Biophysical
Chemistry

ELSEVIER

Biophysical Chemistry 1092004 333-344

www.elsevier.com/locate/bpc

Changes in drug® C NMR chemical shifts as a tool for
monitoring interactions with DNA

Eilis A. Boudread , Istvan Pelczer , Philip N. Bofer , Gregory J. Heffron ,
Steven R. LaPlante *

Health Science Research and Development Program, Portland VA Medical Center, Portland, OR 97239, USA
2Department of Chemistry, Princeton University, Princeton, NJ 08540, USA
SDepartment of Chemistry, Syracuse University, Syracuse, NY 13244-1200, USA
“Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, 240 Longwood Avenue, Boston,
MA 02115, USA
SBoehringer Ingelheim (Canada) Ltd., Research and Development, 2100 Cunard St., Laval, PQ., Canada H7S 2G5

Received 11 November 2003; received in revised form 11 November 2003; accepted 11 December 2003

Abstract

The antibiotic drug, netropsin, was complexed with the DNA oligonucleotide dUpléxGTATACC)], to monitor
drug **C NMR chemical shifts changes. The binding mode of netropsin to the minor groove of DNA is well-known,
and served as a good model for evaluating the relative sensitivity of C chemical shifts to hydrogen bonding. Large
downfield shifts were observed for four resonances of carbons that neighbor sites which are known to form hydrogen
bond interactions with the DNA minor groove. Many of the remaining resonances of netropsin exhibit shielding or
relatively smaller deshielding changes. Based on the model system presented here, large deshielding NMR shift
changes of a ligand upon macromolecule binding can likely be attributed to hydrogen bond formation at nearby sites.
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1. Introduction

3C NMR chemical shifts are very sensitive to
changes in the environment of carbon nuclei,
which should make it a practical, atomic-level
parameter for monitoring drug interacts with target
nucleic acids. This would require, however, a better
understanding of the relative sensitivity éf C
chemical shifts to various binding events such as
formation of hydrogen bonddH-bonds, dehydra-
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sequence specifically to double stranded DNA,
requiring at least four contiguous A—T base pairs
for maximal binding strength. Several sources
including H-bonding are responsible for the spec-
ificity and binding of netropsin. Dickerson and

coworkers reported from crystallographic data that
netropsin H-bonds to the TO2 and AN3 sites in
its complex with the dodecamer duplex
[d(CGCGAATTCGCGQG], [23,24. They proposed

that water binds in the minor groove of A-T

tion, changes in torsion angles, and base stackingregions of B-DNA in a ‘spine of hydration’, and

or packing. Previous investigations shed light into
the relative sensitivity of NMR chemical shifts in
a nucleic acid environment. Early studies moni-
tored changes in chemical shifts upon duplex
formation in model oligonucleotides: H NMR
studies on single- and double-stranded oligonu-

as many as 12 of these water molecules are
displaced from the dodecamer duplex upon binding
of netropsin. Sugar pucker changes were also
reported for the interaction of netropsin to DNA
oligonucleotides. Dickerson and coworké¢i®,17
showed crystallographic data on the sugar pucker

cleotides indicate that almost all the base protons changes offld(CGCGAATTCGCG], upon inter-
are shielded as temperature is decreased throughaction with netropsin. Changes in tte H NMR

the transition from the random coils to base-
stacked structureld —4). Likewise,'®* C NMR stud-
ies of TAAA) and (AAG), both of which lack a
hydrogen-bonded duplex structure, indicate that all

[13] and ¥C [25,26 and *® N NMR [25,27

chemical shifts were also monitored for DNA
oligonucleotide binding to netropsin. Distinct
changes in** C and® N chemical shifts of the

the base carbons become shielded upon decreasingpases were attributed to H-bonding, and changes

the temperature[5]. Such changes have been
attributed to the gain of ring current shieldip],
and additionally for'®* C, an increase in steric
contact between the stacked bagsls For several
DNA oligonucleotide duplexes, we observed that
most of the base carbons exhibit similahield-
ing) chemical shifts upon lowering the temperature
from the random coild7,8]. Surprisingly, approx-
imately 25% of the base carbons exhibited large
(approx. 1 ppm deshielding changes upon duplex
formation; this was attributed to making Watson-
Crick H-bonds. Furthermoré? C NMR studies of
RNA di- and trinucleotide$5,9] and DNA oligon-
ucleotides [7,10,11 have monitored chemical
shifts as a function of changes in sugar pucker.
The major factor affecting chemical shifts was
attributed to sugar pucker changes while other
factors apparently contribute to a smaller extent.
The well-characterized system of netropsin bind-
ing to the minor groove of DNA oligonucleotides
[12—-29 allows for further exploration of the
relationship between drug® C chemical shifts

in 13C chemical shifts of the sugars were sensitive
to sugar pucker changes.

