Bioorganic & Medicinal Chemistry 17 (2009) 2793-2811

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

—
B [ —
Chemistry

journal homepage: www.elsevier.com/locate/bmc

Solution studies on the complex of 4'-epiadriamycin-d-(CGATCG), followed
by time-resolved fluorescence measurement, diffusion ordered spectroscopy
and restrained molecular dynamics simulations

Prashansa Agrawal ¢, Sudhir Kumar Barthwal b Girjesh Govil ¢, Ritu Barthwal **

4 Department of Biotechnology, Indian Institute of Technology Roorkee, Roorkee 247 667, India

b Department of Physics, Indian Institute of Technology Roorkee, Roorkee 247 667, India

€ Chemical Physics Group, Tata Institute of Fundamental Research, Homi Bhabha Road, Navy Nagar, Colaba, Mumbai 400 005, India

ARTICLE INFO ABSTRACT

Article history:

Received 7 December 2008
Revised 14 February 2009
Accepted 18 February 2009
Available online 24 February 2009

Keywords:

4'-Epiadriamycin-d(CGATCG), complex
Nuclear magnetic resonance spectroscopy
Time-resolved fluorescence measurement
Diffusion ordered spectroscopy and
restrained molecular dynamics

4'-Epiadriamycin is a better-tolerated anthracycline drug, due to lesser cardiotoxicity. We report here a
study of the 2:1 complex of 4’-epiadriamycin-d-(CGATCG), by proton Nuclear Magnetic Resonance Spec-
troscopy which show the absence of sequential connectivities between C1pG2 and C5pG6 base pair steps
and presence of intermolecular cross peaks of the drug and DNA. Our studies establish the role of 90H,
NH,*, 70, 40CH; groups in binding to DNA. Time-resolved fluorescence measurement and diffusion
ordered spectroscopic studies reveal the formation of complex. The nonspecific interactions as well as
those essential for biological activity are discussed along with its medicinal importance.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The anthracycline family of antibiotics is effective in treating a
variety of cancers.!? The therapeutic properties of the various
members of the family are attenuated by the chemical substituents
on the fused ring system and on the amino sugar.!* Analogs have
been synthesized in order to circumvent the adverse toxic effects
of these drugs.* The 4'-epiadriamycin (Fig. 1a) developed recently
is better tolerated due to lesser cardiotoxicity. 4’-Epiadriamycin
has been an outcome of the constant search to look for new ligands
or modify the existing drugs in order to overcome the adverse ef-
fects of cell toxicity or tumor-resistance. It differs from adriamycin
only by an inversion of the stereochemistry at the 4’-position of the
sugar. The understanding of drug-DNA interaction is the first step
to realize potent activity and low toxicity of these drugs.

A wealth of studies has been performed to understand the
structural, kinetics, and energetics of interaction®>™® between the
anthracycline drug and DNA. Theoretical studies'® have suggested
that it preferentially recognizes a triplet sequence, with the se-
quences 5'GCT and 5'CGA being the most energetically favored.
DNase | foot printing titration procedure identified the most
strongly preferred daunomycin binding site to be the triplet se-
quences 5'CGA, 5CGT, 5'CGA and 5'GCT, indicating that either A
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or T may occupy the position neighboring the intercalation site.!!
The X-ray crystal structure analysis of adriamycin with d-
CGATCG'? has revealed hydrogen bonding of 90H moiety of drug
with G2N1H and G2N3. Further NH;™ moiety of daunosamine su-
gar forms hydrogen bonds with 02 of C5, 04’ of C5, and O2 of T4
residues. The X-ray crystallographic studies on d-TGTACA and d-
TGATCA with daunomycin'? and 4'-epiadriamycin'#!> have shown
sequence dependence of the binding of amino sugar to the A-T
base pair outside the intercalation site.

In addition several other van der Waal’s contacts also help in
stabilizing the complex. Solution structure of adriamycin with d-
CGATCG by Nuclear Magnetic Resonance Spectroscopy!® and
molecular modeling studies'” of daunomycin with d-
(CGCGCGATCGCGCG), have shown that there exists a conforma-
tional equilibrium between different populations of conformers.
A trans form for backbone torsional angle C3'-03'-P-05’, ¢, is ob-
served at G2pT3 and C5pG6 units. Further O-glycosidic bond angle
C7'-07-C1'-C2’-centered around 59° having an energy barrier of
1.4 kcal mol~! from the usual 137° conformer may be present!’
which will change the disposition of NH;* moiety in minor groove
of DNA.

The interaction involving intercalation of planar chromophore
(ring BCD) of the drug at the 5'pyrimidine-purine 3’ sequence, that
is, d-CpG or d-TpG step is found to be preserved due to direct
involvement of guanine present at the second position in DNA se-
quences in binding. The complex is stabilized by two hydrogen
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Figure 1. (a) Molecular structure of 4’-epiadriamycin (b) schematic representation
of the 2:1 4’-epiadriamycin-d-(CGATCG), complex.

bonds, N2H and N3 of guanine with 90 and 90H of the drug,
respectively, in all complexes. The amino sugar lies in the minor
groove forming up to five hydrogen bonds with the adjacent inter-
calating second base, adjacent third base pair and water molecules.
The amino group is located closer to the second base pair in 5-3’
sequence and its sugar edge. This tends to make shorter van der
Waal’s and hydrogen bond contacts with d-CGATCG than that with
d-CGTACG. This demonstrated the role of third base pair, suggested
also by theoretical energy calculations.'® The conformation of the
ring A of the drug in complexes with d-TGATCA is H8 with C8 atom
deviating 0.71 A away from sugar. On the other hand, in d-TGTACA,
d-CGTACG complexes, ring A conformation is 9H with C9 atom
deviating by 0.53 A and 0.59 A, respectively, towards daunosamine
sugar. The hydroxyl group at C14 position in 4’-epiadriamycin/
adriamycin is involved in additional contact through water mole-
cule to the DNA phosphate resulting in further stabilization of
the complex. The torsional angle in glycosyl linkage of the dauno-
mycin molecule is significantly reduced from 162-167° to
1272013144° while the daunomycin sugar is in unsymmetrical
boat or chair conformation in the various structures of the com-
plexes. Thus both DNA and drug exhibit considerable conforma-
tional flexibility in these complexes.

The present study has been done on 4’-epiadriamycin-d-
(CGATCG), complex using NMR with the aim that NMR has the
advantage of providing information about the system in solution
and also yields insights into dynamic processes. The existence of
bound and free resonances of imino protons of DNA clearly demon-
strates that the drug indeed binds to the DNA hexamer and there is
a slow exchange of free and bound DNA on NMR time scale at low
temperature. Here, we have chosen the self-complementary du-

plex d-(CGATCG), since this contains two symmetrically equiva-
lent CGA and TCG 4’-epiadriamycin binding sites and thus 2:1 4'-
epiadriamycin-duplex complex retains the twofold symmetry of
the free DNA. Sequence specific assignment of small DNA duplex
is well established and that for drug molecule has been taken from
our paper.'® We present here our results on interaction of 4'-epia-
driamycin with d-(CGATCG), (Fig. 1b). We have reported the 'H
NMR results of titrations of drug with DNA followed by change
in chemical shift, analysis of NOE data, the drug-DNA contacts
and the structural features of drug and DNA hexamer in the com-
plex. The inter-proton distance restraints have been used to carry
out molecular dynamics simulations. The final convergent struc-
ture has been analyzed with respect to helicoidal parameters and
backbone torsional angles. The conformation of ring A and daunos-
amine sugar has been obtained. Specific intermolecular contacts
have been extracted and correlation between different structural
parameters has been investigated. We have obtained conforma-
tional parameters, correlations between them and intermolecular
contacts to establish the mode of binding. Time-resolved fluores-
cence measurement and diffusion ordered spectroscopic studies'®
have been done to show that there is complex formation. A com-
plete comprehensive view of the drug-DNA interaction with a pur-
pose of understanding molecular basis of action is presented in this
manuscript.

2. Results and discussion
2.1. NMR studies on complex of 4'-epiadriamycin-d-(CGATCG),

The proton NMR spectra of the complex of 4’-epiadriamycin-d-
(CGATCG), at various drug (D)/DNA (N) ratios, D/N =0.16, 0.32,
0.48, 0.64, 0.80, 0.96, 1.11, 1.27, 1.43, 1.53, 1.60, 1.75, 1.91 and
2.03 at 275K are recorded, few are shown in Figure 2a-c. At
275 K, the imino proton signals are sharpened and intensified. Be-
sides, DNA is expected to be present completely in duplex state at
275 K. The assignment of nucleotide protons (Table 1a) are done
using the standard strategies, that is, sequential NOEs (base H8/
H6),-sugar (H1’),_;, (base H8/H6),,-sugar(H2"),,_1, (base H8/H6),-
sugar(H2'),_; and drug protons (Table 1b) are assigned using
Barthwal et al.'® as the reference. On addition of 4’-epiadriamycin
to d-(CGATCG),, new drug proton signals are seen which increase
in intensity with D/N ratios. This is evident from the resonance sig-
nals of 1’H, 7H, 5'CHs, 60H, 110H, 1H, 2H and 3H protons shown in
Figure 2a-c. The initially sharp NMR spectral lines of free DNA du-
plex broaden significantly without the appearance of a new set of
NMR resonances for the bound complex. Both the nucleotide and
drug protons, each having one set of resonances, shift gradually
from their position in uncomplexed state with D/N ratio (Supple-
mentary data 1 and 2). The spectra of the complex of 4’-epiadria-
mycin-d-(CGATCG), as a function of temperature are obtained at
D/N=1.0, 1.5 and 2.0 (Fig. 3a and b) at the range 275-328 K (Sup-
plementary data 3a-c and 4).

