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ABSTRACT: The structure of the distamycin A~d(CGCGAATTCGCG), complex has been determined through
a combination of SKEWSY and NOESY 2D NMR experiments and molecular mechanics calculations.
NMR data provided upper bounds on many proton—proton pairs. The advantage of the SKEWSY/NOESY
method is that small groups of strongly coupled spins can be treated accurately as isolated systems. The
AMBER molecular mechanics package, modified to include the NMR constraints, was used in energy
refinements. Distamycin A fits snugly into the 5-AATT-3' minor-groove binding site. Structural analysis
revealed van der Waals contacts between AS, A6, and A18 C2H and drug H3 protons, potential three-center
hydrogen bonding between drug amide protons and adenine N3 and thymine O2 atoms analogous to the
spine of hydration in the crystal structure of the free DNA, and stacking of the sugar O1’ atoms of A6-C21,
T7-T20, and, T8-T19, over drug pyrrole rings 1, 2, and 3, respectively. In addition to hydrophobic effects,
hydrogen bonding, and electrostatic interactions proposed by others, it is suggested that stacking interactions
between DNA sugar O’ atoms and the three drug pyrrole rings contribute to the stability of the complex.

Understanding the structure, sequence specificity, and forces
responsible for the binding of antibiotics to DNA molecules
is an important first step in the design of new drugs and
sequence-specific probes. Distamycin A (Figure 1) and net-
ropsin {two N-methylpyrrolecarboxamide units and a guani-
dinoacetyl group in place of the formamide group of dista-
mycin A) are examples of nonintercalating antibiotics that bind
preferentially to the minor groove of A-T- and I-C-rich B-form
DNA sequences (Krey et al., 1973) [for reviews see Hahn
(1975) and Zimmer (1975)]. Footprinting and affinity
cleaving studies have shown that distamycin A binds prefer-
entially to 5~AAATT-3/, in both orientations to a degree
dependent on flanking sequences (Taylor et al., 1984; Dervan,
1986). Zimmer et al. (1972) have shown that increasing the
number of N-methylpyrrolecarboxamide units of distamycin
A from three to four and five increases the stability of the
drug-DNA complex. He attributed the increased stability to
hydrophobic effects associated with the drug pyrrole rings.
NMR studies of netropsin with d(CGCGAATTCGCG), es-
tablished that DNA adenine C2H and drug H3 protons were
in van der Waals contact (Patel, 1982), while later NMR
studies of netropsin with d(GGAATTCC), revealed inter-
molecular contacts between netropsin amide and CH protons
and DNA adenine C2H and sugar H1’ protons (Patel &
Shapiro, 1985). These contacts were also observed in the
crystal structure of netropsin with d(CGCGAATTCGCG),
(Kopka et al., 1985a—c). A recent crystal structure of the
distamycin A—-d(CGCAAATTTGCG), complex (Coll et al.,
1987) has confirmed many of the same features about binding
of these N-methylpyrrolecarboxamide-containing drugs. On
the basis of available data, some believe that hydrogen bonds
and electrostatic forces are responsible for the strong binding
of netropsin and distamycin A and that van der Waals contacts
between adenine C2H and drug CH protons determine the
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sequence specificity (Kopka et al., 1985¢c). Others believe
electrostatic forces are the main determinant of specificity
(Zakrzewska et al., 1987; Lavery et al., 1986).

Recently, the NMR resonance assignments, the kinetics,
and a qualitative structure of the distamycin A-d-
(CGCGAATTCGCG), complex were reported (Klevit et al.,
1986). We have quantified the structure of this complex by
further application of 2D NMR! techniques and molecular
mechanics calculations. It is hoped that this and similar NMR
studies will provide a molecular basis for the interaction of
distamycin A with various DNA sequences. In addition, NMR
should play an important role both in identifying multiple
binding sites and in determining the major and minor orien-
tations of the drug at these sites on longer A-T sequences.

To obtain as accurate constraints as possible for our mod-
eling studies, we began quantitative interpretation of NOESY
spectra (Jeener et al., 1979). However, these spectra were
complicated by the fact that both relatively short and long
drug-DNA contacts occur. Extension of the mixing time to
increase the intensities of the long-distance contacts resulted
in significant spin diffusion in the short-range contacts. Spin
diffusion was included in the analysis by using both SKEWSY
(Bremer et al., 1984) and NOESY experiments, which taken
together provided upper bounds for many DNA-DNA and
drug-DNA proton distances. These constraints were added
to a modified AMBER (Weiner et al., 1984) molecular me-
chanics potential function to generate a structure of the com-
plex. Structural analysis revealed that, in addition to van der
Waals contacts between drug CH and adenine C2H protons
and potential three-center drug~-DNA hydrogen bonds, that
DNA O1’ atoms that lie along the walls of the minor groove
sandwich each of the three pyrrole rings of the drug. These

! Abbreviations: 2D NMR, two-dimensional nuclear magnetic reso-
nance; NOE, nuclear Overhauser effect; 1D NOE, one-dimensional nu-
clear Overhauser effect; NOESY, two-dimensional NOE spectroscopy;
SKEWSY, skewed exchange spectroscopy; AMBER, assisted model
building and energy refinement.
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FIGURE 1: Structure and numbering scheme for distamycin A. The

drug consists of a formamide unit, three N-methylpyrrolecarboxamide
units, and a positively charged propylamidinium unit.

stacking interactions may contribute to the stability of the
complex.

