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ABSTRACT

We have performed solid-state 31P-19F REDOR
nuclear magnetic resonance (NMR) experiments to
monitor changes in minor groove width of the oligo-
nucleotide d(CGCAAA2¢FUTGGC)´d(GCCAAT(pS)TT-
GCG) (A3T2) upon binding of the drug distamycin A
at different stoichiometries. In the hydrated solid-
state sample, the minor groove width for the
unbound DNA, measured as the 2¢FU7±pS19 inter-
label distance, was 9.4 6 0.7 AÊ , comparable to that
found for similar A:T-rich DNAs. Binding of a single
drug molecule is observed to cause a 2.4 AÊ

decrease in groove width. Subsequent addition of a
second drug molecule results in a larger conforma-
tional change, expanding this minor groove width to
13.6 AÊ , consistent with the results of a previous
solution NMR study of the 2:1 complex. These 31P-
19F REDOR results demonstrate the ability of solid-
state NMR to measure distances of 7±14 AÊ in DNA±
drug complexes and provide the ®rst example of a
direct spectroscopic measurement of minor groove
width in nucleic acids.

INTRODUCTION

The interactions of proteins and small molecules with nucleic
acids have long been a subject of extensive study. In light of
the biological importance of nucleic acid complexes, a wide
array of biochemical, biophysical and spectroscopic tech-
niques have been used to pursue an atomic level understanding
of recognition, binding speci®city and structural alterations
associated with complex formation. Solid-state NMR can
provide important structural and dynamic information about
biomolecules and biomolecular complexes, including many
systems which are not tractable to X-ray crystallographic or
solution NMR analysis (1±6). In particular, when the distances
to be measured exceed those observable via solution NMR or
when suitable crystals cannot be obtained for X-ray studies,
solid-state NMR experiments in conjunction with site-speci®c
isotopic labeling can often allow access to otherwise dif®cult
to obtain inter-atomic distance information. During the past
decade, the rotational echo double resonance (REDOR)
experiment (7,8) has emerged as the primary solid-state
NMR technique for determination of selected heteronuclear

dipolar coupling values and has thus become a valuable
method for internuclear distance measurement in structural
studies of biological systems (reviewed in 8±10).

A particularly important type of DNA±ligand interaction is
that of small molecules with the minor groove. Distamycin A
is a short naturally occurring peptide antibiotic (Fig. 1), which
has been shown to bind non-covalently in the minor groove of
A:T-rich B-DNA tracts (11). As distamycin±DNA complexes
have been extensively characterized (11±20), they provide
useful model systems for solid-state NMR structural studies of
nucleic acid complexes. We have performed REDOR experi-
ments to monitor changes in minor groove width in the
oligonucleotide d(CGCAAA2¢F UTGGC)´d(GCCAAT(pS)-
TTGCG) (A3T2) upon binding of the drug distamycin at 0:1,
1:1 and 2:1 drug:DNA ratios. Binding of distamycin to A3T2

occurs either in the form of a 1:1 complex or as a 2:1 complex:
the minor groove can accommodate not only a single
distamycin molecule, but also side-by-side antiparallel bind-
ing of two distamycin molecules (15,16). It may thus be
inferred that distamycin binding at the different ratios must be
accompanied by signi®cant deformations of the A3T2 minor
groove. The present REDOR measurements con®rm this,
showing a 2 AÊ decrease in minor groove width upon 1:1
binding and a subsequent 6 AÊ increase upon formation of the
2:1 complex. These experiments are, to our knowledge, the
®rst example of the use of a spectroscopic technique for direct
measurement of groove width in DNA.

MATERIALS AND METHODS

Sample preparation

DNA oligomers d(CGCAAA2¢FUTGGC) and d(GCCAAT-
(pS)TTGCG) were synthesized on an ABI 394 DNA/RNA
synthesizer, deprotected in NH4OH at 55°C for 16 h, then
HPLC puri®ed on a C18 column. Following detritylation (4:1
AcOH/H2O v/v, 40 min, room temperature) and evaporation
of the solvent, the oligonucleotides were ethanol precipitated,
desalted using Sep-Paks or RP-HPLC, ®ltered (0.40 mm
Alltech nylon) and characterized using analytical denaturing
PAGE and electrospray mass spectroscopy. Alternatively, the
oligonucleotides were gel puri®ed following detritylation. The
puri®ed oligos were dissolved in water and salted by addition
of 0.01 M Na2EDTA and 1.71 M NaCl (®nal composition 10%
Na2EDTA and 10% NaCl by weight upon lyophilization).
Annealing of the DNAs was accomplished by heating this
solution to 80°C for 7 min, then cooling to room temperature.
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The sample was lyophilized and duplex formation veri®ed by
non-denaturing PAGE.