2.1.1. Characteristic of drug-DNA complex

In uncomplexed or free d-(CGATCG),, TANH and G2NH peaks
appear at 13.74 and 12.95 ppm, respectively, while the GENH res-
onance is not seen presumably due to exchange with water sol-
vent. On successive addition of 4'-epiadriamycin to DNA, four
additional resonance peaks are observed at 11.89, 13.75, 12.16,
12.01 ppm besides the 60H and 110H peak at about 13.81 and
12.41 ppm. In 2D NOESY spectra (Fig. 4a) pairs of protons resonat-
ing at 12.84, 11.89; 13.69, 13.75 and 12.16, 12.01 give cross peaks
(shown in circle) with each other. Since T4NH and G2NH appear at
13.74 and 12.95 ppm in uncomplexed/d-(CGATCG),, the peaks at
13.75 and 11.89 ppm get assigned to T4NH and G2NH in the com-
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Figure 2. (a—c) Proton NMR spectrum of the complex 4'-epiadriamycin d-(CGATCG), complex as a function of added drug (D) to DNA (N) duplex stoichiometric ratios (D/N) of
0.0, 0.48, 0.96, 1.53, 2.03 at 275 K in H,0/D»0.

Table 1a
Chemical shift (ppm) of nucleic acid protons in uncomplexed state (5) and that bound to drug (s) at drug (D) to nucleic acid duplex (N) ratio D/N = 1.0 at 275 K
Proton C1 G2 A3 T4 C5 G6

o of Aj o of Ad o of As & of As o of Aj i of Aj
H8/H6 751 7.69 -0.18 7.99 8.05 -006 830 834 -0.04 7.19 7.26 -0.07 745 751 -0.06 7.87 8.02 -0.15
H1 5.71 5.92 -0.21 5.52 5.62 -0.10 6.31 6.37 —0.06 5.61 5.70 —0.09 568 5.72 -0.04 6.06 6.18 —0.12
H2' 1.82  2.02 -020 274 2.89 —-0.15 2.71 2.80 -0.09 2.02 2.09 -0.07 195 2.06 -0.11 2.62 2.78 -0.16
H2” 234 245 -011 2.86 2.99 -0.13 299 3.08 -0.09 242 2.52 -0.10 236 249 -013 232 2.42 -0.10
H3’ 466 480 -0.14 474 4.82 -008 505 511 -0.06 4.8 4.95 -0.07 484 491 -0.07 4.68 4.74 —0.06
H4' 4.08 4.11 -0.03 436 4.40 -0.04 451 4.53 -0.02 4.19 4.22 -0.03 415 419 -0.04 419 4.22 —-0.03
H5' 3.78 3.77 +0.01 4.15 4.19 —-0.04 429 432 —-0.03 4.08 4.11 —-0.03 4.08 4.11 -0.03 415 4.19 —-0.04
H5” 372 375 -0.03 4.10 4.16 -006 419 422 -003 394 4.04 -0.10 394 404 -010 4.10 4.16 —0.06
H5/H2 6.00 6.02 —0.02 * * * 784 792 —0.08 * * * 5.93 5.98 —0.05 * * *
NH2° 8.31 8.41 -0.10 7.21 7.45 -024 7.62 7.78 -0.16 = * * 8.52  8.67 —-0.15 8.20 8.18 +0.02
NH2"™ 697 693 +0.04 6.95 6.91 +0.04 612 621 -0.09 = * * 7.05 715 -0.10 734 7.36 —0.02

#517 #5f Aé# #5b #5f A(S# #5b #5f Aé#

CH; * * * * * * * * * 1.20 1.37 —0.17 * * * * * *
NH * * * 11.89 1284 -095 = * * 13.75 13.69 +0.06 * * * 12.01 1216  -0.15

—ve Aé indicates upfield shift.
+ve A indicates downfield shift.

Also shown here is the change in chemical shift on binding, that is, Ad = 6°pn-10) — oF and As* =*#6> — #,

plex of d-(CGATCG), with drug at D/N = 2.0 (designated as T4ANH®
and G2NHP). The remaining pair (12.16, 12.01 ppm), gets assigned
to G6NH present in free (G6NH 12.16 ppm) and bound state

(G6NHP 12.01 ppm). The area under the NH peaks, confirmed that
the G2NH/T4NH/G6NH indeed split into two sets of peaks. The ra-
tio of area of TANH' to TANHP decreased from 3:1 (approximately)



2796

Table 1b

P. Agrawal et al./Bioorg. Med. Chem. 17 (2009) 2793-2811

Chemical shift (ppm) of drug protons in uncomplexed monomer a state (5™°"°™" concentration 0.01 mM, 298 K), free (5, 8.0 mM, 275 K) and that bound (s®) to nucleic acid

duplex at drug (D) to DNA (N) ratio, D/N = 1.0 at 275 K

Protons ® (DIN=1) of As=8"DIN=1)— o (e A§' = 6°(D/N = 1) — gmonomer
1H 7.66 7.11 +0.55 7.81 -0.15
2H 7.73 7.35 +0.38 7.85 -0.12
3H 7.49 7.08 +0.41 7.55 -0.06
7H 472 451 +0.21 4.60 +0.12
1H 5.39 522 +0.17 5.46 —0.07
3'H 4.07 3.25 +0.82 3.31 +0.76
4'H 418 3.22 +0.96 3.13 +1.05
5'H 427 3.84 +0.43 4,01 +0.26
5'CHs 1.31 1.22 +0.09 1.33 —0.02
40CH; 3.91 3.64 +0.27 3.95 —0.04
9COCH, 4.49 4,66 -0.17 4.86 -0.37
60H 13.81 12.96 +0.85 = =
110H 12.41 1231 +0.10 = -
90H 5.08 4.96 +0.12 = =
3NH;* 7.95 8.00 —0.05 = =
4'0H 4.82 491 —0.09 = =
8eqH 2.36 2.07 +0.29 2.18 +0.18
8axH 1.82 1.79 +0.03 213 -0.31
2'axH 1.82 1.76 +0.06 1.87 —0.05
2'eqH 2.34 2.11 +0.23 2.31 +0.03
10eqH 2.64 2.67 —0.03 3.10 —0.46
10axH 238 2.20 +0.18 2.92 —0.54

—ve Aé indicates upfield shift.
+ve A indicates downfield shift.

Also shown here is the change in chemical shift, due to binding, that is, A= 6°(D/N =1) — 6 and A&’ = °(D/N = 1) — gmonomer,

at D/N ratio of 1.0 to 2:1 at D/N ratio of 2.0, that is, on addition of
an increasing amount of drug to DNA. It is noted that the intensity
of G6NH' peaks is significantly lesser than that of G2NH' and
T4NH'. Also the NOE cross peak of GGNH' and G2NH' resonance
corresponding to a distance of 3.72 A in standard B-DNA structures
is weaker in intensity than the NOE cross peak of TANH and G2NH'
which also corresponds to a distance of 3.72 A. This suggests that
G6NH proton which completely exchanges with water in free d-
(CGATCG),, is immobilized in the drug-DNA complex although it
is still fraying to some extent being the terminal base pair of
DNA. Accordingly the line width of GENHP is found to be greater
than that of G2NH" and T4NH".

It is observed that the sharp T4CHs peak appearing at 1.37 ppm
in d-(CGATCG), decreases in intensity as D/N ratio increases and
one new, relatively broad peak appearing at 1.20 ppm, respec-
tively, start growing in intensity with D/N (Fig. 2a); the same is also
manifestes in the area plot. These peaks exchange with each other
and hence the peak at 1.20 ppm gets assigned to T4CHs; of DNA
bound to the drug molecule (T4CHsP). The existence of two sets
of T4ANH, G6NH, G2NH, and T4CHj; clearly demonstrates that the
drug indeed binds to the DNA hexamer and there is a slow ex-
change of free and bound DNA on NMR time scale at 275 K.

2.1.2. Change in chemical shift due to complexation

There are two intercalative sites available for the drug. The
change in chemical shift (Ad) of base and H1’ protons with ratios
are gradual and small in magnitude. The Aé increases with D/N ra-
tio as more of hexamer binds to the drug and a maximum of
0.20 ppm upfield shift is observed for C1H1’ and G2H1’ protons.
T4NH bound imino proton is downfield shifted with respect to
the corresponding imino protons in free state; the shift being
0.06 ppm, whereas G2NH and G6NH bound imino protons are up-
field shifted and the shifts are 0.95 and 0.15 ppm, respectively (Ta-
ble 1a, Fig. 4a, cross peaks are encircled). Such changes may be
attributed to stacking or structural changes in complexation. 'H
resonance signals are observed on addition of increasing amount
of drug in the temperature range 275-328 K at steps of 5 K (Sup-
plementary data 3a-c, Fig. 3a and b). Till 308 K temperature, the

signals are in slow exchange regime and are sufficiently broad to
be followed individually through the titration. It is observed that
there is variation of chemical shift with temperature showing
downfield shift of 0.25 ppm for C1H1’ and 0.28 ppm for C5H1’ at
D/N 2.0. There is noticeable change in the drug and nucleic acid
protons in the range 275-328 K. This indicates that structurally
only one complex is being formed and the chemical shift at any
one temperature is not an average of bound and unbound DNA/
drug, the equilibrium of which is likely to shift with temperature.
The area plots of T4NH, G2NH, G6NH and T4CH3 in bound and free
state also confirm that only one bound species exists in this tem-
perature range. The gradual change with temperature in the range
275-328 K may be due to destacking/decreased intercalation and
duplex to single strand transition.