In this work, we investigate the relation between
changes in** C NMR shifts of netropsin upon
binding to the DNA dupled(GGTATACC)], as
a model system. NetropsitFig. 18 is known to
bind to the minor groove of theTATA’ central
portion of the DNA duplexFig. 1b) and form H-
bonds to AN3 and TOZFig. 10).

2. Materials and methods

2.1. NMR experiments applied for '3C resonance
assignments of free netropsin

One-dimensional* H and® C spectra of free
netropsin in DMSO-g and D O solvents were
acquired on a General Electric GN-500 spectrom-
eter (500.13 MHz proton frequengyusing a 5
mm 1H/*C dual probe. Samples in DMSQ-d
solvent consisted of 20 mM netropsin, and samples
in D,O solvent consisted of a saturated concentra-

changes and the predominant interactions upontion of netropsin(given the presence of a precipi-

DNA binding. It is known that netropsin binds

tant in this solvent, the concentration was not
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results. Each FID was an average of 256 scans

() e (o) and 16K data points.
Hoe T A Long-range * HX3* C J-coupling connectivities
Hepg OO Y0 oesevt AF were determined with the assistance of one-dimen-
" 5\{\: : /:4,&{;\;\ N sional 1H—13C_ INEPT an_d two-dimensional H-
e N, 6, : C  correlation experiments. The INEPT
. Hl/& o * Netropsin experiments included selective proton pulses
Y kR or H0 (INAPT). The two-dimensional HX C correla-

.1 ¢ on tion experiments(carbon detection were per-

®) (@c G formed on a DMSO-gl sample consisting of 210
(1;(2;13-,2\15-;(7;5 e eeo A5 mM netropsin and 100 mM NaCl. Three experi-
caatatlea @M_M_QZS;\ ments were run to est'ablish single and muItipIg
s 7le 5 4 a2 1 /”“‘o...w\f—“ bond connectivities using delays that were opti-

mized for coupling constant values of 125, 30 and
8 Hz. The following parameters were used for data
collected on the GN-500 spectrometer: 5814 and
30 303 Hz spectral widths for the FiH) and F2
(**C) dimensions, 2K points in th&® C dimension,
128 t, increments, relaxation delay of 1.2 s, and
888 averaged scans for each FID. The following
parameters were used for data collected on the
) WB-360 spectrometer using a 10 mm carbon
known). The later sample also contained 100 mM gglective probe: 3594 Hz and 13 888 Hz spectral
NaCl and 10 mM sodium cacodylate. Proton spec- yidths for F1 and F2, a time domain data size of
Hz and 16K data points. Carbon and APT spectra scans per FID. Chemical shifts were referenced to
were collected with spectral widths of 32 000 Hz, the methyl carbon of DMSOgd at 39.50 ppm.
16K data points, a recycle time of 2's, and an  Two-dimensional * H2* C correlation experi-
average of 400 scans? C chemical shifts were ments(proton detection were also performed on
referenced to the methyl carbon resonance of 3 D,0 sample and run on a Bruker AMX-400
sodium cacodylate at 20.11 ppm. One-dimensional (400.13 MH2 instrument using a 5 mm inverse
3C spectra were also collected on samples con- geometry probe. Both single HMQC and multiple
taining various ratios of B PDMSO solventrang-  bond HMBC correlations were acquired. In each
ing from 100% B O to 90% DMSO+ . case, the spectral widths in F2 and F1 were 5050
One-dimensional NOE difference experiments Hz and 18 545 Hz, respectively. The data matrix
were acquired on the D O sample using the follow- in the time domain was 4K 512 points with TPPI
ing pulse sequence: reldB-A},-recovery-read  quadrature detection in t for the HMQC experi-
pulse/acquisition. The small-flip-angle pulsgs) ment. The HMBC experiment was presented in

Fig. 1. (@) The molecular formula and numbering scheme for
netropsin is shown(b) Numbering scheme for the self-com-
plementary duplexd(GGTATACC)],. The boxed in portion of
the duplex is the binding site of netropsiic) Watey/Na+ and
netropsin H-bond sites on the A-T base pairs are shddh.