The unbound (0:1) DNA sample was run as a frozen
solution. A 5.11 mmol aliquot of the lyophilized, salted duplex
DNA was dissolved in 50 ml of H2O, then placed in the MAS
rotor.

Distamycin A hydrochloride (Sigma) was used without
further puri®cation. The 1:1 drug:DNA sample was prepared
by dissolving 1.833 mmol of the salted unbound DNA in H2O
(1.0 ml), adding 514 ml (1.835 mmol) of a freshly prepared
3.57 mM solution of distamycin HCl dissolved in 50 mM
sodium cacodylate (pH 6.0), then equilibrating overnight at
room temperature. The sample was frozen using liquid
nitrogen, lyophilized, returned to the MAS rotor and hydrated
by vapor diffusion to 23 waters per nucleotide (W = 23). W
values were determined gravimetrically following equilibra-
tion in a sealed 85% relative humidity chamber. To verify that
sample loss or evaporation were not occurring, sample weight
was monitored throughout the course of the experiments. The
2:1 complex was formed by redissolving the 1:1 sample in
H2O (0.5 ml), adding 514 ml of a freshly prepared 3.57 mM
solution of distamycin HCl dissolved in H2O (1.835 mmol),
then shaking gently overnight at room temperature. The
sample was frozen using liquid nitrogen, lyophilized, returned
to the MAS rotor and hydrated to W = 13.

As three different species, the unbound DNA, DNA in 1:1
complexes and DNA in 2:1 complexes, are expected to be
present in the 1:1 sample, simulation of REDOR dephasing for
this sample requires determination of their relative popula-
tions. If the 9:1 ratio of 1:1 to 2:1 complexes observed in a
0.75:1 drug:DNA mixture (15) is assumed to persist after
addition of the additional 0.25 equivalents of drug needed to
reach the 1:1 stoichiometry, the relative populations may be
estimated as follows: (fraction of DNA in 1:1 complexes) +
2 3 (fraction of DNA in 2:1 complexes) = total distamycin
equivalents = 1.0, and (fraction 1:1)/(fraction 2:1) = 9/1. Thus
(fraction 1:1) = 9 3 (fraction 2:1), and 1.0 = 9 3 (fraction
2:1) + 2 3 (fraction 2:1) = 11 3 (fraction 2:1) or (fraction
2:1) = 1.0/11 = 0.0909 » 9%, leaving (fraction 1:1) = 9 3
(fraction 2:1) = 0.8181 » 82%, with the remaining 9% of the
DNA unbound.

NMR spectroscopy

All experiments were performed in a home built spectrometer
with a 4.7 T ®eld (200 MHz proton Larmor frequency), using a
home built triply tuned HFP MAS probe (21). All measure-
ments were made at ±30°C, with magic angle spinning at 5988
6 2 Hz. Sample cooling used controlled temperature dry air,
generated using an FTS Systems TC-84 controller and

XRII851A cooling unit and applied directly to the MAS
rotor. rf ®eld strengths were regulated to within 61%,
spinning speed to within 62 Hz and sample temperatures to
within 61°C. All REDOR experiments employed XY-8 phase
cycling on both the 31P and the 19F channels. Custom made 4
mm zirconia rotor barrels were purchased from O'Keeffe
Ceramics. Rotor tips and end caps were prepared in-house.

Unbound DNA (0:1) sample. Proton pulse- and cross-
polarization rf ®elds were 50 kHz (5.0 ms T90), with 102 kHz
proton decoupling. Phosphorus and ¯uorine rf pulse ®elds
were 50 and 71 kHz (10.0 and 7.0 ms T180s, respectively). CP
contact time was 1.2 ms. 1024 points were acquired, with a
dwell time of 25 ms. Nine REDOR S and So data point pairs
were acquired, at 1.33 ms (8 rotor period, 1 REDOR cycle)
intervals. Acquisition time was 25.6 ms and recycle delay was
2 s. 6174 scans were recorded for each REDOR S or So data
point. Four data sets were collected (63 h each) and summed.