2.1.3. Chemical shift of 4'-epiadriamycin in the drug-DNA
complex

There is a gradual shift in drug protons on binding to DNA. The
ring protons, 1H, 2H and 3H, shift upfield substantially up to
0.6 ppm with respect to the chemical shift position of drug mono-
mer, 6™°"°™¢" in 2:1 drug to DNA complex at 275 K (Supplementary
data 2). The downfield shift As=4"—of is 0.40 ppm for 3H,
0.37 ppm for 2H, 0.56 ppm for 1H, 0.23 ppm for 1'H proton and
0.85 ppm for 60H at 275 K (Supplementary data 2). Several pro-
tons in ring A and D of the drug experience large upfield shifts,
up to 0.55 ppm. It is worth noting that there is downfield shift
up to 0.96 and 0.82 ppm for 4H and 3'H, respectively. This is due
to inversion of 4H and 4'OH in 4’-epiadriamycin in comparison
to adriamycin in which these shifts are 0.29 and 0.19 ppm, respec-
tively. This may be due to better stacking of 4'-epiadriamycin with
DNA. The maximum change in chemical shift with temperature is
observed for 60H, 110H, 1H, 2H, 3H and 1’H protons (Supplemen-
tary data 4), which are presumably close to oligomer due to stack-
ing of 4'-epiadriamycin chromophore with base pair of DNA. These
have been attributed to intercalation of drug chromophore be-
tween base pairs of DNA, which move apart to a distance of
~6.8 A on binding to drug'*'> and are characteristic of stacking
interaction between aromatic/conjugated rings. The relatively
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Figure 3. (a, b) Proton NMR spectrum of the complex 4'-epiadriamycin d-(CGATCG), complex as a function of temperature (275-328 K) at drug (D) to DNA (N) duplex

stoichiometric ratios (D/N) of 2.0 in H,O/D,0.

smaller change in 1H and 2H protons of drug, also reported ear-
lier,2°-22 may be due to specific positioning of drug chromophore
between base pairs such that the ring A partially protrudes out
of base pairs resulting in much lesser overlap with adjacent base

pairs and hence experiencing less ring current shifts. The base pair
protons (H8, H6, H2, H5, CH3) and deoxyribose H1’ protons (being
close to aromatic ring) of the intercalating base pair of DNA show
ring current effect to a much lesser extent since they are destacked
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Figure 4. (a-f) Expansions of various regions of 2D NOESY spectrum of 4’-epiadriamycin-d-(CGATCG), complex in H,0/D,0 and intermolecular cross peaks are shown by
asterisk (*) between drug and DNA and (—) indicate loss of connectivity between base pair step at 275 K.

from the neighboring base pair in free DNA and then stacked with may be due to structural alterations on binding and cannot be cor-
the conjugated aromatic rings ABCD (Fig. 1a) of 4’-epiadriamycin. related directly to a specific structural parameter; hence not a suf-
The observed chemical shift at different temperatures (Fig. 3a ficient marker of interaction. Therefore 2D NOESY data are
and b) is distinctly different from that of free drug in monomer/self acquired which gives inter-proton contacts and shows that the ma-
associated form?!?2 or free DNA.?? These changes in chemical shift ~ jor conformer is the 2:1 molecular complex.
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2.1.4. Conformational features of DNA and drug in the complex

The NOESY spectra of drug-DNA complex at stoichiometric D/N
ratio of 1.0 have been investigated extensively at mixing time (7.,)
of 100, 200 and 300 ms. The inter-proton distances have also been
evaluated by taking distance CH5-CH6 = 2.45 A for 7,,, = 200 ms as
an internal standard. The observed NOEs for (a) connectivities
involving amino and imino protons of base pairs, (b) sequential
connectivities (c) intranucleotide connectivities within sugar (d)
intranucleotide base to sugar connectivities are given in Supple-
mentary data 5-7 and Table 2.

2.1.4.1. Connectivities involving amino and imino protons of
base pairs. The base sequence d-(CGATCG), being self-com-
plementary is responsible for a high symmetry in the NMR spectra.
The observation of NOEs (Fig. 4a-c, shown by arrow) between the
C1H2"-G6NTHP; G2N1H'-C5N4H2"; A3H2-T4NHP; T4NHP-
A3NG6H2P establish Watson-Crick base pairing between T1--A6,
G2---C5 and A3---T4 base pairs in the duplex showing that drug is
stabilizing the duplex (Supplementary data 7). The sequential con-
nectivities among adjacent base pairs, at the terminal ends where
the binding site is present, are not observed (Table 2). This clearly
demonstrates that DNA duplex is intact; apparently sequential
connectivities are broken between base pairs to accommodate
drug chromophore as expected on binding of typical intercalator
to DNA molecule.

2.1.4.2. Sequential connectivities. The results in Table 2
clearly demonstrate a discontinuity in the (H6/H8), to (H1'),_1,
(H2")n—1, (H2")y_1, (H3"),_1, base (H6/H8),_; sequential NOE con-
nectivities expected in right-handed B-DNA geometries at the
C1pG2 and C5pG6 steps (Fig. 4d and e and Supplementary data 8
and 9, shown by arrow) by the intercalation of anthracycline ring

Table 2

Some of the inter residue sequential NOE cross peaks (ds) of nucleotide protons in the
drug-DNA complex observed in NOESY spectra (Fig. 4a-f and Supplementary data 8
and 9) of drug-DNA complex at D/N = 1.0, 1.5 and 2.0 at 275K

Inter-residues sequential peaks D/N=1.0 D/N=1.5 D/N=2.0
G2H8-C1H1’ — — —
G2H8-C1H2'/2'axH/8axH () o o
G2H8-C1H2"/2'eqH o o o
G2H8-C1H6 — — —
G2H1’-C1H6 - — —
G2H8-C1H3' w w —
A3H8-G2H1’ s s ws
A3H8-G2H2' ws ws w
A3H8-G2H2" w w ww
A3H8-G2H8 S s w
T4H6-A3H1’ s ww
T4H6-A3H2' w w w
T4H6-A3H2" ws w ww
T4H1'-A3H8 S s s
T4CH3-A3HS8 ss SS S
T4H6-A3HS8 S S w
C5H6-T4H1’ ss s w
C5H6-T4H2” s s w
C5H6-T4H2’ ss ss w
C5H6-T4H3’ s ss S
C5H5-T4H6 ws ws ww
C5H5-T4CH3 s s w
G6H8-C5H1’ w w —
G6H8-C5H2” [8eqH o o o
G6H8-C5H2’ w ww —
G6H8-C5H3’ w ww —
G6H8-C5H6 ww — —
G6H1’-C5H6 ww — —

The very strong (ss), strong (s), medium (ws), weak (w), very weakly (ww)
intense cross peaks correspond to distances in the range ss 1.8-2.5A, s 2.5-3.0 A,
ws 3.0-35A, w 3.5-4.0 A, ww 4.0-5.0 A, respectively. Overlap of cross peaks is
indicated as o.

of the drug. Intense NOE cross peaks are observed for several
sequential connectivities between the steps, G2pA3, A3pT4 and
T4pC5, as expected for right handed B-DNA type conformations.
The intensities corresponding to these sequential NOE connectivi-
ties, (H1’, H2’, H2"),_1-(base H8/H6), are found to be in the range
2.3-4.0A (Table 2). Thus the drug chromophore intercalates at
C1pG2 and C5pG6 steps. The cross peaks A3H8-G2HS (5.0 A),
A3H8-T4CH; (3.8 A), A3H8-T4H6 (4.8 A) and T4H6-C5H5 (3.9 A)
have earlier been observed in the spectra of d-(CGATCG),?* and
d-(TGATCA),.2* These observations are indicative of good base to
base stacking at these base pair steps. The stacking pattern in the
base pairs adjacent to the intercalation site appears to have chan-
ged on complexation.

2.1.4.3. Intranucleotide connectivities within sugar. Sugar
conformation may be determined from the integrals of cross peaks
in NOESY spectra (Supplementary data 5) at 275 K. Intra residue
inter-proton distances H1’'-H4’ and H2"-H4' distances vary signif-
icantly with Ps and ys, respectively, hence may be used for confor-
mational analysis. The NOE connectivity corresponding to H1’'-H4’
for G2 residue is weakly intense as compared to A3 and G6 resi-
dues (Supplementary data 5). This indicates that pseudo rotation
phase angle for G2 residue is ~162°. The observed distance from
H1’-H4’ NOE intensity (Supplementary data 5) increases in the or-
der G6 <A3 <G2 and T4, C1, C5 are overlapped, hence cannot be
resolved at 7., =200 ms. Thus the pseudorotation Ps decreases as
G2 > A3 > G6 so that the Ps of G6 residue is estimated as <144°.
The distance H2"-H4' decreases rapidly from 3.8 A for Ps=162°
to 2.3 A for Ps=18° while its variation with Ps in the range
Ps = 144-180° is negligible.?*> The observed values of H2"-H4" dis-
tance (Supplementary data 5) show that G2, A3 and G6 have dis-
tance ~3.8 A, hence the fraction of N-conformer is very less in
the residues. All other observed intra-sugar NOE intensities (e.g.,
relatively higher value of H2”-H3’ and H3'-H4' distance for G2 res-
idue) are in agreement with these estimations of Ps and ys and also
indicate that G2 residue is closest to the B-DNA conformation. The
observed intense cross peaks corresponding to H2”-H3’ and H3'-
H4' distances show that the S-conformer is predominant.