A representation of the C-G base pair.

was tuned to be line-selective, and a DANTE pulse
train was inserted for presaturation of the residual
solvent peak. The first sideband at lower field
from the carrier was used for saturation. The

absolute value mode. For each FID, 256 scans
were averaged. Relaxation delay was set to 1.5 s.
All  experiments were acquired at 3C0C
temperature.

interpulse delayA) was successively varied in a Two-dimensional ROESY experiments were run
time averaged cycle, and four on- and off-reso- on the DMSO-¢g sample at 500 MHZGN-500
nance spectra were acquired. The overall saturationspectrometer using a 5 mm inverse geometry
time for each irradiation was 5 s, while a 10 ms probe(Cryomagnets, Ing¢, with spectral width of
recovery time was inserted prior to the read pulse 5650 Hz in both dimensions. The data size was
and data acquisition to obtain more distortion-free 4K and 256 points in,t and;t, and a States-



336 E.A. Boudreau et al. / Biophysical Chemistry 109 (2004) 333—-344

Haberkorn-Ruber{SHR) acquisition scheme was H,O peak at 4.75 ppm. Assignment of the netrop-
used to acquire a double-block file. The mixing sin resonances in the complex were secured by
time was 150 ms with a spin-locking field of 7 comparison of spectra taken at various ligand:
kHz and 32 scans per each t increment. Chemical DNA ratios and temperatures along with compar-
shifts were referenced to the residual methyl pro- isons with spectra of free duplex and free netrop-

tons of DMSO at 2.49 ppm. sin. This assignment strategy took advantage of
the incremental shifting of resonances due to the

2.2. NMR experiments applied for '3C resonance fast exchange binding nature of the complen

assignments of netropsin in the complex the NMR time scalg Assignment of the'®* C

resonances ofd(GGTATACC)], in complex with

[d(GGTATACCQ)], was synthesized from phos- netropsin have been previously repor{@®,2q.
phoramidites using the syringe meth¢2i8] and
purified from shorter chain length impurities by 3. Results and discussion
C; reverse-phase HPLC using tetrabutylammonium
acetate as an ion-pairing buffer in gH ZH,O 3.1. Nomenclature
gradients. The 8-mer was then purified from salts,
i.e. tetrabutylammonium acetate, using a Sephadex Specific atoms of netropsin will be referred to
A-25 column. The column was pre-equilibrated using the numbering scheme given in Fig. 1.
with 0.01 M cacodylate solution, the sample was Specific carbons of the DNA oligonucleotide will
loaded, washed with five column volumes of 0.1 be referred to using an abbreviated form where the
M NacCl solution, and then eluted with 1 M NaCl base type is designated first by letter, the chain
solution. The excess NaCl was removed from the position second, and the carbon class last. For
8-mer using a Sephadex G-10 column with dis- example, G2,8 represents carbon number eight in
tilled water as the solvent. the guanine base of the second residue from the