(1:1) sample. Proton pulse- and cross-polarization rf ®elds
were 55 kHz (4.5 ms T90), with 114 kHz proton decoupling.
Phosphorus and ¯uorine rf pulse ®elds were 50 and 67 kHz
(10.2 and 7.4 ms T180, respectively). CP contact time was
2.0 ms. 1024 points were acquired, with a dwell time of 25 ms.
Acquisition time was 25.6 ms and recycle delay was 2 s. Six
REDOR S and So data point pairs were acquired, at 1.33 ms (8
rotor period, one REDOR cycle) intervals. (Due to rapid
dephasing, this experiment was adjusted to collect S and So

points at the shorter intervals.) 4096 scans were recorded for
each REDOR S or So data point. Six data sets were collected
(28 h each), then summed.

(2:1) sample. Proton pulse- and cross-polarization rf ®elds
were 52 kHz (4.8 ms T90), with 107 kHz proton decoupling.
Phosphorus and ¯uorine rf pulse frequencies were 50 and
63 kHz (10.2 and 7.9 ms T180, respectively). CP contact time
was 1.75 ms. 256 points were acquired, with a dwell time of
25 ms. Recycle delay was 3 s. Acquisition time was 6.4 ms.
The shortened acquisition time for the 2:1 sample was used to
allow application of a higher decoupling ®eld while avoiding
rf arcing.

An initial experiment showed minimal dephasing for the 2:1
sample, indicating that the P-F distance to be measured in this
sample was signi®cantly longer than for either of the two
previous samples. To determine long (>10 AÊ ) P-F distances,
longer dephasing times are required. The associated reduction
in signal to noise, however, necessitates signi®cantly extended
signal averaging times, and instrumental stability and time
requirements then prohibit acquisition of a full dephasing
curve. In such cases, acquisition of a single REDOR point may
be used to obtain the internuclear separation (3). Hence, to
enable measurement of the longer distance, a single dephasing
time, 14.7 ms (11 REDOR cycles), was selected for applica-
tion during a single shorter (6 day) signal averaging period.
Data were acquired in 14 h (8192 scan) blocks, which were
individually screened for arcing, then summed prior to
processing.

Data processing

Data processing was performed using the Gullringen
NMR processing suite (Gullringen: a computer program for

Figure 1. Chemical structure of the minor groove binder distamycin.
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estimation of molecular properties from NMR experiments,
T. Karlsson and G.P. Drobny, in preparation). All simulations
were performed using Simpson (22). Reduced c2 plots were
used to determine best ®t distances and error bounds (90%
con®dence intervals).

RESULTS AND DISCUSSION

Measurement of DNA groove width

Direct measurement of minor groove width in DNA presents a
spectroscopic challenge, as the distances to be measured
exceed the range of NOE residual dipolar coupling
measurements. For instance, upon widening of the minor
groove to accommodate drug binding, the groove width will
often exceed 10 AÊ (15,16,23±26). While such distances are
currently beyond the reach of solution NMR methods, 31P-19F
REDOR has been used to determine internuclear distances of
up to 16 AÊ , making it an ideal tool for the task (3,27). In the
REDOR experiment, measurement of heteronuclear dipolar
couplings is accomplished using `dephasing' pulses during
magic angle sample spinning to disrupt the averaging of the
dipolar coupling. Application of these pulses to nuclei that are
coupled to the observed spins produces an attenuated signal,
which is then compared to a reference signal from a control
experiment in which the dephasing pulses were omitted.
Plotting the ratio of the experimental (S) and reference (So)
signals versus evolution (dephasing) time, S/So, allows
extraction of the dipolar coupling constant, thus giving direct
access to the internuclear distance. In particular, the observed
decay in S/So is dependent upon the number of rotor cycles
(i.e. the dipolar evolution time) and on the dipolar coupling
constant. Fitting of each observed REDOR dephasing curve
to a simulation then allows determination of internuclear
distances.