2.1.4.4. Intranucleotide base to sugar connectivi-
ties. Among purines, H8—H1’ distance increases in the follow-
ing order: G2 < G6 < A3 (Supplementary data 6), which shows y
value of G2 residue is close to ~105°. Among pyrimidines, H6-
H1’ distance increases as C1 < C5 < T4 indicating that y value of
C1 is close to ~150° (Supplementary data 9, Fig. 4e and f). The
H8/H6-H2” NOE cross peaks show that the distance is least in G2
and C1 residues among the purines and pyrimidines, respectively,
and thus these two residues may be adopting high anti conforma-
tion. The distance increases in the order G2 <G6<A3 and
C1 < C5 < T4 among purines and pyrimidines, respectively. Strong
H8/H6-H3’ NOE connectivities indicate presence of mixed S and
N-conformers in all the residues. Similarly intense cross peaks of
base to H4/, H5', H5” protons for several residues indicate presence
of N-conformer along with major S-conformer in deoxyribose.

2.1.5. Conformation of 4'-epiadriamycin

The intramolecular NOE connectivities within the drug mole-
cule in the drug-DNA complex give information about the confor-
mation of drug (Supplementary data 10). It is observed that the 7H
proton is nearly equidistant to 8axH and 8eqH atoms, but since the
peaks are overlapped, their distance could not be accurately mea-
sured. In daunosamine sugar, the 1’'H-4'H and 1’H-5'H distances
are lesser than the corresponding distance in the free drug (3.1-
4.2 A). Thus the conformation of ring A as well as daunosamine su-
gar has changed due to binding. As a result the relative orientation
of ring A protons with sugar protons is affected. The distance of 7H
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to 1’H and 3'H have increased and corresponding NOE connectivity
is not observed. The distance of a 9COCH, proton from 1'H and 3'H
proton has increased (no cross peak observed). Apparently,
9COCH; has moved apart from daunosamine sugar moiety. Such
changes are different from the one which have been observed in
X-ray crystal structure of complexes of daunomycin with d-(TGAT-
CA),." It has been shown that conformation of ring A changes so
that 90H lies in close proximity to G2N2H and G2N3 atoms in or-
der to form two hydrogen bonds. No such studies have been car-
ried out for 4’-epiadriamycin in solution state by NMR techniques.

2.1.6. Intermolecular interactions

Several intermolecular contacts have been observed in the
NOESY spectra (shown with asterisk in Fig. 4a-f and Supplemen-
tary data 8 and 9) of major conformer and are listed in Table 3.

Table 3

Relative intensities of intermolecular NOE connectivities between d-(CGATCG), and
4'-epiadriamycin molecule in the drug-DNA complex at drug to DNA ratio D/N = 1.0,
1.5 and 2.0 from NOESY spectra (Fig. 4a-f and Supplementary data 8 and 9) at 275 K

S. No. Intermolecular cross peak D/N 1.0 D/N 1.5 D/N 2.0
1 A3H8-5'CH5? ww ww ww
2 A3H1'-5'CH5" ww ww ww
3 T4H1'-5'CH5" ww ww ww
4 G2H8-10axH ww ww ww
5 C1H6-10axH ww ww ww
6 G6H1’-10axH w w w
7 G6H1’-10eqH w w w
8 A3H8-3'H ww ww ww
9 G6NH2°-9COCH, ws ws ws

10 A3H8-5'H ww ww ww

11 G2NH2"°-9COCH, ws ws ws

12 C1NH2"-90H ws w w

13 G6NH2"-90H ws ws w

14 G6H8-90H w w w

15 G2H8-90H ws ws w

16 G6NH2"°-90H ww ww ww

17 C1H5”/C1H5'-1'H w ww ww

18 G2H4'-1'H ww w w

19 A3NH2""-1'H w ws ws

20 G6H1’-90H ww ww ww

21 C1H6-1'H w w ww

22 G6H1’-1H w ww ww

23 A3H8-3NH;* w ww -

24 T4H1'-3NH;* w ww ww

25 G6H3’'-10eqH w w w

26 G2H4'-10axH w w w

27 G2H4'-2'axH/8axH/C1H2’ (o} o (o}

28 C1H5"/C1H5'-10axH s ws w

29 G6H3’-2’axH/8axH/C1H2’ o (o) o

30 G2N1HP-60H ws ww ww

31 G6N1H-110H ww ww ww

32 G6H1'-60H ws w -

33 G6H2'-110H ww ww -

34 C1H4'/C5H5'[T4H5'-110H ww ww -

35 G2H5'/G6H5’/C5H4'-110H ww ww -

36 G6N1HP-2/axH/8axH/C1H2’ (o] (o) o

37 G6N1HP-C5H2" [8eqH ww ww ww

38 G6N1HP-10eqH ww = =

39 G6N1HP-9COCH, ww ww ww

40 C5H3'-3H ww ww w

41 A3H2-5'H ww — —

42 C1H2"[2'eqH-3NH; " o o o

43 G2H1’-2’axH/8axH/C1H2’ o () o

44 G2H4'-90H ww ww wWw

45 G2H1'-9COCH, ww — -

46 G2NH2"-60H ws w -

47 G6H8-60H ws w ww

48 G2H1’-110H ww ww ww

49 G2H8-110H ws — -

The very strong (ss), strong (s), medium (ws) and weakly (w) intense cross peaks
correspond to distance of ss 1.8-2.5 A, 5 2.5-3.0 A, ws 3.0-3.5 A, w 3.5-4.0 A, ww 4-
5 A. Overlap of peaks is indicated as o and ‘—' indicates absence of peak due to
broadening.

The existence of NOESY cross peaks C1H6-1H, C1H6-2H, C1H6-
3H, G6H1-1H, C5H6-3H, C1NH2P-90H, C5H6-1H, C5H6-2H,
G6H1'-60H (intense NOE cross peak) and G6H2'-110H (weakly
intense cross peak) indicates that the drug chromophore stacks
with C1 and C5 residues. Since the 40CH;3 proton is closer to
C5H6 and C5H5 protons while 1H, 2H, 3H protons are close to
C1H6 protons, the drug chromophore is oriented in a direction per-
pendicular to the long axis of C1.G6 and G2.C5 base pairs. As a re-
sult of stacking interactions, the 1’H atom of drug comes in close
proximity of G6H1’ and G6H2’ atoms. The daunosamine sugar is
in close proximity of third base pair as 5'CH; shows NOE cross
peaks with protons of A3 residue. We have selected some intermo-
lecular NOE connectivities discussed above and also the intramo-
lecular NOE connectivities within the drug and within the DNA
molecule to build a model of drug-DNA complex. The structure ob-
tained after restrained energy minimization followed by restrained
molecular dynamics for 100 ps is shown in Figure 5. It is observed
that some of the NOEs observed between overlapping resonant
peaks are possible as their corresponding distance in rMD structure
is within 4.5 A. The structure derived by rMD simulations is indeed
defined by experimental NOE restraints. The comparison of the dis-
tance obtained by NMR and rMD is given in Table 4. This geometry
would lead to upfield shifts in ring D and ring A protons due to
anisotropic ring current effects from the adjacent base pairs. This
is consistent with the observed downfield shifts of 0.03-
0.21 ppm in 1'H, 7H, 10axH and 8axH protons. Ring A is seen to
protrude out, somewhat towards the solvent and is consistent with
the observed downfield shifts in 1H, 2H and 3H protons, being
~0.6 ppm. On accommodating the aromatic chromophore of drug
between adjacent base pairs, the overlap geometry is considerably
altered leading to shifts in their resonance positions. The base pairs
however are well stacked as demonstrated by appearance of NOE
cross peaks A3H8-T4CH5 and T4H1-C5H5.

We have derived the values of pseudorotation phase and glyco-
sidic bond rotation in the rMD structure (Table 5a and b) and com-
pared them with that obtained earlier in similar X-ray
crystallographic structures.'>'52! There are no such studies on
binding of 4’epiadriamycin to d-(CGATCG), hexamer sequence by
NMR techniques. Table 5a shows that T4 and A3 residues have
pseudorotation phase angle of 126° and 107°, respectively. Similar
values in the range 121-151° have been observed in complex of
daunomycin and 4’-epiadriamycin with d-(TGATCA),>"'° for T1,
A3 and T4 residues. It may be noted that our NMR results indicate
that deoxyribose sugar is a mixture of S- and N-conformers in dy-
namic equilibrium. The S-conformer exists as the predominant
form having pseudorotation Ps in the range 135-162°. Thus these
results show the feasibility and relevance of NMR studies of 4'-
epiadriamycin bound to d-(CGATCG),. Some of the features such
as NOE connectivities A3H1’-5'CH3 and G6H1’/A6H1’'-1'H are com-
mon to complexes with d-(CGATCG),. But various other detailed
structural features appear to be unique to the drug-DNA complex
studied. This reflects on drug-specific or DNA sequence specific
interactions at molecular level and is relevant to differences in
molecular basis of their action.

2.2. TCSPC analysis: time-resolved fluorescence measurements

From TCSPC analysis, it is seen that the fluorescence decay
curve profile of free drug is expected to be monoexponential2¢2’
but it is biexponential with two lifetimes and two amplitudes.
The lifetime of free 4’-epiadriamycin is found to be 7, =0.83 ns,
7,=2.19 and amplitude is B; =0.06, B, =0.03. This shows that
there may be presence of two conformers of the drug or the aggre-
gation of the drug molecule. On the formation of d-(CGATCG),-4'-
epiadriamycin 2:1 complex, t; = 0.71 ns, 7, = 1.08 ns; B} = 0.01
and B, = 0.08. In the present study the smaller B} and higher B,
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Figure 5. The stereoview of final rMD structure of 4’-epiadriamycin-d-(CGATCG), derived from the NOE data.

