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Abstract: Complete assignment of the 1H NMR spectrum of ditrisarubicin B, a member of the
anthracycline antitumour antibiotics, in acetonitrile is reported. The two trisaccharide chains are
highly structured and their conformation supports their role as preorganised DNA minor groove
binders which bind to DNA on intercalation of the tetracyclic chromophore.
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INTRODUCTION

Several classes of naturally occurring antitumour antibiotics, whose biological activity is related to
their interaction with DNA, contain carbohydrate side chains.! Several recent studies have established that
these side chains serve an important role in both DNA binding and recognition of specific DNA sequences.23
NMR studies of chromomycin2 and DNA footprinting studies of calicheamicin3 specifically addressed the role
the sugars play in DNA binding. In the case of calicheamicin, the sugar side chain was cleaved from the
aglycone and shown to bind specifically to DNA, with different specificity to the parent drug.3

We have initiated studies aimed at understanding the role of the sugar side chains present in the
anthracycline antitumour antibiotics.6.7 This class of antitumour drugs contains a tetracyclic chromophore to
which is attached a saccharide chain that generally is comprised of between one and three sugars (e.g., Figure
1). A large number of studies have shown that these compounds interact with DNA by intercalation, and/or
inhibition of topoisomerase 1.5 While daunomycin, which contains a single sugar residue, has been
extensively studied both alone and complexed to DNA and oligonucleotides,!-3-8 there is comparatively little
data available on anthracyclines containing two or more sugars. Recent crystallographic® and NMR studies!0
have suggested that, in anthracyclines containing more than one sugar residue, the sugars are preorganised for
interaction with the minor groove of DNA.

We have recently reported chemical and enzymatic DNA-footprinting studies of anthracyclines
containing a monosaccharide, trisaccharide and two trisaccharide chains respectively.” These studies have
confirmed the location of the sugars in the minor groove and some sequence selectivity and incfeased
protection from enzymatic cleavage was observed with increasing length of the sugar chains. Based on these
results, we are currently studying the conformation and DNA-binding properties of ditrisarubicin B11 (Figure
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Figure 1: (a) Structure and numbering scheme of ditrisarubicin B ; arrows indicate key inter
sugar residue nOe contacts used for assignment of the A and B trisaccharide chains
(b) Numbering scheme of sugar residues
(c) Structure of aclacinomycin A
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1a). Ditrisarubicin B is unusual compared with other anthracyclines in that it contains two trisaccharide chains.
Furthermore there is an unusual connection between the terminal two sugars, S2 and S3, which constrains the
conformation considerably in comparison to the corresponding trisaccharide in aclacinomycin A12 (Figure 1c).
This paper reports the complete 'H NMR assignment of ditrisarubicin B and details of the solution
conformation of the two trisaccharide chains in the drug. These data are an essential prerequisite for detailed
IH NMR studies with oligonucleotide sequences. The structure is compared with that of aclacinomycin A,
whose NMR spectrum!3 and complexes with oligonucleotides!0 were recently reported.

RESULTS AND DISCUSSION

Ditrisarubicin B has good solubility ir chloroform, dichloromethane, methanol, and acetonitrile but has
very limited solubility in water. All studies in this work were carried out in acetonitrile at 310 K as this gave a
sharp, well-resolved spectrum. At lower temperatures, the aromatic resonances were broadened, suggesting
intermolecular stacking of the aromatic rings. Similar broadening of the aromatic resonances was observed in
methanol (273-323 K). In contrast, in less polar solvents such as chloroform, where stacking interactions are
weak, sharp spectra were obtained at all temperatures. As a major application of this work was to allow 1H
NMR characterisation of the interactions of ditrisarubicin B with oligonucleotides to be carried out, acetonitrile
was used as this is a water-misicible solvent suitable for the preparation of aqueous drug-oligonucleotide
complexes.

Assignment of Spin Systems

The YH NMR spectrum of ditrisarubicin B was assigned from analysis of 600 MHz DQFCOSY,
TOCSY, and ROESY spectra which were recorded under standard conditions. The chromophore protons on
rings A and D were initially assigned. Ring A protons were identified by comparison with the reported data for
daunomycin,® which contains a very similar ring system. The exchangeable -OH protons were not observed in
the spectra due to exchange with solvent water, although they were noted in the range 12-14 ppm in spectra
recorded in CDCl3. Proton Hy in ring D resonated downfield at 5.1 ppm and was coupled to both Hga and Hgp,
while Hyg appeared as a singlet at 491 ppm. Similarly, the ethyl side chain at Cg was readily identified in the
DQFCOSY spectrum.