MATERIALS AND METHODS

NMR Spectroscopy. NMR samples were prepared as de-
scribed previously (Klevit et al., 1986). NMR spectra were
obtained on a GN-500 spectrometer. SKEWSY and NOESY
experiments were obtained in phase-sensitive mode using TPPI
(Drobny et al., 1979). NOESY experiments were obtained
at 50-, 100-, 150-, 200-, 250-, and 500-ms mixing times. A
SKEWSY experiment was obtained in which both delay pe-
riods were 500-ms. This value was chosen to ensure that
sufficient relaxation occurred during ¢, to differentiate the
SKEWSY and NOESY peak volumes. All experiments were
conducted at 13.5 °C to limit chemical exchange of the drug
between equivalent sites on the DNA (Klevit et al., 1986). For
each t; 64 scans were signal averaged, taking 1024 complex
points with a recycle time of 2.1 s; 512 t;s were recorded per
experiment. An additional NOESY experiment was obtained
with a mixing time of 100 ms and a recycle delay of 10.2 s.
A spectral width of 5000 Hz resulted in a digital resolution
of 4.9 Hz/point. The residual HDO resonance was saturated
during both the recycle and mixing times. The data were
transferred to tape and processed with FTNMR software
(Hare Research) on Vaxstation II or Vax 11/785 computers.
In ¢, the data were apodized with a sine-bell window function
phase shifted 60° and skewed toward the beginning of the FID
prior to Fourier transformation. In ¢, the data were zero filled
to 2048 complex points and apodized as in t, prior to the
second Fourier transformation. Peak volumes were measured
by using FTNMR. Background peak volumes defined in
regions with no signal were subtracted before calculations were
performed.
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Table I. Atom Types and Point Charges for Distamycin A

point point
atom  atom type  charge atom atom type  charge
o1 C -0.20 N4 NA -0.21
Cl C 0.35 C12 CT 0.22
HF HC 0.03 C12H HC 0.01
N1 N -0.32 C10 CcwW -0.07
HN1/3/5 H 0.18 Cl4 CM 0.03
C2 M -0.15 C17 CwW 0.02
C3 CM -0.07 H17 HC 0.14
H3/9/15 HC 0.09 N6 NA -0.20
Cs CwW -0.01 C18 CT 0.19
HS HC 0.12 C18H HC 0.01
N2 NA -0.17 C16 Ccw -0.12
C6 CT 0.21 C19 C 0.43
C6H HC 0.01 04 o -0.31
C4 CwW -0.13 N7 N -0.40
C7/13 C 0.44 HN7 H 0.17
02/3 o -0.37 C20 CT 0.17
N3/N5 N -0.34 C20H HC 0.02
Cs8 CM 0.00 C21 CT -0.04
C9/15 CM -0.08 C21H HC 0.07
Cl1 CwW 0.02 C22 CA 0.39
Hil HC 0.11 N8/9 N2 -0.28
NHS8/9 H3 0.25

Molecular Mechanics Calculations. The initial DNA co-
ordinates were taken from the crystal structure of d-
(CGCGAATTCGCG), (Fratini et al., 1982). The initial
distamycin A structure was created by using the crystal
structure of netropsin (Berman et al., 1979) and standard
angles and distances. Protons were added with inhouse
software. Energy refinements were performed with a modified
version of the AMBER molecular mechanics package. NMR
constraints were included by adding the following term to the
normal potential function:

Envr = Knvr(R - Rp)? if RZ R

ENMR = 0.0 if R< Ro

R, is the upper bound on a given proton—proton distance, and
Kxnwur is an adjustable force constant. Point charges for dis-
tamycin A were determined from MNDO (Dewar & Theil,
1977) calculations. Atom types and point charges used for
the distamycin A refinement are presented in Table I.  All-
atom force field parameters for the nucleic acid were taken
from those described previously (Weiner et al., 1986). Most
distamycin A force field parameters were taken from the
united atom model of netropsin (Caldwell & Kollman, 1986)
except that Lennard-Jones parameters for the carbon atoms
were taken from the all-atom model (Weiner et al., 1986). An
angle potential for CW-CM-HC (AMBER atom types) of
35.0 (kcal/mol)/deg? and 109.5° and specific torsional pa-
rameters for C-CW-CM-HC of 6.59 kcal/mol and 180° and
for HC-CW-NA-CT of 1.71 kcal/mol and 180° were added
to the standard database. These parameters were estimated
from values reported for CM—CM-HC, C-CM-CM-HC, and
HC-CM-CM-CT, respectively (Weiner et al., 1986). All
degrees of freedom were refined. A 12-A nonbonded and 4-A
hydrogen bond cutoff were employed. Solvent effects were
accounted for through the use of a distance-dependent di-
electric of the form ¢ = R.

Distamycin A and the DNA were separately refined to an
rms energy gradient of 0.1 (kcal/mol)/A. The energy-refined
drug was then interactively docked into the minor groove of
the DNA by using a PS300 Evans and Sutherland graphics
terminal. The adenine C2H to drug H3 contacts indicated
by NOESY experiments were used as a guide in the docking
procedure. The initial complex was refined with an NMR
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FIGURE 2: NOESY spectrum of the distamycin A-DNA complex.
Aromatic to C1’H region of a symmetrized NOESY spectrum taken
at 13.5 °C with a mixing time of 500 ms. Aromatic C6H resonances
of cytosine and thymine. C8H resonances of adenine and guanine,
and C2H resonances of adenine (shown explicitly) are along the vertical
axis. Numbers denote the positions of the C1’H resonances along
the horizontal axis. T7 and T19 C1’H assignments are reversed with
respect to those reported previously (Klevit et al., 1986). Short dashed
lines show sequential connectivities between T7 C1’H and T8 C6H
and between T19 C1’H and T20 C6H. Solid lines connect resonances
A6 C2H, H3-2, T7 CI’H, and T19 CI’H, which comprise one spin
system. Long dashed lines connect resonances A18 C2H, H3-3, T8
CI'H, and T19 C1’H, which comprise a second spin system.

force constant, Kyyr, of 10000 (kcal/mol)/A? to an rms
energy gradient of 0.1 (kcal/mol)/A. Two structures were
then further refined by employing NMR force constants of
10000 and 0.59 (kcal/mol)/A? to an rms energy gradient of
0.05 (kcal/mol)/A. The dependence of the final AMBER
structure on starting coordinates was investigated by refining
a complex derived from idealized B-form coordinates (Arnott
and Chandrasekaran, private communication) using an NMR
force constant of 10000 (kcal/mol)/A? to an rms energy
gradient of 0.05 (kcal/mol)/A.