Table 4

Inter-proton distances (A) obtained from intermolecular NOE connectivities between
hexanucleotide and the drug molecule in the drug-DNA complex from NOESY spectra
(Fig. 4a-f and Supplementary data 8 and 9) at 275 K (distances are taken for rMD
model from intramolecular and intermolecular peaks of drug and DNA)

S. Intermolecular cross Distance obtained from rMD
e DI Experimental distance Observed distance
(A) (A)

1 G2H8-10axH 4.34 4.36

2 GB6NH2"-90H 4.96 494

3 G2H4'-10axH 3.74 3.75

4 G2N1HP-60H 3.59 3.61

5 G6N1H-110H 444 443

6 G6H1'-60H 3.08 3.06

7 G6N1HP-5H2" [8eqH 4.87 4.88

8 G6N1HP-10eqH 498 5.00

9 G2H1'-9COCH, 4.26 4.27
10 G2NH2"-60H 3.32 3.70
11 G6H8-60H 3.86 3.86
12 G2H1'-110H 4.73 4.74
13 G2H8-110H 3.33 335
Table 5a
Comparison of deoxyribose conformation (pseudorotation®)

Present work CGA + mor? CGA +adm®
NMR rMD

C1 High anti -150 180 - 148
G2 Anti -105 —108 —131, -92 -90
A3 Anti —105 to —120 -136 —148, —146 -130
T4 Anti —105 to —120 -118 -141, -123 -113
c5 High anti -90 -86 —105, -112 -90
G6 High anti -90 -82 -104, -110 -90

3 CGATCG + morpholinodoxorubicin.'®
b CGATCG + adriamycin.'?

lifetime components represent the intercalated and free form of
the drug, respectively. The t; value (7} = 0.71 ns) of the complex
is less than that of 7 value (7, = 0.83 ns) of free 4’-epiadriamycin,
showing that there is shortening of the decay time of 4’-epiadria-
mycin due to intercalation (Fig. 6). This indicates the complexation
of the DNA base with the drug and is due to electron transfer from
the d-(CGATCG), to 4'-epiadriamycin. The 7, = 1.08 ns component
may reflect the other conformations of unprivileged structures.

Thus there is clear indication that 4'-epiadriamycin is intercalating
in the d-(CGATCG), hexamer sequence and forming the complex.

2.3. Diffusion ordered spectroscopy (DOSY) studies on 4'-
epiadriamycin-d-(CGATCG), complex

DOSY spectra of 4'-epiadriamycin-d-(CGATCG), complex of 2:1
D/N ratio is compared with that of 4’-epiadriamycin and d-
(CGATCG); alone at 275 (Fig. 7a) and 298 K (Fig. 7b). The calculation
of diffusion coefficient was done using resonances, which got af-
fected on interaction of drug with DNA. Hence 1H, 2H, 3H of drug
and C1H6, G2H8 of DNA resonances had been taken into account.
On complex formation, the diffusion coefficient value of the drug
resonances in the complex decreases in comparison to that in the
uncomplexed drug. The corresponding values of the drug resonances
in complex and the drug alone are 0.27 £0.02 x 10"" and
1.84+0.05 x 10~ m?/s, respectively, and that of d-(CGATCG), in
the complex and alone hexamer are 2.61+0.04 x 107'° and
6.30 £ 0.08 x 10 '°m?/s, respectively, at 275 K. This is due to the
interaction of the drug with DNA which slower the rate of diffusion.
However, at 298 K, the diffusion coefficient value for the same hex-
amer signal for complexed and uncomplexed DNA are 2.25 + 0.01 x
1071° and 1.38 £0.04 x 10~ '°m?/s, respectively, while that for
bound and free drug resonance, the values are 5.11 +0.03 x 10~ 1°
and 1.53 £ 0.07 x 10~'° m?/s, respectively. The diffusion coefficient
values have been increased on comparing the complexed and the
uncomplexed form. This may be due to the fact that the drug starts
uncomplexing with increase in temperature. One set of peak is due
to averaging of the diffusion coefficients. The exchange is slower at
275 K in comparison to that obtained at 298 K on the diffusion time
scale.

2.4. Restrained molecular dynamics studies

The nucleotides are labeled from C1 base paired to G12 with C1
to G6 in the 5 to 3’ direction on strand 1 and from C7 to G12 on
strand 2. The 4’-epiadriamycin molecules are numbered D13 and
D14 and the atomic numbering scheme for the molecule is shown
in Figure 1a and schematic representation of drug—DNA complex is
shown in Figure 1b. The various superimposed structures obtained
by restrained molecular dynamics simulations are shown in Figure
8. The drug-DNA complex is stabilized via close contacts, which in-
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Table 5b
Comaprison of glycosidic bond rotation (°)
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Present work

CGA + mor? CGA +adm" CGA +dnm® CpG + dnm¢
NMR tMD

c1 153-162 -139 120, 143 158 160 153

G2 180 130 95, 136 141 142 135

A3 153-162 107 77,73 129 131

T4 144 126 92,130 124 122

c5 153-162 143 137,119 151 141

G6 162 185 147, 142 161 165

CGATCG + morpholinodoxorubicin'®; bCGATCG + adriamycin.'?
3 CGATCG + morpholinodoxorubicin.'®
> CGATCG + adriamycin.'?
¢ CGATCG + daunomycin.'?
4 CpG + daunomycin.?!
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Figure 6. Fluorescence lifetime decay measurement profile of 4'-epiadriamycin and 2:1 4’-epiadriamycin-d-(CGATCG), complex.

volve specific hydrogen bonding and van der Waal’s interactions
(Table 6). The root mean square deviation between the rMD struc-
ture and the starting structure is quite large but among various fi-
nal structures is very low. This is an indication that convergence
has been achieved. Table 7 indicates an assessment of refined
structure in terms of energetics and distance deviation from the
target distance. The total energy of the final structure is
146 kcal mol~!, which is lower than the initial B-DNA structure.
Table 8 shows the pair wise as well as residue wise root mean
square deviations (RMSD) of the complex. The starting structure
was chosen as reference and the value of target RMSD is chosen
to be 0.0. It may be noted that distance deviation reached a mini-
mum of 0.8 A from an initial average deviation of 0.0 A.

2.4.1. Conformation of DNA

All helical parameters, backbone torsional angles and sugar con-
formations of the resulting rMD structures were thoroughly ana-
lyzed with the program curves, version 5.1.282° The plots of
helicoidal parameters (global unless specified otherwise) are made
as a function of residue position in the duplex, along with that for
the classical structures of A-DNA and B-DNA and are shown in Fig-
ure 9a and b.

Among the base pair axis parameters, the x-displacement (dx)
and y-displacement (dy) are found to vary to a large extent for
all base pairs. The base pairs are inclined at an angle (#) up to 6°,

the inclination being larger at 5’ end. The tip angle fluctuates along
the base sequence. The variation in shear, stretch, stagger, and
buckle is fairly large for the CG base pair at both the ends. The pro-
peller twist at either ends are negative and large, indicating that
the ends are not having fraying effects. The inter-base parameters
shift (Dx) and slide (Dy), vary in the range —0.16 to +0.07 A. The
rise per residue (Dz) is 3.25 A at A3pT4 base pair step while that
at C1pG2 and C5pG6 base pair step increases up to 6.3 A to accom-
modate drug chromophore. The intercalation results in large
amount of tilt (7 =2.21° to —0.75°) in base pairs. The roll angle
(p) varies from +10° to —3°. Positive roll opens the angle between
the base pairs towards the minor groove; as a result a wider minor
groove and bending towards major groove causing a curvature in
the helix occurs. The large positive roll at C5pG6 (+10°), step indi-
cates reduced base stacking at C5pG6 end. This is due to the fact
that intercalating anthracycline ring chromophore is oriented
approximately perpendicular to the base pair axis in the helix, as
found in the crystal structures of the complexes. The A3pT4 base
pair step shows negative value of the roll (—3°). The propeller twist
is in the range from —6° to 29° out of which the terminals are hav-
ing negative value as the drug is intercalating at the terminal ends.
The local inter base parameters also show positive roll angle at
both the ends of the helix and negative roll in the center. The twist
() varies in the range 30.1-40.0°. The twist angle values at the
intercalation steps indicate that there is unwinding of DNA at these
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Figure 7. DOSY spectra of 4’-epiadriamycin-d(CGATCG), complex and d(CGATCG); at (a) 275 and (b) 298 K in D,0.

steps. Also there is unwinding of DNA at the steps adjacent to the
intercalation steps. The width and depth of major groove is found
to be 12.48 and 4.53 A while the corresponding values for minor
groove are 6.05 and 5.00 A, respectively. Thus, the minor groove
is wider perhaps to allow proximity of daunosamine sugar moiety.

The backbone torsional angles along with the values for canon-
ical B-DNA and A-DNA are plotted in Figure 10. The torsional an-
gles o, B and 7y adopt gauche™, trans and gauche® conformations,
respectively. The torsional angle ¢, however, deviates from the nor-
mal gauche-conformation and adopts a trans conformation for the
G2 and C5 bases. This is due to the opening of base pairs at these
sites. This is accompanied by a corresponding deviation in tor-
sional angle ¢ for G2 and C5 bases to a lower negative value of
91° and 100°, respectively, as compared to a value to 155° found
in B-DNA structures. The torsional angle, ¢ as well as pseudorota-
tion phase angle P, is deviated from the normal range around C2’
endo conformation. The glycosidic bond rotation, y, of the DNA
molecule measuring rotation of base around sugar varies along
base sequence. The y angles are as follows: C1, 180°; G2, —108°;
A3, —136°; T4, —118°; C5, —86°; G6, —82°. On C1pG2 side of the
backbone, the 2’-deoxyguanidine residue on the 5'-end site
changes the glycosyl angle from an anti (—98° in B-DNA) to a

low anti value (—108°). At the same time by adjusting ¢ angle from
a near trans (155° in B-DNA) to a lower value (—91°), it allows the
adjacent bases to separate from 3.4 to 6.3 A.

