specificity in the 2:1 mode is very high. At low
drug-to-DNA ratios, where 1:1 complexes dominate, we have
evidence that the drug binds to all four possible binding sites
composed of four successive A*T base pairs (unpublished
observation). However, we observe only one form of the 2:1
complex. It seems reasonable that the antiparallel orientation
of the drugs is favored because it reduces charge-charge
repulsion between the positively charged propylamidinium
groups. Moreover, of the two possible antiparallel complexes

H2N NH2

CH2

NH TC1 H- C2H A

NAH/ 18 _ C1'H -5 HF-CO
HW TC-C2H A5 H

-H5>H TC1 H CAHHAN6Co
HN)H N-

C1CH T co

H OC- H C2H CHH

//H
OH2

H2

H2N NH2

FIG. 3. Schematic of the distamycin A binding sites on d(CG-
CAAATTGGC). Intermolecular contacts are represented by lines.
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(differing by exchange of the drugs across the minor groove),
only one is observed, indicating that the drugs are able to
"read the walls" of the minor groove in considerable detail.
The exact mechanism by which this is accomplished is not yet
clear.

Qualitative modeling was carried out with the AMBER
molecular mechanics package as described previously for a
1:1 complex (5). For the present calculations the D1 and D2
H3 to C1'H and adenine C2H proton distances were used as
constraints. The resulting structure is presented in Fig. 4. In
previous studies of distamycin A- and netropsin-DNA com-
plexes, electrostatic interactions, hydrogen bonds, and van
der Waals forces have been put forth to account for the large
binding energy associated with these drugs. In our model, the
charged end of each distamycin A molecule is located deep
in the minor groove where the electrostatic potential is large
(34), thus contributing favorably to the free energy of com-
plex formation. Hydrogen bonds between the drug amide and
A N3 and T 02 atoms also stabilize the complex. For D1
hydrogen bonds are observed between HN1 and A5 N3, HN3
and A6 N3, HN5 and T7 02, and between HN7 and T8 02.
Analogous hydrogen bonds are observed for D2. Previous
studies of 1:1 distamycin Al and netropsin-DNA complexes
(5, 7, 11-13) have shown that three-center (35) hydrogen
bonds form between the drug amide andA N3 and T 02 atoms
on opposite strands of the duplex. Formation of such hydro-
gen bonds in the 2:1 complex is impossible because the drugs
are pushed to the sides of the groove.
Molecular modeling also suggests that the distamycin A

molecules are staggered with respect to one another so that
the drug pyrrole rings of one drug stack with the amide
linkages of the opposing drug on one side, and with DNA
sugar 01' atoms on the other side. Staggering also explains
the absence ofNOEs between H3 protons on opposite drugs.
Previous studies of minor-groove binding molecules have
shown that they are in complete van der Waals contact with
the floor and walls of the minor groove. In particular,
stacking interactions were noted between the DNA sugar 01'
atoms and the drug aromatic rings (5, 11-14, 36) analogous to
those that stabilize Z-DNA (37). These interactions are also

present in the 2:1 complex, although altered in detail due to
the different positions of the drugs. Thus, in addition to
electrostatic forces and hydrogen bond formation, drug-
DNA and drug-drug stacking interactions appear to contrib-
ute to the stability of the complex.
Recent crystallographic studies have shown the minor

groove of A+T-rich sequences to be narrow when compared
with ideal B-form DNA (7, 38, 39). For example, the minor-
groove width of the A-rich region of d(CGCGAATTCGCG)2
ranged from 3.2 to 4.0 A (closest phosphate distance less 5.8
A) (38), compared to the ideal B-form value of6.0 A (48). Ifthe
thickness of each drug is taken as 3.4 A, binding two drugs
must expand the minor groove to at least 6.8 A, a value
significantly larger than found in the crystal structures ofthese
A-rich sequences. Minor groove widening has also been
observed as the result of drug binding to G-C sequences. In an
NMR study of the 2:1 actinomycin D-d(ATGCGCAT)2 com-
plex, it was shown that the pentapeptide lactone rings asso-
ciated with the benzenoid portion of each drug bind simnulta-
neously in the minor groove ofthe G-rich region ofthe octamer
with concomitant minor groove widening (40). Also, in a
recentNMR study of the G-C-specific drug chromomycin (41)
it was shown that the drug binds as a dimer to the sequence
d(TTGGCCAA)2 and that sugar ring D of one drug and the
chromomycinone unit of the other overlap and expand the
minor groove. Taken together, our data and that on G-C
sequences show that the phosphate backbone of DNA is
flexible and that the major- and minor-groove widths of both
A+T- and G+C-rich regions can be altered to accommodate
binding of other molecules. This conclusion is consistent with
the minor-groove widening observed in the trp repressor-
operator complex (42) and with the major-groove widening
observed in the bacteriophage 434 repressor-operator (43) and
EcoRI endonuclease-DNA complexes (44). Whether this flex-
ibility is sequence dependent and relates to binding specificity
remains to be determined. In any case, for the 2:1 mode, it is
clear that the intrinsic width (shape) ofthe minor groove is not
a factor in determining such specificity.
The identification of this complex by NMR may have

implications for other types of measurements on this class of

FIG. 4. Stereo drawing of the distamycin A-d(CGCAAATTGGC) complex obtained by energy refinement using semiquantitative distance
constraints derived from NOESY.
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drug as well. For instance, a considerable amount of work
using footprinting and affinity cleaving methods has been
reported (3, 45, 46). Since most of this work was performed
at very low drug concentrations relative to the number of
DNA binding sites, no problems should arise from 2:1
binding. However, some DNase I footprinting work has been
conducted at sufficiently high drug-to-DNA ratios that the 2:1
binding mode could be important (9). Moreover, in a recent
study of the minor-groove binding drugs (45)- (+)- and (4R)-
(-)-anthelvencin A, a binding site size of four base pairs was
obtained by footprinting methods, but a binding site size of
only two base pairs was obtained by optical titration under
saturating conditions (47), suggesting that these molecules
form a type of 2:1 complex. Since these molecules are

charged at both ends, it would seem that formation of a

complex similar to that seen here would be destabilized by
intermolecular charge-charge repulsion, although formation
of a highly staggered complex might be investigated. Data
obtained by other methods which utilize high drug-to-DNA
ratios (such as calorimetry) are most likely to be affected.
From the limited information now available, it is easier to
form the 2:1 complex with larger A-rich sequences (AATT
<< AAATT < AAATTT). Whether distamycin A binding to
polymers such as d(A)"-d(T)" and d(AT), might occur pref-
erentially in the 2:1 mode is, as yet, unclear.
The structure of this complex, including both the sequence

and orientational specificity, also suggests a strategy for the
design of new drugs and probes. In fact, it may be possible
to combine recognition of one strand of the DNA with
specific interactions between two drug molecules (or another
part ofthe same drug molecule), to create a sequence-specific
recognition complex. Interactions that stabilize the present
2:1 mode, and which should be used as a guide in the design
of such drugs, include drug-drug and drug-DNA stacking,
hydrogen bonding, and electrostatic forces.
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