Buildup Curves. Buildup curves were calculated by nu-
merical integration of the following differential equations (Kalk
& Berendsen, 1976):

ar =-pM; - ,Z,Uiij
J#i
A2yt 3T 67,
pi = —] 7 t+ - + 1)
10 jairy 1+ (wr)? 1+ 4(wr)?

A2yt 67,
g = —_— -
Y 10 78] 1 + 4wr,)? Te
Isotropic rotation and one correlation time for all proton pairs
were assumed.

Structural Analysis. NOESY Experiments. Klevit et al.
(1986) reported several abnormalities in the NOESY spectrum
of the complex at 27 °C. Specifically, the C8H to CI’H
resonances of residues G16% and A18 were missing from the
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FIGURE 3: Experimental and simulated NOE buildup curves. Ex-
perimental points are denoted (O) C11 H5-H6, (a) H3-3-A18 C2H,
(@) H3-2-A6 C2H, and (m) H3-1-A5 C2H. (a) Experimental NOE
buildup curves for the distamycin A-DNA complex. Data were taken
from NOESY experiments with mixing times of 50, 100, and 150
ms. (b) Simulated NOE buildup curves for the distamycin A-DNA
complex. Simulated data are represented by solid lines. DNA adenine
C2H-drug H3 buildup curves were simulated by using a four-spin
approximation with distances within 0.5 A of structure Hp (see text).
C11 CSH-C6H data were simulated by using a four-spin approxi-
mation including C5H, C6H, and CH2’ protons of the same residue
and the CH2” proton of the 5’ neighbor. Distances were taken from
idealized B-form coordinates. A correlation time of 6 ns and a
spectrometer frequency of 500 MHz were used in all simulations.
Adenine C2H-drug H3 experimental points were scaled by 2.1 relative
to the C11 data (see text).

sequential connectivity pattern of strand 2. These peaks appear
in our spectra (Figure 2) taken at 13.5 °C, indicating these
residues do not undergo large structural changes.

Our data also suggest that the previously reported (Klevit
et al.,, 1986) CI’H assignments of T7 and T19 should be
reversed. The degeneracy of the T7 and T19 C6H resonances
along with the complexity of the NOESY spectrum and weak
cross-peak intensities make it difficult to assign these C1’H
protons to their respective bases by using the sequential con-
nectivity patterns. There were no cross-peaks between the
originally assigned T19 CI’H and T20 C6H in NOESY
spectra taken at 200, 250, and 500 ms. There were also no
cross-peaks between T7 C1’H and T8 C6H at 200 and 250
ms and only a weak cross-peak between these resonances at
500 ms. In contrast, all of these spectra contain cross-peaks
from the originally assigned T7 C1’H and T20 C6H. They
also contain cross-peaks between T19 C1’H and T8 C6H,
although at 500 ms this peak is weak. Therefore, we believe
that T7 C1’H should be assigned to 5.60 ppm and T19 C1’H
should be assigned to 5.37 ppm. This change does not alter
the assigned binding orientation of the drug or the other as-
signments but would introduce errors during quantitative re-
finement.

To obtain as accurate constraints as possible for our sub-
sequent molecular mechanics calculations, we attempted to
analyze NOESY spectra quantitatively. For a simple two-spin
system, in the short mixing time limit (linear regime), the rate

2 The numbering scheme for the DNA duplex is for the asymmetric
dodecamer, i.e., strand [, residues 1-12, and strand 2, residues 13-24.
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FIGURE 4: SKEWSY and NOESY NMR pulse sequences. The
SKEWSY delay periods 7, and 7, have the same value as the NOESY
mixing time 7.
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of magnetization transfer is proportional to the inverse sixth
power of the distance between the spins. To observe the
long-distance NOEs the NOESY mixing time was increased.
However, this resulted in spin diffusion for the short-range
contacts, which severely complicated the analysis. Experi-
mental buildup curves between cytosine CSH and C6H protons
and adenine C2H and drug H3 protons are presented in Figure
3a. The approximately linear rate of buildup of the cytosine
protons suggest they comprise a two-spin system at short
mixing times. However, the nonlinear rate of buildup of the
drug to DNA resonances requires a more careful analysis.
Klevit et al. (1986) reported cross-peaks in the NOESY
spectrum between A6 C2H and both T7 and T19 C1’H and
between A18 C2H and both T8 and T19 C1’H (with corrected
assignments as discussed above). From the NOESY spectrum
presented in Figure 2, these peaks can be seen to be compo-
nents of two coupled four-spin systems between A6 C2H,
H3-2, T7 C1’H, and T19 C1’H and between A18 C2H, H3-3,
T8 CI’H, and T19 C1’H. Thus, a normal analysis cannot be
used to determine distances between these protons.
Quantitative Distance Measurements. SKEWSY Experi-
ments. The NOESY spectrum, or intensity matrix a, can be
related to the relaxation matrix R, whose off-diagonal elements
are proportional to the inverse sixth power of the distance
between two spins, by the equation (Macura & Ernst, 1980)

a o« ¢l 2

where ¢, is the NOESY mixing time. In theory, one NOESY
experiment or intensity matrix a contains sufficient information
to calculate R. By taking ratios of cross-relaxation rates
(off-diagonal elements of R) and provided that the distance
between one pair of protons is known (distance marker), the
distance between the other pairs can be calculated even in the
presence of spin diffusion. In practice, however, a cannot
usually be determined due to poor resolution of diagonal peaks.
To circumvent this problem, Bremer et al. (1984) introduced
the SKEWSY experiment. It contains an initial 180° pulse
and delay period ¢, prior to the normal NOESY sequence
(Figure 4). As described by Bremer et al., this sequence
transfers diagonal peak information into the cross-peaks. Thus,
SKEWSY and NOESY cross-peaks together contain sufficient
information to calculate a and by back calculation, R, and the
distances of interest.