On the C1pG2 side, both nucleotide units maintain the glycosyl
angle at trans (180°, —108°). But the ¢ value is changed from 155°
to a near gauche (—91°) conformation in the G2 residue, it is possi-
ble to separate the neighboring G2 and C1 bases to a distance of
~6.3 A. This can be achieved by coupling it with the rotation of
the phosphodiester linkage from a normal gauche-, gauche-confor-
mation to a trans, gauche-, as observed in X-ray crystallogra-
phy'?30-32 and NMR'® structures of similar complexes. The
change in phosphodiester linkage gets reflected in the backbone
torsional angles ¢, {, « and B. A correlation between these torsional
angles has been found on the basis of a number of B-DNA crystal
structures, which have shown that two conformational states are
usually observed in B-DNA, namely BI and BII. The BI state is char-
acterized by torsional angles o, —62°; 8, 176°; ), 48°; 4, 128°; ¢
—176°; { —95°; and y, —102° to —119°; while the BII state is char-
acterized by o, —62°; B, 176°; 7y, 48°; 5, 144°; ¢, —114°; {, —174°;
and y, —89°. Our results show that both G2 and C5 residues tend
to adopt BII conformation. The A3 and T4 residues remain in the
more stable BI state. It has been reported earlier that the idealized
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Figure 8. Superimposed structures of d-(CGATCG),-4'-epiadriamycin obtained by
restrained molecular dynamics simulations.

Table 6
Close contacts (A) between drug and DNA molecule

S. No. Van der Waal’s contacts S. No. H-Bond contacts
Protons Distance Protons Distance
1 G2NH2"-60 2.07 1 CIN1-110 2.94
2 G2C6-C10a 2.78 2 CIN3-12CO 2.82
3 G2C4-C11 2.72 3 G2N7-12CO 2.73
4 G2NH2"-07 2.11 4 G2N7-110H 241
5 G2N3-C10a 2.62 5 G2N9-110 2.86
6 A3P-140H 1.71 6 G2NH2"-60 2.07
7 T4P-4'0H 1.72 7 G2NH2"-07 2.11
8 G6NH2"-8axH 1.63 8 A3P-140H 1.72
9 G6C6-C5 2.66 9 T4P-4'0OH 1.73
10 G6C5-5CO 2.58 10 C5N3-5C0 2.54
11 G6C2-C6 2.76 11 C502-60H 237
12 G6N7-5CO 2.68
13 G6N9-60 2.88
14 G6N3-60 2.74
Table 7

Energy terms (kcal mol~!) for starting model and final rMD structure

Energies (kcal mol™') d-(CGATCG),-4'-Epiadriamycin complex

Initial Final
Total 1218 146
Bond 91 98
Angle 556 560
Dihedral —46 —55
Van der Waal 138 179
Repulsion 2119 2179
Dispersive —1981 —2000
Electrostatic 541 434
Restraint 203 189

g-g-conformation of phosphodiester bond from 5’ to 3’ direction
changes g-g- —tg-—g-g- —g-g-—tg- (where t and g- stand for trans
and gauche-, respectively) in X-ray crystallographic'®> and NMR
structures'® in hexamer sequences d-CGATCG and d-CGTACG on

binding to similar drugs. The trans, gauche-conformation in
G2pT3 or G2pA3 step in X-ray structure'>'3 is associated with
change in g angle of T4/A3 residue (adjacent to intercalating bases)
to 120-138°. Further in these complexes, pseudorotation P = 105°
for T4 residue or ¢ angle of 72-92° for A3 and T4 residues have
been reported. The corresponding J or P for T4 residue in our case
is 117-126°. Thus intercalation of 4’-epiadriamycin induces and
stabilizes a distinct pattern of phosphates of the DNA backbone.
There appears to be a possibility to directly influence the DNA
backbone through complexation, hence leads to a redirection of
intercalation caused structural changes to the backbone, as pro-
posed in literature.!”

2.4.2. Conformation of 4'-epiadriamycin

The bond distance and angles in the 4’-epiadriamycin molecule
are within the limits of accepted values. In the aglycon part of the
molecule, the B and D rings are most aromatic with an averaged C-
C distance of 1.40 A. The distance between 05 and 06 atoms and
between 011 and 012 atoms are 1.75 and 1.88 A, respectively;
they presumably form intramolecular hydrogen bonds. The aro-
matic part of the aglycon is quite planar with rms distance of
0.80 A for the least squares plane calculated from all the atoms
of rings B, C, and D without the exocyclic atom. The methyl group
in the 4-methoxy side chain is also in plane with a deviation of
0.78 A. The orientation of methoxy group is such that the methyl
group is pointed away from O5 atoms and protrudes into the sol-
vent region. The torsional angles of the 4’-epiadriamycin molecule
in the complex (Table 9) are different from that of daunomycin in
the free state®® and in the same/similar bound complexes.'?3! In
ring A, the torsional angles around C19-C20 (5-8°) and C20-C7
(28-35°) bonds are negligible while that around C8-C9 (45-50°)
and C9-C10 bonds are (—13° to —16°) in magnitude. Thus, practi-
cally all atoms except C9 atom are out of the plane containing
other atoms and aromatic rings B, C, and D. The C9 atom is dis-
placed by 0.89 A in same direction as the amino sugar relative to
the plane of aglycon molecule as a consequence of which 90H
can no longer form intramolecular hydrogen bond with 7H atom.
The torsional angles corresponding to O-glycosyl linkage, C20-
C7-07-C1’ and C7-07-C1'-C2’, are lower (—137°, 168°) than the
corresponding angles in the pyridine salt of daunomycin mole-
cule®® in the free state (—114°, 167°). The amino sugar is in a chair
conformation with all the side chains pointing away from the agly-
con. The torsional angle around C1’-C2’ bond (39°) is shorter than
the expected gauche value in the six-membered rings.

2.5. Comparative analysis of 4'-epiadriamycin-d-(CGATCG), and
other anthracycline-DNA complexes

A view showing the stacking interactions is shown in Figure 11.
There are significant deviations from twofold symmetry relating
the backbone of the B-DNA molecules. The G2.C11 base pair is
translated towards minor groove by ~1.3 A and tilted with respect
to A3.T10 base pair. The A3.T10 base pair is translated along long
axis of the base pair by about 1 A with respect to next base pair
along 5'-3' direction.

The drug is positioned with respect to DNA molecule (Fig. 12a
and b) such that the hydroxyl oxygen atom of 90OH in ring A is
within the hydrogen bonding distance of N3 and N2 atoms of guan-
ine base G2. However, there is existence of weak hydrogen bond-
ing. The distance between 09 and G2N3 atom is 3.93 A and
varies in the range 3.5-4.7 A in 100 structures saved at equal inter-
vals during 100 ps rMD simulations. The distance of 09 from G2N2
atom is 4.01 A and varies in the range 4.0-4.5 A so that this hydro-
gen bond is rather weak. 07 atom of 4’-epiadriamycin which links
the chromophore and amino sugar, is close to N2 of G2 residue
with the separation of 3.0A while 09 is far from 04’ of G2
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Table 8
Summary of experimental restraints and statistical analysis of final structure
generated by restrained molecular dynamics (rMD)

Parameters No. of distance restraints
Intra residue 172
Inter residue 62

Total NOE violations 31
Average pairwise Initial = 0.0; final = 0.76

RMSD
Average residue wise C1=0.058, G2 = 0.078, A3 = 0.047, T4 = 0.053, C5 = 0.055,
RMSD G6=0.083

Width = 7.22 A; depth = 4.85 A
Width = 13.09 A; depth =1.95 A

Minor groove
Major groove

(4.2 A). The distance of 07 atom from 09 atom of 90H hydroxyl
group in ring A is 2.87 A so that there is possibility of intramolec-
ular hydrogen bond between O7 and 90H. Apparently in order to
have hydrogen bond of 09 with G2N3, the ring conformation is al-
tered in a specific way, which moves 07 atom away.2° This hydro-
gen bonding interaction is likely to be sensitive to conformation of
ring A. The distance between 09 atom of 9CO and O2 of C1 in our
structure is 5.11 A so that bridging of 09 atom of 9CO to 02 of C1
through water may not be possible. Further the distance between
04 and 0-1P of G6 is 8.97 A. However the distance between 05
and C5N1 is 3.24 A. A hydrogen bond involving 04 and 05 atoms
with phosphate groups of G6 are possible through two water mol-
ecules acting as bridges between them. In our rMD structures these
N-H---O distances from C502, C504/, and T402 atoms are 3.61,
3.98, and 4.76 A, respectively. We have therefore looked into these
contacts throughout the course of simulations. It is found that the
distance of NH; " from €502, C504/, and T402 are in the range 3.5-
4.3, 3.8-4.3, and 3.9-5.0 A, respectively. At the other intercalation
site, the distance of NH,;™ from C1102, C1104/, and T1002 are in
the range 4.2-4.9, 4.5-5.1 and 4.6-5.1 A, respectively. If we con-
sider 3.5 A as the cut off distance for hydrogen bond then NH,*
moiety is able to make at the most two hydrogen bonds. The dis-
tance of NH;* from O4' of T4/T10 and N3 of A3/A9 are in the range
5.0-6.5 and 4.5-5.0 A, respectively, so that there are no contacts
through hydrogen bonds between these groups of atoms, as seen
in some X-ray crystal structures.!>303!