Netropsin(Serva Fine Biochemicalsvas added  5-end of [d(GGTATACC)],, whereas TC6 desig-
to an 5 mm NMR tube containing the DNA nates the class: thymine carbon six. If another type
oligonucleotide [d(GGTATACC)], (7 mM in of atom is being discussed, the atom type will be
duplex, 14 mM in single strandlsind 0.1 M NacCl, designated, for example G2,H8.
10~* M EDTA, 10 mM cacodylate pH 7.2, 20%
D,O in a total volume of 0.5 ml. Netropsin was 3.2. "3C chemical shift assignments of netropsin
added incrementally to the duplex and spectra
recorded at drug: duplex ratios of 0.1, 0.2, 0.33, The resonance assignments of netropsin in the
0.5, 0.67, 1.0 and 1.5. Spectra at several tempera-free and bound states proved to be a significant
tures were measured at ratios of 0.2, 0.5 and 1.0challenge given many issues encountered. The
(three different samples were ugetllatural abun-  relatively low solubility of free netropsin in ague-
dance spectra were taken at 125.8 MHz fér C ous buffer resulted in low signal intensity, thus
and 500 MHz for* H usig a 5 mmdual probe on  alternative approaches were required. Furthermore,
a General Electric GN-500. Unless otherwise indi- the close chemical symmetry of this compound
cated, the spectra were taken at°€3 For the'®* C resulted in some resonance proximity and overlap.
spectra, a one pulse experiment was used with aGiven this issue, it was decided to first assign the
90° pulse, repetition rates of 3 s and ‘MLEV’ *H and®*C resonances of free netropsin in DMSO
decoupling. 10 000—12 000 transients were aver- solvent, in which netropsin is highly soluble. This
aged with 16 k data table® k reaH-8 k imagi- afforded the convenience of higher signal-to-noise
nary) and sweep width of 30 kHz. The H spectra data and the possibility of applying numerous
were recorded in agueous solution using the Jump- experiments for solving the symmetry-related
Return experiment to suppress the H O p&2d. issues. Such resonance proximity or overlap is
13C spectra were referenced to the cacodylate peakevident in the'®* C spectrum in Fig. 2 of netrospin
at 20.11 ppm.! H spectra were referenced to the in D,O solvent(i.e. see the regions between 122
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Fig. 2. High resolution®> C NMR spectrum of free netropsin in D O.

and 127 ppm, near 110 ppm, and between 41 andson strategies. The strategies included the careful

40 ppm. The *H (Fig. 3@ and **C (Table 1

comparisons of one-dimensional and correlation

resonance assignments in DMS@-d were straight- spectra taken at numerous Y DMSO-d; solvent

forward using a battery of experimer(is.g. ROE-
SY data in Fig. 3A and® H* C correlation data
in Fig. 3b along with various conditions as
described in the Section 2.

Similar experiments were also applied to help
secure thé H and® CTable 1 resonance assign-
ments in Q O solvent. Limitations in applying
these experiments due to low solubility and signal-

to-noise were supplemented by spectral compari-

ratios. Any remaining ambiguities were resolved
by taking spectra at different temperatures. The
resonance assignments in aqueous buffer were
easily secured by one-dimensional C spectral
comparisons with spectra acquired in D O solvent.
Differences in chemical shifts are likely due to the
effect of salt in the buffer.

The **C resonance assignments of netropsin
when bound to[d(GGTATACC)], (Fig. 4) were
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Fig. 3. () ROESY spectrum with an inset showing correlations between N3H and N9H, and H13, H7, H11, and H5. At noise
ridge at ca. 3.2 ppm was removed from the spectrum during processing. The H16 peak was buried in the noise ridge on the diagonal.
The C18NH resonances are not shown on this spectrum because of their weak intensity but are located at ca(k§.S@lpeted
correlation regions from the HMBC spectrum showing assignments of C1, C3, C4, C5, C6, C10, C11, C12, C16 and C18.

secured by comparing one-dimensional spectra in ratios and temperatures. This assignment method
which netropsin was added incrementally to the (by direct comparison of specirdnas been suc-
duplex and spectra recorded at various drug:duplex cessful [26] and was also possible here because
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the resonances moved as average peaks as the

13C NMR resonance assignments of free netropsinjn D O and netropsin concentration or the temperature was

DMSO-d; solvents

increased, a phenomenon that is typical for fast

Assignment 5 (ppm) 5 (ppm) exchange binding(on the NMR time scale
D,O DMSO-d; Assignment of the'® C resonances @i(GG-
C1s 173.67 169.25 TATACC)], in complex with netropsin have been
c3 171.62 164.41 previously reported25,26 using a combination
C9 167.98 161.41 of heretonuclear correlation experimeri0,31
C15 165.27 158.34 and the spectral comparison methd@sld.
c1 162.01 157.88
C12 127.47 122.98
2‘130 ﬁ;gg ﬁggé 3.3. Changes in 3C chemical shifts of netropsin
<2 12486 19134 upon binding [d(GGTATACC)],
C13 124.82 118.34
cr 124.21 118.31 The lowest-field portion of the 125.8 MH2 C
cll 110.33 104.78 NMR spectra of the[d(GGTATACC)], duplex
cs 110.25 104.03 pectr 2 aupiex,
c2 48.18 44.06 free netropsin, and the complex are shown in Fig.
Cl4 40.63 36.32 4a, b and c, respectively. This part of the spectra
C8 40.29 36.56 contains nearly all of the quaternary DNA and
gig ggég gg'gg netropsin carbons, including the carbonyls and
: i amino-bonded carbons that could potentially be
involved in hydrogen-bonds in the complex. Most
of the resonances are well resolved, and given the
(a)
I' T T T T I T T T T I T T T T I T T T T
170 165 160 155 150
(®)