The advantage of the SKEWSY /NOESY method is that
small sets of spins that are involved in spin diffusion can be
treated as isolated systems. Spins that are coupled to these
sets of spins, but that are not part of spin diffusion pathways
in the set, do not affect the calculation of cross-relaxation rates
and hence distances. For example, consider the spin system
presented in Figure 5. Spin 1 is coupled to both spins 2 and
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FIGURE 5: Model three-spin system. Model spin system used to
determine the effect of spin 3 on the distance calculation between
spins 1 and 2.

Table II: Intensity and Relaxation Matrices for the Two- and
Three-Spin Systems of Figure S

intensity relaxation
matrix a matrix R
Two-Spin System
1) 0.32 0.17 2.6 -1.2
(2) 0.17 0.32 -1.2 2.6
Three-Spin System
) 0.27 0.15 0.06 3.0 -1.2
) 0.15 0.32 0.02 -1.2 2.6

3) 0.06 0.02 0.41

Table III: Intensity and Relaxation Matrices for the A6 and A18
Spin Systems

intensity matrix a relaxation matrix R

A6C2H 036 026 015 009 29 -19 -0.65 -0.32
H3-2 0.26 0.34 0.08 0.08 -1.9 3.0 -0.16 -0.27
TI9CI’'H 0.15 0.08 0.55 000 -0.65 -0.16 129 0.06
T7CI'H  0.09 008 000 062 -0.32 -027 0.06 0.99
Al18 C2H 0.15 0.37 0.21 014 28 -13 -0.77 -0.46
H3-3 0.37 0.38 0.12 0.07 -1.3 20 -0.48 -0.21
T1I9CI'H 0.21 0.12 046 0.00 -0.77 -048 1.7 0.09
T8 CI’'H 0.14 0.07 0.00 0.69 -0.46 -0.21 009 0.78

3, but spins 2 and 3 are spatially distant and weakly coupled.
Buildup curves were used to determine the intensity matrices
for both the isolated two-spin (1 and 2) and three-spin systems
(data taken at 500 ms). The relaxation matrix R for the
two-spin system was then calculated directly from the two-spin
intensities, and an approximate two-spin relaxation matrix was
calculated for the three-spin system by using intensities from
only spins 1 and 2. The results are presented in Table II.
Comparison of the relaxation matrices reveals that the diagonal
element of spin 1 has increased in the approximate case, re-
flecting an apparent increase in spin—lattice relaxation but that
the cross-relaxation rate between spins 1 and 2 (underlined),
which contains the distance information, has not been affected.
Thus, for determining the distance between spins 1 and 2,
introduction of the third spin into the calculations is unnec-
essary. Its presence is manifested only in a greater rate or
spin-lattice relaxation of spin 1.

To simplify the analysis, A6 C2H, H3-2, T7 C1’H, and T19
C1’H and A18 C2H, H3-3, T8 CI’H, and T19 C1’H were
treated as separate four-spin groups. The interaction of any
member of the set with other protons was neglected for the
reasons discussed above. The cross-peak intensities among
members of each set along with the drug diagonal peaks of
H3-2 and H3-3 were measured from the NOESY (Figure 2)
and SKEWSY (not shown) spectra taken with a mixing time
of 500 ms. These data were used in the procedure developed
by Bremer et al. (1984) to calculate an intensity matrix a and
from it the relaxation matrix R. The results are presented in
Table ITI. Notice that the cross-peak intensities between T7
C1’H and T19 C1’H and between T8 C1’H and T19 C1I’H
were set to zero. NOESY spectra taken at 200 and 250 ms
show no cross-peaks between either of these proton pairs. At
500 ms, however, a weak signal occurs between T7 C1’H and
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T19 CI’H. This peak is probably due to exchange between
the two possible binding orientations of the drug rather than
NOE. Since the intensity matrix elements of these spin pairs
were set to zero, the relaxation rates 0.06 and 0.09 s™! for
T7-T19 and T8-T19, respectively, reflect the experimental
uncertainty in the data.

The magnitude of the off-diagonal elements of R for both
H3-2-A6 C2H and H3-3-A18 C2H reveals that these pairs
are strongly coupled and hence spatially close. It can also be
seen that T19 C1’H is more strongly coupled to A6 C2H than
T7 CI’H and that the T7 sugar is more strongly coupled to
the drug H3-2 proton. In addition, T19 C1’H is more strongly
coupled to both A18 C2H and H3-3 than is T8 C1’H.

Conversion of cross-relaxation rates to distances still requires
a known distance reference, such as that between cytosine CSH
and C6H (2.45 A) (Patel et al., 1987). However, at a 500-ms
mixing time, the two-spin approximation is not valid due to
spin diffusion from these protons to the CH2’ and CH2”
protons. This could not be corrected by the SKEWSY/
NOESY method due to insufficient resolution. However,
application of the two-spin approximation to the 50-ms
NOESY data (represented by the buildup curve, Figure 3a)
does allow for the calculation of upper bounds on the CSH-
C6H and A C2H-H3 distances. The upper bounds for A6
C2H-H3-2 and A18 C2H-H3-3 were then used, along with
the relaxation matrices, to derive upper bounds between
protons in the coupled spin systems. To account for experi-
mental errors (integration, chemical exchange), 0.2 A was
added to distances derived from the relaxation matrices that
were less than 3.0 A, and 0.3 A was added to distances greater
than 3.0 A. In addition, a 5.0-A upper bound was used for
drug-DNA contacts determined from 1D NOEs reported
previously (Klevit et al., 1986). A summary of the distance
constraints is presented in Table IV.