The six anomeric protons (Hj), which resonated downfield in the region 5.0-5.5 ppm (along with H7
from ring D) were readily identified in the DQFCOSY spectrum due to their coupling to the Hp proton(s), and
served as entry points for the assignment of the oligosaccharides (Figure 2). These and all other saccharide
protons were easily distinguished from intercalator resonances in the two-dimensional spectra; the sugar
connectivities invariably occurred in pairs, shifted in both dimensions by up to ca 0.1 ppm, indicating that the
two trisaccharide chains exist in similar, but not identical, environments (Figure 2). For both the S2 and S3
sugars, only one of the two possible Hi-Hz connectivities was observed in the DQFCOSY. The S3 spins
systems, however, could still be distinguished from S1 and S2 on the basis of both the relatively downfield
chemical shift of the S3A3 (i.e., H of S3A) and S3B; protons (83, in contrast to both S1 and S2, carries an
oxygen at Cp), and the lack of a strong geminal coupling to the Ha proton. Confirmation of this assignment was
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Figure 2: Section of the DQFCOSY of ditrisarubicin B, illustrating many

of the connectivities which were used in the assignment of the
IH NMR spectrum. Crosspeaks connecting protons in the A
trisaccharide chain are labelled, and the corresponding cross-
peaks from the B saccharide are indicated with an asterisk.
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obtained from the TOCSY spectrum, where the missing H1-Hj connectivities for S1 and S2 were observed.
From this assignment of Hj in S3A and S3B, the connectivity Hq-Hz-H3, b, was established and defined this
spin system in these two sugars.

Further analysis of the DQFCOSY, starting from H; for each of S1A, S2A, S1B, and $2B, allowed
almost complete identification of the spin systems these four sugar residues. Due to the small coupling
between Hg and Hs (< 1 Hz), this crosspeak was weak and not always possible to assign. In addition, spectral
overlap in the DQFCOSY, particularly in the region 2.0-3.5 ppm, precluded the unambiguous assignment of all
protons. The TOCSY spectrum, however, alleviated these problems, allowing all spin systems to be identified.
In some cases (e.g., S1B), TOCSY "skewers" at the H; frequency even revealed correlations to the distant Hs
and Hg protons.

Assignment of Trisaccharides

The assigned spin systems were matched to individual saccharide residues using dipolar connectivities
derived from a ROESY spectum. Initially, NOESY spectra were recorded, but the absence of a significant
number of crosspeaks, even at longer mixing times (up to 400 ms), suggested the tumbling rate of ditrisarubicin
B was not in the correct regime to give nOe enhancements. Similar observations have been made by other
groups working with related compounds.13 Use of the ROESY experiment alleviated this problem, and the key
inter-sugar residue contacts obtained from this spectrum are shown schematically in Figure 1. Sugar S1A was
identified by a strong nOe from H7 (ring D) to H; of S1A. Examination of molecular models generated by
MacroModel!4 indicated the internuclear distance between these protons is ~ 2.3 A in an energy-minimised
conformation. Similarly, S1B was identified from the nOe from Hjg (ring D) to S1By, a distance of ~ 3.1 A.
The second sugar residue in chain A and chain B was identified in each case by the nOe from Hy of S1 to Hy of
52. Assignment of S2A and S2B allowed S3A and S3B to be identified by an nOe from Hj of S2 to Hj of S3.

Conformation of Sugar Residues

Table 1 summarizes the chemical shifts and coupling constants for ditrisarubicin B. The coupling
constants, which may be measured either directly from the 1D spectrum or from the antiphase splittings in the
DQFCOSY, can be used to infer the conformation(s) of the six sugar residues in the drug. Firstly, the medium
sized coupling constants between S1Aj and both S1A2, and S1Ag imply that S1A; is equatorial, and therefore
that the glycosidic link to ring D of the chromophore is axial. Similarly, the S2A;-S2A2a2¢ 3J values suggest
that S2A1 lies equatorial. The 1C4 chair conformation for S2A is further confirmed by the large S2A2,-S2A3
coupling (12.6 Hz) and the medium sized couplings further around the ring towards S2As. It is also clear that
S3A lies in a chair-like conformation, as evidenced by the two medium-sized S3A2-S3A3./3¢ couplings. All of
the couplings constants measured for the B-chain sugars mirrored those of the A-chain within experimental
error, so that the above conclusions may also be drawn for the B-chain.
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TABLE 1 1H NMR Data for Ditrisarubicin B
Epitope Proton 5 (ppm) Jan (Hz)b 5 (ppm)°
A-Chain A-Chain B-Chain

Hi 5.40 3.0 5.32
H2a 1.80 6.4*, 16.6* 1.73
Hoe 1.80 16.6* 1.50

S1 H3 2.06 6.5* 2.14
Hy 3.78 6.5%, 5.3* 3.71
Hs 3.87 5.3*, 6.5* 3.97
Hg 1.22 6.6 1.24