T T T T —l T
180 175
©

I T T

180 175

165 160 155 150

Fig. 4. (a) **C NMR spectra of the lowest field base carbons of ff@e€GGTATACC)],, (b) **C NMR spectra of free netropsin,
and(c) **C NMR spectra of the 1: 1 complex gd(GGTATACC)], with netropsin.
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Table 2 esting to note that most changes in chemical shift

Changes in® C NMR resonances of netropsin upon binding to upon DNA bindina are either small or upfield
[d(GGTATACC),] p 9 p

changes.
Resonance AS (ppm)2
assignment 3.4. Hydrogen bonding effects on DNA base °C
cis 39 chemical shifts in the DNA environment
c3 -1.9
C9 -0.1 Previous studies found thd® C resonances of
C15 -21 DNA are highly sensitive to structural changes
c1 -17 (e.g. strand association upon double helix forma-
C12 Between 0.7 and 1.3 tion). Large deshielding changes upon duplex
cé Between 0.7 and 1°3 association from single strands have been attrib-
C10 Between—0.2 and—2.2° uted to carbons that are bonded to heteroatoms
C4 Between—0.2 and—2.2° involved in Watson-Crick H-bondd7]. Large
C13 Between—0.2 and—-2.2 shielding and smaller shift changes for some car-
c7 Between—0.2 and—2.2 .
bon resonances were attributed to other structural

Ci1 Between 1.0 and 16 events such as steric compression and base stack-
C5 Between 1.0 and 1°6 ing (ring currents.
c2 0.4
Cc14 Between 0.0 and-0.9 3.5. H-bonding and netropsin: [d(GGTATACC)],
C8 Between 0.0 and-0.9
C16 Between 0.0 ang-0.& We reported that upon complex formation with
Cc17 -0.7 netropsin, there were no large changes in chemical

2AS$ is the chemical shiffppm) in the free state minus the shifts for the DNA base guanine and cytos_lr)e, and
chemical shift in the bound state. notably large changes for the bases thymidine and

bDue to resonance overlap or other reasons, the exact adenosing26]. These observations confirmed that
change in chemical could not be determined. However, the netropsin binds to the A-T rich center of

change is at or within the range shown. [d(GGTATACO)],. A large negativeA § deshield-
¢ Due to resonance overlap or other reasons, the exact change.

in chemical could not be determined. However, the change is ing occurred for AdoC4 —0.64 ppm. Since each
at or within the range shown. Inspection of the spectra suggest 'ésonance represents a carbon from each strand,
that three resonances change very little and one changestwo H-bonds were identified. Hydrogen bonding
significantly. at DNA AdoN3 sites required that netropsin was
physically binding in the duplex minor groove.
fast exchange nature of the complex the netropsin In that study, the clear majority of the larged
assignments in the complex could be determined. values for the DNA duplex, upon complexation,
Fig. 4b and ¢ show that four netrospin reso- occurred at T5 in the central base pairs of the
nances experience large downfield shiftmove complex, illustrated in Fig. 5. The large shielding
left to higher ppm valugsupon binding the DNA  A$ values observed could not be explained by
duplex. Interesting, one of the netropsin resonancesformation of H-bonds to nearby covalent-bonded
in Fig. 4 experiences little to no change. A quan- heteroatomdlarge deshielding would have been
titative summary of these changes and those from expected. This suggested that the positived of
the other regions of thé®* C spectra are given in T5,2 may be the result of breaking a H-bond with
Table 2. Unfortunately, not all of the resonance solvent water upon netropsin displacement of the
assignment ambiguities could be resolved for the ‘spine of hydration’. This in turn would disrupt
netropsin resonances in the upfield regions, and the water's role(Fig. 59 in constraining the A—T
only ranges of shift changes could be confidently pairs in their natural propeller twisted state. Insig-
provided. Of these upfield resonances, it is inter- nificant changes in DNA shifts were attributed to
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Fig. 5. A view into the minor groove of the centralApT3'
step in[d(GGTATACC)],, showing(a) a portion of the spine