Attempts were made to estimate the uncertainties associated
with the distance constraints by simulating the buildup curves
of Figure 3a. The simulated curves fit the experimental points
reasonably, although there were significant deviations at longer
mixing times. Possibilities for the poor fit at long mixing times
include spin diffusion or other relaxation processes not modeled
in the simulations. Another factor complicating the analysis
is the use of a short relaxation delay (2.1 s), combined with
different T, values for the C11 and adenine C2H protons that
resulted in partial saturation and differential scaling of their
buildup curves. A NOESY experiment obtained with a recycle
delay of 10.2 s and a mixing time of 100 ms revealed that each
of the A C2H-H3 NOEs was scaled by a factor of 2.1 relative
to the C11 CSH-C6H distance marker. This distortion has
been considered in the subsequent analysis.

Figure 3b presents simulated buildup curves for the C11
CS5H—-Cé6H and three A C2H-H3 proton pairs along with the
experimental points vertically scaled by 2.1 relative to the C11
pair to account for differential saturation. The fit of the
simulated and experimental data are good at 50 ms. However,
at longer mixing times there are deviations that suggest dif-
ferential saturation combines with other relaxation phenomena
(spin diffusion) to contribute to the behavior of the NOE
buildup curves. Taking a conservative approach, the A
C2H-H3 distances obtained from the 50-ms NOESY data
and those derived from them in the SKEWSY/NOESY
analysis were used only as upper bound constraints in the
subsequent AMBER calculations. Because of the uncertainties
in the data, no attempt was made to either estimate lower
bounds or include such terms in the AMBER potential
function. The differential saturation phenomena we have
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Table IV: Calculated Distances and Constraints for the Distamyecin
A-d(CGCGAATTCGCG), Structures

deviation con-
structure Hpvs H;  straint?
atom pair Hp (A) Wp (A) H;(A) A) Ry (A)
AS C2H-H3-1 2.2 2.2 2.2 0.0 2.7
AS C2H-A6 4.6 4.7 49 0.3
CI’'H
H3-1-A6 CI'H 2.8 2.8 3.0 0.2 4.2%
A6 C2H-H3-2 2.6 2.4 2.6 0.0 2.7
A6 C2H-T7 3.2 3.0 39 0.7 3.9
CI'H
A6 C2H-T19 35 5.0 3.5 0.0 3.5
CI'H
H3-2-T7 CI'H 2.5 2.5 3.5 1.0 4.0
H3-2-T19 CI'H 4.2 4.8 37 -0.5 4.3
A18 C2H-H3-3 2.3 2.3 2.2 -0.1 2.6°
A18 C2H-T19 3.0 3.2 2.8 -0.2 3.0
CI’'H
A18 C2H-T8 3.4 4.0 3.4 0.0 3.4
CI’'H
H3-3-T19 CI'H 2.5 2.8 2.5 0.0 3.3
H3-3-T8 CI’'H 2.4 2.7 2.5 0.1 3.8
NH-1-A5 C2H 2.8 2.8 2.7 0.1 5.0
NH-2-AS5 C2H 3.5 3.5 3.7 0.2 5.0
NH-2-A6 C2H 4.0 3.4 39 0.1 5.0
NH-3-A6 C2H 3.5 3.7 3.4 -0.1 5.0
NH-3-A18 4.4 4.2 38 -0.6 5.0
C2H
C21HA-A17 2.3 2.3 2.3 0.0 5.0
C2H
C21HB-C9 2.6 2.4 3.2 0.6 5.0
ClI'H

?Constraint distances are the sum of the upper bound calculated
from the relaxation matrix and an additional 0.2 A if the upper bound
was less than 3.0 A or 0.3 A if the upper bound was greater than 3.0
A. *Upper bound derived from 50-ms NOESY data. Uncertainty
added to only the H3-1-A6 C1’H pair.

observed stress the importance of making 7; measurements
and adjusting recycle delays accordingly when trying to
quantify distance information.

AMBER Structures. In the following discussion, we denote
the refined uncomplexed DNA structure starting from crystal
coordinates (Fratini et al., 1982) as F, the highly constrained
complex [Knumr of 10000 (kcal/mol)/A?] as Hp, the weakly
constrained complex [Kymr of 0.59 (kcal/mol)/A?] as Wp,
and the highly constrained complex starting from idealized
B-form coordinates as H;. Table I'V presents calculated dis-
tances for Hp, Wp, and Hj, along with deviations of Hp from
Hj;, and the NMR constraints. These data show that Hp
satisfied all of the constraints. Three distances, those between
A6 C2H and T19 CI1'H, between A18 C2H and T19 C1'H,
and between A18 C2H and T8 C1’H, however, were at their
respective constraint values. These proton pairs, along with
the H3-2-T19 C1’H pair, violated their respective upper bound
constraints when the NMR force constant was reduced. A
possible reason will be discussed below. The data also show
that H; satisfied all of the constraints. Three distances, those
between A6 C2H and T7 C1’H, between A6 C2H and T19
C1’H, and between A18 C2H and T8 C1’H, were at their
respective upper bounds.

The binding energy of distamycin A to d-
(CGCGAATTCGCG), was 106.3 kcal/mol (Hp) and in-
creased to 129.1 keal/mol (Wp) upon reduction of Kyygr. The
difference in binding energy is the sum of bond (—1.2 kcal/mol
change between Wy, and Hp), angle (-~1.4), dihedral (5.0), van
der Waals (7.6), electrostatic (14.4), hydrogen bond (0.01),
and constraint energies (—1.6). Although several constraints
were violated and the binding energy increased, an rms dif-
ference between coordinates in Hp and Wy, of 0.28 A indicates
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FIGURE 6: Stereo drawing of the distamycin A~d(CGCGAATTCGCG), complex. Structure of the drug~-DNA complex obtained with an

NMR force constant of 10000 (kcal/mol)/A? (structure Hp).

that they are very similar. The difference in total energy of
Hp from H; was +16.6 kcal/mol, and an rms deviation be-
tween Hp and H; including the drug and AATT base pairs
was 1.0 A. The rms deviation between drug molecules alone
was 0.6 A. Further discussion will focus on the general
structural characteristics of Hp, Wy, and Hy; differences will
be noted where appropriate.