An interesting feature of daunomycin/adriamycin/4’-epiadria-
myecin is its flexibility of O-glycosidic bond rotation C7-07-C1'-
C2'. Throughout the course of simulations, we find that the O-gly-
cosidic angle C7-07-C1'-C2’ remains within a narrow range of an-
gles, 165-180°, and stabilizes at 168°. In uncomplexed
daunomycin and its analogues it is found to be 162-1683335-37
while in the X-ray crystal structure of adriamycin complexed with
d-CGATCG it is 148° and in some complexes, for example, 4'-epia-
driamycin complexed with d-TGATCA and daunomycin with d-
CGATCG it is 132-137°."438 In most other crystal structures, it is
145-161°.153132 The molecular dynamics simulations have how-
ever shown'!” that a much lower dihedral angle, 57-61°, is also
accessible. In the first conformation centered at 159°, the nitrogen
of the ammonium group is at a distance of 5.5, 5.1, and 3.2 A from
C504/, T402, and T404/, respectively, while in the second centered
at 137¢, the corresponding distances are 3.2, 3.0, and >6 A, respec-
tively. In the third conformation centered at 59°, the distance of
nitrogen of NH,* from G604’ and G605’ are 3.4 and 3.0 A, respec-
tively. The energy barrier between 137° and 159° conformations is
0.3-0.7 kcal mol~! and that between 137° and 59° conformations
is 1.4 kcal mol~". Apparently in our case, the first and second sub-
strates were kinetically readily accessible. The observed distance of
nitrogen of NH;* from C504//C1104/, T402/T1002, and T404'/
T1004' is in the range 3.1-5.1 A and that from G204’ and G205’
is in the range of 9-12 A.

During the course of simulations, it is observed that hydrogen
atom of 60H group of ring B of 4’-epiadriamycin points towards
05 atom (that is away from O7 atom) in 98 out of 100 structures
while hydrogen of 110H points towards O12 and is away from
C10 position. Apparently 60H---50 hydrogen bond is only stabi-
lized in the drug-DNA complex. This is similar to the existence
of both hydrogen bonds in the uncomplexed daunomycin, adria-
mycin, and 4’-epiadriamycin investigated by us. The position of
H atom of 60H remains fixed and is not correlated to O-glycosidic
bond rotation C7-07-C1'-C2’ which while varying in the range
165-180°, positions the daunosamine sugar moiety close to 60H
in different orientations. The stabilization of 60H---50 hydrogen
bond thus ensures a fixed position of hydrogen atom of 60H which
has been found to be close to C5H1’ (distance 3.24 A) of DNA. Be-
sides this, several other contacts 0O5-C5H1’, 06-C5H1’, 05-C5H2’,
40CH;-C5H2’, 60H-C5H1’, having distances within 4.0-5.0 A,
establish the involvement of 40CHs, 05, 06, and 60H atoms in sta-
bilizing the drug-DNA complex. Some of the contacts, also ob-
served earlier,>® for example, 10axH with C102; 10eqH with
G2N3; 3'H with G2N2; 2’axH with C502, have an important role
in binding.

4’-Epiadriamycin drug differs from daunomycin by a hydroxyl
group attached at C14 position, that is, presence of 9COCH,OH
group as compared to 9COCH5 group in daunomycin and inversion
of 40H at the daunosamine sugar moiety. In the rMD structure of
the complex, it is observed that the hydroxyl group makes short
van der Waal's contact with A3H5' (3.01 A) and A3H4' (4.89 A).
Its distance from G203’ and G2 phosphorus atom is 4.66 and
3.98 A (Table 6), respectively. This group has been implicated in
binding to phosphate through water bridge in X-ray crystal struc-
ture of adriamycin with d-CGATCG."? Thus we find that 50, 40CHs,
60H and O7 groups are involved in drug-DNA interactions
(Fig. 13). This may require existence of 60H---50 and 110H--120
hydrogen bond. Involvement of NH;* group in interaction is re-
lated to conformation of O-glycosidic bond. The binding to DNA
through 9CO, 90H, and 9CH,0H groups depends upon ring A con-
formation. Presence of 110H---120 hydrogen bond may not be crit-
ical for binding and atoms of position 1, 2, 3, 12, and 11 are not
involved in drug-DNA interactions.

2.6. Biological and medicinal relevance

The anthracycline antibiotics are among the most effectual anti-
tumor medicines used for medicinal treatment of various types of
malignant tumors. It is well known that 4’-epiadriamycin is better
tolerated, active against a variety of solid tumors with reduced
cytotoxicity and lesser side effects. This drug is localized in the nu-
cleus and shows cytotoxic and anti-mitotic activity. Orientation of
the functional groups attached at C9 position on aglycone ring A
and daunosamine sugar moiety was found to be different on the
formation of the complex. The 4’-OH of daunosamine sugar forms
additional hydrogen bonds as compared to that in daunomy-
cin'®3%3! and adriamycin'? complexes. The role of drug-DNA
covalent bonding in cells was also investigated with synthetic epi-
doxorubicin-formaldehyde (Epidoxoform) and synthetic daunoru-
bicin-formaldehyde (daunoform) conjugate. It was observed that
the fluorophore of daunoform appeared more rapidly in cells and
was released more rapidly from cells than the fluorophore of epi-
doxoform. Epidoxoform was found to be threefold more toxic to
MCF-7 human breast cancer cells and greater than 120-fold more
toxic to MCF-7/adriamycin resistant cells than that for
epidoxorubicin. 3940

The cardiotoxicity of these anthracycline drugs are known to be
due to the ability to generate oxygen radicals during redox cycling
and in vitro reductive glycosidic cleavage through the formation of
tautomer 7-deoxydaunomycinone.*'*2 The kinetics of sugar moi-
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Figure 9. (a) and (b) Helical parameters for d-(CGATCG), complexed with 4’-epiadriamycin calculated for structure obtained by restrained molecular dynamics simulations
(-O-) and that for standard A-DNA (-A-), B-DNA (-3-).

ety detachment has been related to conformation of cyclohexyl
ring A.*®> The mass spectrometric studies** on the anthracycline
drugs have given a direct proof of negligible glycosidic cleavage
in 4’-epiadriamycin. These results may well explain why 4’-epia-
driamycin developed recently is better tolerated due to lesser car-
diotoxicity than adriamycin and daunomycin.

3. Summary and conclusions

Large upfield shifts are observed in C1H1’, G2H1’, G2NH, G6NH
and G6H2’ protons on binding of drug to DNA hexamer sequence.
The 1H, 2H, 3H, 7H protons of the drug are shifted downfield up to
0.6 ppm while the sugar protons 3'H, 4H and 60H are shifted
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Figure 10. Backbone torsional angles for d-(CGATCG), complexed with 4’-epiadriamycin calculated for structure obtained by restrained molecular dynamics simulations

(-O-) and that for standard A-DNA (-a-), B-DNA (-+-).

downfield up to 0.9 ppm in the complex. Sequential NOE (nuclear
Overhauser effect) connectivities between C1pG2 and C5pG6 steps
are not observed as the drug chromophore intercalates at these
base pair steps. Presence of several other intermolecular NOEs cor-
roborates the same. BI-BII transition has been detected at these
base pair steps. The observed sequence dependant variations in
DNA occur presumably to allow intercalation of the drug chromo-
phore. The conformation of the drug also changes in order to have
interaction with G2 base. Our studies establish the role of 90H,
9CO, NH;*, 70, 40CH3 groups in binding to DNA. The observed
NOEs and short interproton distances in the solution structure of

the complex confirm that the anthraquinone ring intercalates be-
tween CG base pairs excluding 3 base pairs adjacent to it. Besides
this, lifetime measurement study has been done to show that there
is shortening of decay time on complex formation. The DOSY spec-
tral analysis also shows that the rate of diffusion decreases due to
the binding of drug to DNA hexamer. The present study is the first
rMD study on the solution structure of 4’-epiadriamycin with d-
(CGATCG), hexamer. The rMD simulations of 4’-epiadriamycin-d-
(CGATCG), complex based on intermolecular and intramolecular
NOEs have led to a detailed conformational analysis. The intercala-
tion of drug chromophore at d-CpG steps is stabilized by stacking
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Table 9

Selected torsional angles (°) of the 4’-epiadriamycin in the complex and their comparison with similar structures available in literature

Torsional angles Present work CGA + 4’-epi TGA + dnm? TGT + dnm” TGA + 4'-epi© TGT + 4'-epi¢ dnm®
Ring A

C6a-C7-C8-C9 -58 -56 -40 —45 -50 —48
C7-C8-C9-C10 50 66 55 68 63 58
(C8-C9-C10-C10a -15 -35 —44 —60 —42 -38
C9-C10-C10a-C6a -14 -2 27 33 14 14
C10-C10a-C6a-C7 5 10 -11 -8 -1 -5
C10a-C6a-C7-C8 30 18 14 13 18 20
Glycosyl

C8-C7-07-C1" 96 129 120 96 95 125
C6a-C7-07-C1’ —-137 -115 -125 —-139 —142 -114
C7-07-C1'-05' —64 -115 -105 -102 -81 —68
C7-07-C1'-C2 168 127 137 132 159 167
Amino sugar

05'-C1'-C2'-C3’ 39 —-49 —60 -31 —53 —54
C1'-C2'-C3'-C4 -57 50 49 41 52 56
C2'-C3'-C4'-C5’ 16 -20 -17 -53 54 -61
C3'-C4'-C5'-05’ 44 -16 -5 61 57 61
C4'-C5'-05'-C1" —67 19 -9 -55 -59 -59
C5'--05'-C1"-C2’ 24 17 42 36 57 57

3 TGATCA + daunomycin.'3

b TGTACA + daunomycin.'®

¢ TGATCA + 4'-epiadriamycin.'*
9 TGTACA + 4'-epiadriamycin.'®
¢ Daunomycin.*

Figure 11. Overlap of base pairs at different base pair steps in d-(CGATCG),-4'-epiadriamycin complex showing stacking interactions.

interactions while several other hydrogen bonds and van der plex. The 09 atom is involved in hydrogen bond formation with
Waal’s interactions involving 05, 60H, and NH;* moiety of daun- G2N3 and G2N2H while O7 atom has close contact with G2N2
osamine sugar, and rings A protons stabilize the drug-DNA com- atom. The O-glycosidic bond C6a-C7-07-C1’ is stabilized around
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Figure 12. Drug-DNA stacking interaction in the intercalation site showing the
orientation of the 4’-epiadriamycin with respect to base pairs (a) front view (b) top
view.