of hydration which binds specifically to ThdO2 and AdoN3
(oxygen atoms of the water molecules or Nare illustrated

as cross-hatched circlesand(b) a bound netropsin molecule
(cross-hatched circlgsThe two ends of netropsin are slightly
different, producing an asymmetric complex. Netropsin N6 is
too distant from TO2 to form classical hydrogen bonds.
Netropsin N4 and N8 should form bifurcated H-bonds to A4
and A6 N3 atoms, and netropsin N10 should H-bond to T3,20
based on consideration of the X-ray model for the netropsin:
[d(CGCGAATTCGCG], complex. Both duplexes have the
central ApT step in common, although the other residues are
different; it is assumed here that the T@&3 H-bond sites

in the minor groove are nearly isomorphous. Thée &tbms

are indicated as squares; otherwise the diameter of the circles

indicates the type of atom, increasing in the order: C, N, O.
Arrows show the 5-3 direction of the chains(c) Distances
(A) are shown.
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replacing a H-bond to water with one to netropsin,
and to magnetic environment changes.

Upon complexation, most® C resonances of
netropsin and[d(GGTATACC)], experience at
least small changes in chemical shift. These chang-
es in netrospin resonances likely arise from chang-
es in dynamic behavior of netropsin upon binding
DNA (torsion angle changgsand/or due to
changes in magnetic environment from the phos-
phate groups. Large effects éf C chemical shifts
due to ring current of the DNA bases are unlikely.
Distances from the center of the netropsin pyrrole
ring to A and T base carbons were determined by
molecular graphics to be greater than 4.5 A with
most in the range of 5-6 A. At these distances
and considering the angular dependence of the ring
current effect, none of the carbons should be
affected by more than 0.1 ppf32,39.

It is interesting that large deshieldinyé are
observed Table 2 for the netropsin resonances of
C18, C3, C15, and C1 upon complexation with of
[d(GGTATACC)],. These changes suggest that H-
bonds were formed at the neighboring si(é#H2
of 9 and 10, amide(HN4 or O=C3), the amides
(H-=N9 or O=C15), and at NH2(1 and 2 or H-—

N3. These data are consistent with the model of
the complex based on an X-ray structure
(described below Also, it is interesting that H—
N3’s neighbor C2 experiences a 0.4 shielding

is consistent with H-bonding at NHR1L and 2
rather than at H-N3. Our X-ray based mo¢€ig.

5) is consistent with this and with H-bonding to
H-N8 and H-N4. This would suggest that the

2.2 and—0.9 deshielding\ 6 could arise from the
neighboring C4 and C16 sites, although the assign-
ment of these resonances remains unresolved for
the time being. Finally, the lack of largaé
involving the H-N§O=C9 amide and its neigh-
bors is consistent with lack of H-bond formation
with this amide. Again, this is in agreement with
the X-ray based model and H NMR studiesee
below).

3.6. Comparison with X-ray and '"H NMR data of
the bases

Dickerson’s laboratory has proposed that water
binds in the minor groove of A—T regions of B-
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DNA in a ‘spine of hydration’[23,24. This model would be involved in H-bonds to DNA, which
has been recently revised based upon a very highwould be consistent with our observation of large
resolution X-ray structure that shows an inner deshielding shifts of C1 and C18 in this work.
spine composed of Na ions and water, and an Furthermore, the lack of large deshieldidg for
outer spine of watef34-36. From X-ray data, C9 is also consistent with DNA:netropsin data
Dickerson’s work indicates that netropsin displaces [15,16,23,24,26 C9 of netropsin is covalently
as many as 12 of the wajMa+ in the inner neighboring N6, which fails to form a significant
spine; the spine components bind to each other, H-bond to the DNA minor groove.

TO2, and AN3[12,17,24. Fig. 5a shows the

central two base pairs in the dupldd(CGCG- 4, Conclusion

AATTCGCG)], and the oxygenéor Na+ ) of five

of the waters in the spine. TO2 and AN3 are  The experiments described here were designed
nearly isomorphous in a regular B-DNA geometry, to explore the effects of H-bonding on the carbon
so any sequence of A-T pairs allows the spine to chemical shifts of netropsin upon binding to DNA.
form; at least four contiguous A-T pairs are Based on this model system, the results suggest
required for netropsin to bind with maximum that **C NMR spectroscopy may provide a tech-
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