A common measure of minor groove width is the distance
between a selected backbone phosphate i and the i + 3
phosphate on the opposing strand (28±32). To adapt this for
observation of A3T2 via REDOR, the 31P-19F distance was
measured between phosphate T19 (i position) in the backbone
and a 2¢-¯uoro-labeled uridine substituted at T7 directly across
the groove (immediately 3¢ of the i + 3 phosphate) (Fig. 2). As
can be seen in Figure 2, the two schemes represent quite
similar measures of groove width. Since backbone phosphates
have nearly the same chemical shift in solid-state NMR,
replacement of the selected phosphate by a phosphorothioate
was used to shift the corresponding phosphate resonance,
resolving it from the large DNA phosphodiester backbone
peak, thereby eliminating the need for phosphorus background
correction (27). As the phosphoramidite of 2¢-¯uorouridine is
commercially available, allowing easy insertion of a high
sensitivity (high g) heterospin for the REDOR measurements,
and because incorporation of phosphorothioates is readily
accomplished during DNA synthesis, this 31P-19F labeling
scheme allows rapid and inexpensive sample preparation,
avoiding synthetic dif®culties often associated with isotopic
labeling in nucleic acids.

Distamycin is a minor groove binder

Double-helical DNA, in particular the B-form, is known to
display sequence-dependent conformational variation (33,34).
A:T-rich B-DNA tracts, for example, are observed to form an
unusually narrow minor groove (13,28,33,35), which has been
shown to be the preferred binding site for a number of small
minor groove binding compounds (11). One of these,
distamycin (Fig. 1), is a short peptide antibiotic containing
three pyrrole rings and a positively charged propylamidinium
tail. Distamycin binds non-covalently in the minor groove of
several A:T-rich sequences, using a combination of electro-
static, van der Waals and hydrogen bonding interactions

Figure 2. (A) The A3T2 DNA sequence used in this study. 2¢FU indicates 2¢-¯uoro-2¢-deoxyuridine and the dot between T18 and T19 denotes a phosphoro-
thioate. (B) Expanded view of A3T2 DNA showing label positions corresponding to standard and P-F REDOR measures of minor groove width across the
central A3T2 tract. The dark sphere at upper right marks the i phosphate (T19); on the lower left, the dark sphere indicates the i + 3 phosphate (T8), while the
light sphere indicates the 2¢F label used in the present experiments. The standard B-form DNA model for the A3T2 oligomer was generated using the
biopolymer module of Insight II (Biosym). (C) Stereoview of the free A3T2 DNA generated using Insight II. Dark spheres show location of phosphorothioate
and 2¢FU.
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(11,13±16,18,19,36). Solution NMR models place the dista-
mycin amide protons in positions to hydrogen bond to
acceptors on the ¯oor of the minor groove and situate the
drug pyrrole rings in close van der Waals contact to the walls
of the groove (14±16). The cationic propylamidinium group of
the drug contributes to electrostatic interactions between
distamycin and the negative potential of the phosphate
backbone (15,16). When bound, distamycin assumes an
extended conformation, forming a crescent shape spanning
5 bp and conforming to the curvature of the minor groove.
Solution NMR experiments on distamycin in complex with the
11mer used for the present experiments (Fig. 1) found that for
this sequence, distamycin binds at the central A3T2 site as a
monomer and side-by-side as an antiparallel dimer, to
form both 1:1 and 2:1 complexes, respectively (15,16).
Accordingly, to probe perturbations of the groove associated
with formation of these complexes, we have measured the
A3T2 minor groove width in samples at 0:1, 1:1 and 2:1
distamycin:DNA stoichiometries.

31P-19F REDOR solid-state NMR measurements

Groove width in unbound DNA. The initial REDOR experi-
ment, performed on A3T2 prior to addition of distamycin, was
used to obtain the native groove width corresponding to our
P-F label pair in the solid-state sample. The REDOR data for
the unbound DNA are shown in Figure 3, where S/So is plotted
versus dephasing time. Comparison of the experimental
results to simulated dephasing curves gives a c2 best ®t
groove width of 9.4 6 0.7 AÊ . While neither X-ray crystal nor
solution NMR structures are available for this DNA, structures
for a collection of similar A:T-rich DNA sequences show
corresponding (pS-19F) inter-label distances of 9.6±10.9 AÊ ,
which are in agreement with the present REDOR
measurement (37±41).