© polar * sidechain acceptor O solvent residue
acidic ¥ sidechain donor melal complex
basic * backbone acceptor solvent contact
greasy * backbone donor metal contact
proximity ligand O receptor
contour exposure exposure

Figure 13. Various interactions present in 2:1 4’-epiadriamycin-d-(CGATCG),
complex.

137°. The conformation of O-glycosidic bond and ring A is related
to cleavage of C7-07 bond and subsequent production of free rad-
icals which are responsible for cardiotoxicity. Therefore, any sub-

stitution in ring A or daunosamine sugar will affect the binding
(and hence anti cancer action) as well as cell toxicity. These find-
ings can provide leads for designing drugs of higher potency, re-
duced cell toxicity, and decreased resistance to tumor cell lines
and hence find potential medical applications.

4. Experimental

The deoxyribonucleic sequence d-(CGATCG), was purchased
from Microsynth, Switzerland. Deuterium oxide (D,0), with isoto-
pic purity 99.96% and 4’-epiadriamycin were purchased from Cal-
biochem Pvt. Ltd, San Diego, USA. Sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS), an internal NMR reference was pur-
chased from Merck Sharp and Dohme Canada Ltd, Canada. All other
chemicals like Na,HPO,4 and NaH,PO,4 and ethylene diamine tetra
acetic acid (EDTA) are of analytical grade and purchased from E.
Merck, India Ltd. Solution of 4’-epiadriamycin (88.33 mM) was
prepared by dissolving a known quantity of sample in 90% water
and 10% D,0. The final concentration is checked by absorbance
measurements at wavelength of 480 nm using Cary Bio 100 Spec-
trophotometer. The extinction coefficient (¢ value used for 4’-epia-
driamycin is £=11,500M'cm™". Solution of
deoxyoligonucleotide, d-(CGATCG), (4.62 mM, duplex concentra-
tion) was prepared by dissolving a known quantity of sample in
deuterated phosphate buffer (20.0 mM) of pH 7.0 having 50 mM
Na salt. The sample of d-(CGATCG), was dissolved in 540 pl of deu-
terated phosphate buffer and 60 pl of D,O and its concentration
was determined by absorbance measurements at 260 nm. Using
extinction coefficient (¢ value=57,200M~! cm~!. Ethylene dia-
mine tetra acetic acid (EDTA), 0.1 mM, was added to suppress
any paramagnetic impurity, which may cause line broadening dur-
ing NMR measurements. Typically 1 pl of 0.1 M solution of DSS
was added to the complex of d-(CGATCG), and 4’-epiadriamycin
as an internal reference. 4.62 mM d-(CGATCG), and 88.33 mM 4'-
epiadriamycin samples were taken as a stock solution for prepara-
tion of complex. A complex of d-(CGATCG), and 4’-epiadriamycin
was prepared by titration. 65 pl of 88.33 mM 4'-Epiadriamycin
was added in steps of 5 pl to 0.6 ml of 4.62 mM d-(CGATCG), sam-
ple during titration in order to make the complex of 4’-epiadriamy-
cin: d-(CGATCG), D/N = 0.16, 0.32, 0.48, 0.64, 0.80, 0.96, 1.11, 1.27,
1.43, 1.53, 1.60, 1.75, 1.91 and 2.03. All proton NMR experiments
were carried out at Central NMR Facility, Indian Institute of Tech-
nology Roorkee and recorded on 500 MHz high resolution Bruker
Avance 500 FT-NMR spectrometer equipped with computer having
Topspin (1.3 version) software. Typical parameters for one-dimen-
sional NMR experiments are: pulse width = 10-12.5 ps (30 pulse);
no. of data points = 128-256 K; spectral width = 5000 Hz; no. of
scans = 64-128 and digital resolution = 0.25-0.5 Hz/point. Receiver
gain was optimized in each instance to obtain the best signal to
noise ratio. In temperature variable experiments, constant temper-
ature is maintained in the range 275-328 K using temperature
control accessory. 2D phase-sensitive DQF COSY and NOESY exper-
iments on d-(CGATCG), and its complex with 4’-epiadriamycin
were carried out at 275K in 90% H,0 and 10% D,0. 2D NOESY
experiments were recorded with variable mixing times (t,,) 100,
200 and 300 ms for 4’-epiadriamycin-d-(CGATCG), complex. Typ-
ical parameters for 2D experiments were: 2 K data points along t,
dimension; 512 free induction decays in t; dimension; pulse
width ~ 9.5-12 ps; spectral width ~ 5000 Hz; no. of scans = 64-
128; digital resolution 2.30-4.60 Hz/point and relaxation
delay ~ 2.0 s. Cross peaks in the NOESY spectra were integrated
and intensities were translated into inter-proton distances using
H5-H6 cross peak of cytosine as the reference distance = 2.46 A;
a range of 0.5 A was provided to account for any error in integra-
tion. Pseudo atom corrections were used for methyl and other
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equivalent protons. The NOEs were categorized as very strong
(ss), strong (s), medium (ws) and weakly (w) intense with the
corresponding distances set in the range of ss 1.8-2.5A, s 2.5-
3.0A, ws 3.0-3.5A, w 3.5-4.0 A, ww 4.0-5.0 A for the respective
protons.

Time-resolved fluorescence measurements: Time resolved fluo-
rescence decays were obtained by the time-correlated single-pho-
ton counting method on the Spectrofluorometer (model FluoroLog-
TCSPC, make HORIBA Jobin Yvon Spex), used for the life time mea-
surement study. The excitation source (Jex =470 nm) was a fixed-
wavelength Nano LED. The emission was detected at the emission
wavelength (Aem = 593 nm). The fluorescence emission of 4’-epia-
driamycin and its complex with d-(CGATCG), was counted by a
micro channel plate photo multiplier tube, after passing through
the monochromator and processed through constant fraction dis-
criminator (CFD), time-to-amplitude converter (TAC) and multi
channel analyzer (MCA). All measurements were performed at
298 K in water. The fluorescence decay was obtained and further
analyzed by using the software, DAS, provided by FluoroLog-TCSPC
instrument.

Diffusion ordered spectroscopy (DOSY): The DOSY experiment
is the measure of diffusion coefficients by NMR. The relation be-
tween translational self-diffusion and the measurable NMR param-
eters'? is:

A/Ao = exp[Dy36°G2(Ad/3)]

where A is the measured peak intensity (or volume), Ag is the max-
imum peak intensity, D; is the translational diffusion constant (in
cm?/s), yy is the gyromagnetic ratio of a proton
(2.675197 x 10*G"'s™ 1), § is the duration of the gradient, A is
the time between gradients and G, is the strength of the gradient
(in G/cm). Data can be plotted as —In (A/Ao) versus y25°G> (A —
8/3). The slope of the line gives the value of D.. The pulse program
used is pulsed gradient spin echo (stimulated echo sequence incor-
porating bipolar gradients) sequence modified with binomial water
suppression. The gradient strengths were incremented as a square
dependence in the range from 1 to 32 G cm™!. The diffusion time
(4) and the duration of the magnetic field gradients (§) were
100 ms and 6 ms, respectively. Other parameters include a sweep
width of 6000 Hz, 32 K data points, 1024 transients and an acquisi-
tion time of 2.7 s and relaxation delay of 2.0 s. It has been developed
in order to facilitate the complex mixture analysis without physical
separation. This experiment will monitor molecular events such as
molecular interactions or associations.

Restrained molecular dynamics methodology: The initial struc-
ture of d-(CGATCG), was built using the biopolymer module in IN-
SIGHT II, version 2005 (Accelrys Inc., San Diego, California) on
Silicon Graphics Fuel workstation. The force constant was fixed
as 40 kcal mol~' A2 for hydrogen bonds during the simulation.
The energy of the molecule was minimized using 1000 steps each
of Steepest Descent and Conjugate Gradient to remove any internal
strain due to short contacts in starting structure using CFF91 force
field in piscover software version 2005 (Accelrys Inc., San Diego, Cal-
ifornia). Dielectric constant was fixed as 1.0 for calculation of elec-
trostatic interactions. Conformational search was performed using
the following simulated annealing restrained molecular dynamics
protocol. The molecule was heated to a temperature of 800 K in
steps of 100 K so that the chances of molecule being trapped in lo-
cal minima become least and it can reach global minima. Molecular
dynamics was carried out for 100 ps (1000 iterations with time
step of 1fs) at 800 K during which 100 structures were saved at
regular intervals of 1 ps. Each of them was then slowly cooled at
300K in steps of 100 K. The force constants for NOEs for strong,
medium and weak peaks were held constant as 25, 15 and
10 kcal mol~! A2, respectively. At the end of simulated annealing

all the structures were minimized by 1000 steps of Steepest Des-
cent until a predefined convergence limit of root mean square
derivative of <0.001 kcal mol~! A~! was reached.
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