Distamycin A fits snugly into the AATT minor-groove
binding site with each of the three pyrrole rings approximately
parallel to the walls of the groove (Figure 6). The amidinium
group (charge +1) is also positioned in the center of the minor
groove at the point of minimum electrostatic potential energy
(Lavery et al., 1982). In addition, the data for Hy and Wy,
in Table IV show that the AS, A6, and A18 C2H protons are
in van der Waals contact with the H3-1, H3-2, and H3-3 drug
pyrrole protons, respectively, although the A6 C2H-H3-2
distance is somewhat longer than the other two.

If the hydrogen-bond distance (N-N or N-O) is defined
as 3.0 A, only one hydrogen bond, that between AS N3 and
HN1, occurs in this structure. Longer hydrogen bonds exist
between HN3 and T20 02 (3.2 A), HNS and T7 O2 (4.0 A),
HN?7 and T8 O2 (4.4 A), HN7 and A18 N3 (3.4 A), and the
drug O1 and G4 amino group (4.3 A) in structure Hp. Two
additional long hydrogen bonds between HN3 and A6 N3 (4.4
A) and HNS and T19 02 (3.6 A) were observed when the
NMR constraints were relaxed (Wp). The hydrogen-bond
pattern in Hj is similar to that in Hp, although the HN7-A18
N3 hydrogen bond is 0.4 A longer in Hj, while the drug O1-
G4 amino group and the HN7-T8 O2 hydrogen bonds are 0.5
and 0.6 A shorter, respectively. The drug—-DNA hydrogen-
bonding scheme is presented in Figure 7. Note that in Hp
HN7 and in Wp HN3 and HNS are potentially involved in
three-center hydrogen bonds with adenine N3 and thymine

A S H
2 — \ \N_}_H

\ X
\

NI —Ag
2 c=0

T20- 02

Aq7mN3

Gyg- NH2

\N
/"o S
H

H

FIGURE 7: Hydrogen-bonding scheme for the distamycin A-DNA
complex. Solid lines denote hydrogen bonds in the highly constrained
structure (Hp). Dashed lines denote the additional hydrogen bonds
that formed when the NMR constraints were relaxed (Wp).

02 atoms (Jeffrey & Maluszynska, 1982). Longer than
normal three-center hydrogen bonds have been reported in
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crystal structures of drug—-DNA complexes (Kopka et al.,
1985¢; Pjura et al., 1987; Coll et al., 1987) and will be dis-
cussed further below.

The NOESY sequential connectivity patterns and the AM-
BER calculations suggest that only minor changes in DNA
structure occurred due to drug binding. For example, the
helical repeat of F, Hp, and Wy, were all 9.8 residues/turn,
while the helical repeat of H; was 10.0 base pairs/turn on the
basis of local helical twist angles. These data agree with the
crystal structure of the dodecamer (Dickerson & Drew, 1981)
and also molecular mechanics calculations (Kollman et al.,
1982). Although there were local variations, these values are
identical with those found in the respective starting structures.
rms deviations between Hp and Wy, and the initially refined
DNA helix (F) were both 0.5 A. Although changes in DNA
structure were small, there are several points worth noting.
Van der Waals contacts between A5 C2H and H3-1 and
between A6 C2H and H3-2 caused an increase in roll angle
(Fratini et al., 1982) (change relative to F of 10° Hp, 6° Wp)
at the A5-A6 step. In fact H3-1 is positioned slightly under
A5 C2H while H3-2 is positioned slightly above A6 C2H.
Thus, the first two pyrrole rings can be seen to wedge them-
selves against and between these residues. The constraints on
T19 CI’H caused a repositioning of T19 closer to A18, which
resulted in an increased buckle (defined as the angle between
the bases after the propeller twist has been set to zero) of the
T19-A6 pair (change relative to F of 4° Hp, 0.5° Wp).
Similarly, the constraints on T7 C1’H caused a repositioning
of the T7 base closer to A6, which resulted in an increased
buckle of T7 and A 18 (a change relative to F of 20° Hp, 16°
Wp). Finally, the constraints on T8 C1’H caused an increase
in the buckle (change relative to F of 14° Hp, 6° Wp) of the
T8-A17 pair. In Hj, the T19 base was moved closer to T20
rather than A18, which caused an increase in the buckle of
the A6-T19 base pair of 7° relative to Hp, while the buckle
of the T7-A18 and T8-A17 base pairs was reduced by 6° and
18°, respectively, relative to Hp.

Inspection of minor-groove widths revealed that the minor
groove of the free DNA increased 1.4-2.4 A relative to the
starting structure upon energy refinement (Fratini et al., 1982).
It then decreased 0.5-2.0 A to an average value of 11.2 A upon
refinement of the complex. In the crystal structure of the free
DNA, the groove is so narrow at points that it must widen to
accommodate the drug. The groove widths of the symme-
try-related sequences are quite different from one another in
the crystal, so its is difficult to know which to compare with.
The minor-groove width of H; decreased from 11.8 A for the
classical B-form DNA to an average of 11.3 A. In addition,
the minor-groove width of a complex between distamycin A
and idealized B-form coordinates refined without NMR
constraints decreased to an average value of 11.2 A,

Further structural analysis revealed that pyrrole rings 1 and
2 are nearly parallel to one another (dihedral angle between
rings 1 and 2, -3° Hp, —9° Wp, —1° H;), while ring 3 is rotated
significantly (dihedral angle between rings 2 and 3, 43° Hp,
52° Wp, 36° Hj) to conform to the groove of the helix. In
addition, the O1’ atoms that lie along the walls of the minor
groove were found to stack within 3.5-4.2 A over the center
of each of the three pyrrole rings. Specifically, the O1’ atoms
of pairs A6-C21, T7-T20, and T8-T19 stack over rings 1, 2,
and 3, respectively. Reduction of the NMR force constant
caused an increase of 0.3 A in the T8 Ol1’~pyrrole 3-T19 Ol
distance. The other two distances were not significantly af-
fected. The possible significance of this will be discussed below.
This type of stacking interaction has also been seen in crystal
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structures of nucleosides and nucleotides (Bugg et al., 1971),
Z-DNA (Wang et al., 1979), and netropsin with d-
(CGCGAATTCGCG), (Kopka et al., 1985c).