N(Me), 2.11 — 2.11

H; 5.09 3.6 5.05
Ha, 2,43 4.0, 12.6 2.40
Hae 1.77 14.6*, 6.1* 1.74

S2 Hj3 4.20 12.5, 3.5 4.14
Hy 4.00 2.5 3.95
Hs 4.58 6.9 4.53
Hg 1.11 6.6 1.09
H; 5.13 33 5.11
Hy 4.37 5.6*, 5.5* 4.35
H3, 2.39 11.5, 2.7 2.37

S$3 H3e 2.67 12.5* 2.65
Hs 4.73 6.3 4.69
Hg 1.26 6.3 1.23
H; 7.82 7.3
H» 7.75 7.6, 8.3
H; 7.30 8.6
Hy 5.13 4.0

Aglycone Hga 2.26 5.0, 16.6

Hgp 2.16 15.3*
Hio 491 -
Hj3 1.75 7.0*
Hig 1.03 7.3

4Chemical shifts are measured from 'H NMR data recorded at 600 MHz, 37°C, d3-acetonitrile, and
were calibrated against the residual acetonitrile solvent resonance (1.93 ppm).

bCoupling constants were measured from a Lorentz-Gauss resolution-enhanced 1D spectrum where
possible; otherwise measurements were made from the antiphase splitting of the relevant crosspeak in
the DQFCOSY. Measurements made using the latter method are marked with an asterisk, and and in
some cases may overestimate the true value of the coupling constant by 1-2 Hz.

¢The 3Jyn coupling constants for the B-chain were in all cases within 20.5 Hz of the corresponding
values for the A-chain.
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Comparison with Aclacinomycin A

The solution conformation of aclacinomycin A in chloroform was recently reported.!3 While our study
has been carried out in a more polar solvent, comparison of the conformation of the trisaccharides in the two
antibiotics is informative. The sugar residues of aclacinomycin A (Figure 1c) were reported to lie in essentially
chair conformations with the glycosidic links diaxial and with considerable restriction in the rotation about the
glycosidic bonds. Compared with aclacinomycin A, the trisaccharides in ditrisarubicin B (Figure la) are
considerably more constrained due to the fused junction between rings S2 and S3. From the dihedral angles
present in S2 and S3, estimated from the 3J couplings in these rings (Table 1), S2 and S3 have a fixed
conformation, which results in a distinct curved shape due to the chair conformations of the sugars. Sugars S1
and the glycoside connection to sugars S2 are identical to aclacinomycin A and our data support an almost
identical conformation in this portion of the trisaccharide chain in both antibiotics.

The association constants of betaclamycin A (which carries the same trisaccharide as aclacinomycin A)
and ditrisarubicin B for DNA (Kunimoto et al., 1988) have been reported to be 5.92 x 106 M-1 and 2.36 x 108
M-1 respectively.!5 Itis well-known that preorganisation is often a pre-requisite to obtain tight binding. Recent
studies on several DNA-binding compounds have noted the rigid, extended saccharide conformations present in
these compounds.23 Thus oligosaccharides appear to be subtantially preorganized for DNA-binding. As many
of these sugars, including the anthracyclines, contain 6-deoxy sugars, hydrophobic interactions are also
assumed to be important in minor groove binding with DNA. The major contribution to the higher binding
constant of ditrisarubicin B for DNA compared with betaclamycin A is obviously the second trisaccharide
chain. However, it is likely that the highly structured conformation of the two trisaccharide chains is also
important in the overall binding process.

EXPERIMENTAL

Ditrisarubicin B was a gift from Professor Uchida, Pharmaceutical Research Laboratory, Kirin Brewery,
Japan, and was used as provided. NMR spectra were recorded on a Bruker AMX600 spectrometer on a 5 mM
sample in CD3CN (99.9%, Aldrich) solution at 313 K. Spectra were recorded with quadrature detection
employed throughout. Two dimensional spectra were acquired in the phase sensitive mode using time-
proportional phase incrementation (TPPI).16 Datasets comprised 2048 (¢2) x 512 (#) data points, and were
acquired with spectral widths of 5400 Hz in both dimensions. Typically 16-32 transients were recorded for
each increment of ¢] with a recycle delay of 1.0 seconds. Double quantum filtered COSY (DQFCOSY)17
spectra were acquired using the standard pulse sequence. TOCSY18 spectra were acquired using a 10.0 kHz
spin locking field with an MLEV-17 sequence of 70 ms. ROESY19 spectra were recorded using a 2.0 kHz spin
locking field and mixing times of 200 and 400 ms. Data were zero-filled once in each dimension and subjected
to shifted sine-bell weighting functions in #7 and 1 prior to 2D Fourier transformation. Polynomial baseline
corrections were applied in f2. All data processing was carried out using Bruker UXNMR software on a Silicon
Graphics workstation. Molecular models for the estimation of distances and dihedral angles were generated
using MacroModel!4 (version 4.1) on a Silicon Graphics Indigo.
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