Groove width in distamycin±DNA 1:1 complex. Following
addition of one equivalent of the drug, the second REDOR

experiment was performed. Figure 3 shows the resulting
dephasing curve obtained for the 1:1 sample. The observed
rapid dephasing suggests a signi®cant narrowing of the minor
groove. One complicating factor in the determination of
groove width from these data is the expected presence of
several different species in the 1:1 sample. Solution NMR
results for titration of distamycin with A3T2 indicate that three
DNA species, the unbound DNA, the 1:1 complex and the 2:1
complex, should be present following addition of a single
equivalent of the drug (15,16). A qualitative ®t to the 1:1
sample data was obtained using the following two assump-
tions. First, the 9:1 ratio of 1:1 to 2:1 complexes observed in a
0.75:1 drug:DNA mixture (15) was assumed to persist after
addition of the additional 0.25 equivalents of drug needed to
reach the 1:1 stoichiometry. This assumption results in three
approximate populations for the DNA within the 1:1 sample:
~82% bound in 1:1 drug:DNA complexes, ~9% in 2:1
complexes, with the remaining ~9% present as the unbound
DNA (see Materials and Methods for calculation details).
Second, the minor groove widths for the 0:1 and 2:1 samples
were taken to be those measured in the present REDOR
experiments, 9.4 and 13.6 AÊ , respectively. The REDOR
dephasing curve is a superposition of curves corresponding to
each of the three species present in the sample, weighted
according to relative population. A single parameter, the
minor groove width corresponding to the 1:1 complexes, was
varied, with the remaining distances and populations ®xed as
described above. This ®tting procedure yields a 31P-19F
distance of ~7.0 AÊ , a decrease of 2.4 AÊ relative to the
corresponding distance in the unbound DNA.

Binding of one distamycin molecule thus appears to
produce a signi®cant narrowing of the DNA minor groove in
the hydrated solid state. Decreases in minor groove width
upon distamycin binding have previously been observed. For
example, the analogous distance across the central AAT tract
in the dodecamer d(CGCAAATTTGCG)2 was found to
decrease by ~0.7 AÊ in an X-ray structure of the 1:1 distamycin
complex (13), relative to the unbound DNA (42).

Recent solution NMR studies and molecular dynamics
simulations have shown a strong response of minor groove
width to the local electrostatic environment, suggesting that
electrostatic disturbances associated with distamycin occu-
pancy of the minor groove could signi®cantly affect the
groove width (32,43±47). Hence, one possibility consistent
with the present results is that upon distamycin binding,
displacement of the minor groove spine of hydration or of
counterions in the hydration shells provides such a perturb-
ation of the electrostatic environment within the minor groove.
Alternatively, enhancement of van der Waals contact between
distamycin and the groove walls could be a driving force for a
narrowed minor groove (11,13±16,31).

Groove width in distamycin±DNA 2:1 complex. Upon addition
of a second equivalent of distamycin, solution NMR studies
reveal that only those solution NMR cross-peaks correspond-
ing to a 2:1 complex are present (15,16). The REDOR
dephasing data for the 2:1 complex is shown in Figure 3, and
Figure 4 shows the corresponding S and So spectra. In contrast
to the 1:1 complex, a signi®cant increase in minor groove
width, to 13.6 6 1.5 AÊ , was observed for the 2:1 complex. The
2:1 groove width observed in the present experiment is in

Figure 3. REDOR dephasing curves for A3T2 DNA and its 1:1 and 2:1
distamycin complexes. Solid lines represent expected decay curves based on
simulations. Diamonds mark data for the unbound A3T2 DNA, triangles
for the 1:1 distamycin:A3T2 complex and the square for the 2:1
distamycin:A3T2 complex. The lowest (7.0 AÊ ) line represents a simulation
for the 1:1 sample, where the ®t is a weighted superposition of simulated
dephasing curves corresponding to the three species present in the sample
(unbound A3T2 and the 1:1 and 2:1 complexes), as described in the text.
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agreement with the distance seen in a model generated using
solution NMR distance restraints (~13.1 AÊ ; D. Wemmer,
personal communication).

CONCLUSION

In summary, these results show large changes in DNA minor
groove width as ligand stoichiometry is varied (Fig. 4). In the
hydrated solid-state sample, binding of a single distamycin
molecule to A3T2 generates a 2.4 AÊ decrease in groove width,
while addition of a second drug molecule results in a large
conformational change, expanding the minor groove width by
6.6 AÊ , to 13.6 AÊ . The 13 AÊ distance suggested by a previous
solution NMR study for the 2:1 complex is supported by our
data, demonstrating the ability of 31P-19F REDOR to accur-
ately measure distances of >10 AÊ in a nucleic acid complex.
These solid-state NMR studies present, to our knowledge, the
®rst example of direct spectroscopic measurement of minor
groove width in nucleic acids.
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