DiscuUssSION

Analysis of spin diffusion in strongly coupled spin systems
has been the subject of extensive study (Kalk & Berendsen,
1976; Kumar et al., 1981; Keepers & James, 1984; Olejniczak
etal., 1986). We believe that the SKEWSY/NOESY method
(Bremer et al., 1984) is excellent for analyzing small groups
of strongly coupled spins because only those spins that are
involved in spin diffusion within the set need to be included
in the analysis. We have shown that other spins which are
coupled to only one member of the system can be neglected
without error. In contrast, accurate methods of accounting
for spin diffusion that employ the measurement of the actual
magnetization transferred (as opposed to rates of transfer)
must include all spins in the system that interact, not just those
involved in spin diffusion among themselves.

One of the problems associated with molecular mechanics
calculations is in finding the global energy minimum. Our
incorporation of distance constraints into the potential function
should reduce this problem while adding experimental data
specific to this system into the calculation. An important test
of these calculations is to determine whether two different
starting structures can be refined to the same final structure.
In this regard we have refined complexes from both the crystal
coordinates (Fratini et al., 1982) (Hp) and idealized B-form
coordinates (Arnott and Chandrasekaran, private communi-
cation) (H,). Structures Hp and H; are similar in many
respects as evidenced by a rms fit of the drug and central
AATT region of 1.0 A, by a rms fit of the drugs alone of 0.6
A, and by small deviations in the constrained distances as
shown in Table IV. The data also show that global structural
characteristics such as drug conformation, hydrogen bonding,
and van der Waals contacts are similar. There were, however,
local structural differences between Hp, and H;. Most notable
was the positioning of T19 under A6 in Hp, and above A6 in
H;. In addition, although there were local variations, the
average helical repeat of each structure was the same as that
of the starting structure, indicating that the AMBER potential
function does not move the DNA significantly unless many
NMR constraints are applied. Finally, the formamide and
propylamidinium portions of the drug are oriented slightly
differently, giving hydrogen-bond lengths between DNA and
drug O1 and HN7 atoms that were slightly different in Hp,
and H;. Thus, on the local level, the calculations show that
there are small structural perturbations, but they are not
defined with very high precision. As new NMR techniques
that provide larger numbers of more accurate constraints are
developed in conjunction with more accurate molecular me-
chanics potential functions, our ability to observe finer changes
in the solution structure of DNA will improve.

The pyrrole rings in our structure are aligned to an 5'-
AAT-3 sequence with rings 1, 2, and 3 close to A5, A6, and
A18 respectively. This binding site is different from that found
in the crystal structure of distamycin A with d-
(CGCAAATTTGCG), (Coll et al., 1987) in which the three
pyrrole rings are aligned to a 5-ATT-3 sequence, although
an 5-AAT-3’ site is available to the drug. Occupation of
different binding sites may in part account for the differences
in the dihedral angles of the drug in the two structures [1 and
2; Coll et al. (1987) 15°, Hp 4°; 2 and 3, Coll et al. (1987)
11°, Hp 46°]. It is interesting to note in structures Hp, Wp,
and H; that the A6 C2H-H3-2 distance is somewhat longer
than the other two A C2H-H3 pairs, indicating a bowing out
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of the drug to better accommodate the helical twist of the
DNA.

The NOESY sequential connectivity assignments and the
AMBER calculations support the conclusion that only small
structural perturbations of the DNA occur upon drug binding.
The same conclusion has come from NMR (Patel et al., 1986)
and crystallographic studies (Kopka et al., 19852) of netropsin
and from crystallographic studies of Hoechst 33258 (Pjura
et al.,, 1987).

Analysis of Hp and Wy, revealed potential three-center
hydrogen bonds between drug amide and A N3 and T O2
atoms similar to those of the distamycin A-d-
(CGCAAATTTGCG), (Coll et al., 1987), the netropsin—d-
(CGCGAATTCGCG), (Kopka et al., 1985a), and the
Hoechst 33258—d(CGCGAATTCGCG), (Pjura et al., 1987)
crystal structures. As pointed out by Kopka et al. (1985a),
these are the same hydrogen bonds that occur in the spine of
hydration of the free DNA sequence (Drew & Dickerson,
1981). A characteristic feature of all of these structures is
the presence of at least several abnormally long hydrogen
bonds between drug and DNA minor-groove atoms. In Hp,
Wo, and Hj, most of the hydrogen bonds between amide and
A N3 and T O2 atoms are too long to be considered normal
(3.0 A), with four of seven being longer than 3.3 A. In the
crystal structure of distamycin A with d-
(CGCAAATTTGCG), (Coll et al., 1987) the distances be-
tween drug amide N3 and potential hydrogen-bonding sites
T7 and T19 O2 were 3.9 and 4.4 A, respectively. It was
suggested that this was due to a different periodicity of the
drug pyrrole-amides and the DNA. In fact, five of six hy-
drogen bonds between drug amide and DNA T O2 and A N3
atoms were greater than 3.0 A, with two longer than 3.3 A.
In the netropsin complex four of six amide-DNA hydrogen
bonds were 3.3 A or longer (Kopka et al., 1985c), and in the
recently reported crystal structure of Hoechst 33258 and
d(CGCGAATTCGCG), (Pjura et al., 1987), in which the
benzimidazole NH groups form three-center hydrogen bonds
with A N3 and T O2 atoms, three of four are longer than 3.3
A. Long hydrogen bonds thus seem to be a common motif
for these minor-groove binders. We agree with Kopka et al.
(1985¢) that the hydrogen-bond energy is mostly electrostatic
in character, and in the hydrophobic environment of the minor
groove the interactions may not be dissipated with distance
as quickly, thus providing stabilization in spite of their length.

Our calculations suggest that the width of the minor groove
in the complex is narrowed relative to that of “fiber” B DNA.
Energy refinement of the d(CGCGAATTCGCG), crystal
structure (Fratini et al., 1982) without drug resulted in an
expansion of the minor groove. Subsequent refinement with
distamycin A reduced it again to an average of 11.2 A, com-
pared to the idealized B-form minor-groove width of 11.8 A.
We determined, however, that the compaction of the groove
is due to the AMBER potential function rather than the NMR
constraints since the minor groove was narrowed to the same
degree in a complex refined without NMR distance con-
straints. Narrow minor grooves have been seen in other
structures’ A-T-rich sequences. For example, the minor groove
of distamycin A with d(CGCAAATTTGCG), (Coll et al.,
1987) was reported to be narrow. Whether the drug occupies
an already narrow groove, as seen in the (A)¢-containing se-
quence characterized recently (Nelson et al., 1987), or whether
the drug actually widens it will require further analysis. The
crystal structure of d(CGCGAATTCGCG), (Fratini et al.,,
1982) and of its complex with netropsin (Kopka et al., 1985¢c)
shows that the drug actually widens the already narrow minor
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groove from 0.5 to 2.0 A, with an average value identical with
that of structure Hp. A similar expansion is seen in the
complex of this sequence with Hoechst 33258 (Pjura et al.,
1987).

Our structures and recent work on the distamycin A—d-
(CGCAAATTTGCG), complex (Coll et al., 1987), the net-
ropsin—d(CGCGAATTCGCG), complex (Kopka et al,
1985b), the netropsin~-d(GGAATTCC), complex (Patel &
Shapiro 1985), the Hoechst 33258—-d(CGCGAATTCGCG),
complex (Pjura et al., 1987), and the 1-methyl-4-[4-[[4-[(1-
methylpyridinium-4-yl)amino]anilino]carbonyl]anilino]-
quinolinium dibromide (SN 6999)-d(GCATTAATGC),
complex (Leupin et al., 1986) suggest that these minor-
groove-binding drugs are in van der Waals contact with the
DNA atoms along the minor groove. Specifically, we note that
the O1’ atoms stack over the center of each of the three pyrrole
rings. Specific van der Waals interactions between netropsin
and DNA O1’ atoms have also been noted (Kopka et al.,
1985¢). This type of interaction, a heteroatom stacking over
an aromatic ring, has also been found in crystal structures of
nucleosides and nucleotides and has been suggested as a sta-
bilizing force in the binding of aromatic molecules to nucleic
acids (Bugg et al., 1971) and also Z-DNA (Wang et al., 1979).
It provides an additional explanation for the fact that in-
creasing numbers of N-methylpyrrole rings increase the sta-
bility of the complex, although hydrophobic effects and hy-
drogen bonding probably also play a role (Zimmer et al.,
1975).

A possible explanation for the distance constraint violations
of T8 and T19 (Wp) may be found in the fact that the T8
O1’-pyrrole 3-T19 OV’ distance is 0.3 A shorter in the highly
constrained structure than in the weakly constrained structure.
Thus, the NMR data effectively increase the stacking between
the T8 and T19 O1’ atoms and pyrrole ring 3. This suggests
that the interaction is important but is simply not well modeled
by the AMBER potential function, thus causing violations
when the constraints were relaxed.

Another possibility is that the drug undergoes small con-
formational fluctuations within the minor groove during the
mixing time. A measured NOE would then be a distance
weighted (inverse sixth power) average that would cause a
proton—proton distance to appear shorter than the actual
“average” distance. Since only 4 of the possible 19 constraints
were violated, this possibility seems less likely.

CONCLUSIONS

The SKEWSY /NOESY method can be used to accurately
determine distances among a set of dipolar-coupled spins.
Spins that interact with only one member of the set can be
neglected without error. The effect of a neglected spin is to
increase the apparent spin—lattice relaxation of the spin to
which it is coupled.

The distamycin A-d(CGCGAATTCGCG), complex is
characterized by van der Waals contacts between adenine C2H
and drug H3 protons, potential three-center hydrogen bonds
between drug amide and adenine N3 and thymine Q2 atoms
that protrude from the minor groove, and stacking of DNA
O1’ atoms over each of the three pyrrole rings. The first two
rings of the drug are approximately parallel, while the third
ring is turned to conform to the rotation of the helix. No large
structural changes were observed for the DNA.

There have been a number of suggestions for the high sta-
bility of distamycin A-DNA complexes. These include
electrostatic forces, hydrogen bonding, and hydrophobic effects.
The importance of electrostatic forces is still uncertain, but
it is certainly not the only factor since 6 M urea and 0.1 M
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NaCl do not dissociate the complex (Hahn, 1975). In addition,
theoretical calculations suggest that hydrogen-bond formation
is not required for the binding of netropsin and presumably
also distamycin A to the minor groove (Zakrzewska et al.,
1983). We suggest that the dipole-induced dipole interactions
of the sugar O1” atoms and the three N-methylpyrrole rings
contribute to the stability of the complex and provide a mo-
lecular basis for the fact that binding is enhanced by the
addition of N-methylpyrrole rings.
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