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Abstract: The head-to-head dimer of the calicheamicin oligosaccharide domain exhibits an impressive hanomolar
affinity for its specific DNA recognition sites and a substantially higher degree of sequence selectivity relative to the
oligosaccharide monomer. In an effort to determine the structural basis for these binding properties, the solution
structure of the 1:1 complex between the head-to-head dimer and the self-complementary oligonucleotide
d(CGTAGGATATCCTACG) has been solved usirigd NMR-derived distance and torsion angle constraints and
molecular dynamics calculations. Complete sequence specific proton assignments of both the DNA duplex and the
carbohydrate have been obtained by 2D-NMR. A total of 607 experimentally derived constraints were identified
including 452 protor-proton distance constraints derived from NOESY cross peaks intensities and assigned hydrogen
bonds, along with 155 dihedral angle constraints obtained from a detailed analysis of the multiplet structure of
cross-peaks for the sugar rings and from qualitative analysis of nuclear Overhauser effects for the DNA backbone.
The final conformation of the complex is represented by an ensemble of seven structures (the average all-atom root
mean square deviation from the mean is 1.07 A in the well-defined region) obtained by refining 14 initial conformations
with widely different nonstandard DNA geometries. A number of favorable interactions are found to stabilize the
structure of the complex and account for binding sequence preferences. Overall, the binding mode of each
oligosaccharide unit of the head-to-head dimer in the DNA minor groove seems to be very close to that observed in
the case of the monomeric calicheamicin oligosaccharide bound to its corresponding TCCT recognition site. Variable
temperature NMR studies have shown that this dimer binds to d(CGTAGGATATCCTAEGGYo subtly different
conformations, probably differing in the positioning of rings E anditerconverting with a rate constant-0.35

s L. The solution structure of this carbohydra@NA complex provides confirmation of design principles for new
calicheamicin-based DNA-binding agents and confirms insights obtained previously into the molecular basis for
oligosaccharide recognition within the DNA minor groove.

Introduction the binding phenomena and prompted the rational design of new

o . o ligands, with the ultimate goal of binding with sequence
Recognition is a very important phenomenon in biology and specificity to control biological activity.

chemistry, and the molecular basis of the interaction between
small ligands and biopolymers is the subject of a numerous
investigations aimed at the rational design of molecules with
specific biological activities.

Although there are many examples of specific interactions
between organic molecules and protemsg)(substrate-enzyme
interactions), few cases are known of ligands that bind duplex
DNA in a sequence-specific manner. NMR spectroscopy is a
useful method for the characterization of biomolecules and their
complexes with small ligands.Complexes of DNA with small
molecule ligands such as chromomygimithramycin? dista-
mycin/ and SN-6999have been studied by NMR. Structural
models from these studies have provided further insights into

The enediynes, which includes esperamicins, dynemicin A,
neocarzinostatin chromophore, kedarcin chromophore, and
C1027 chromophore, represent an important class of antibiotics
the activity of which is associated with DNA-binding properties.
Among these molecules, calicheamfojh, Scheme 1) displays
the greatest selectivity in binding duplex DNA. Chemists and
biologists have recently given calicheamicin much attention for
its strong cytotoxic activity and its ability to bind and cleave
DNA in a special way:® In a previous paper, we reported the
solution structures of calicheamietdNA and of calicheamicin
oligosaccharide domairDNA complexes and showed directly
that the calicheamicin oligosaccharide domain is responsible
for the positioning of the enediyne moiety that cleaves the DNA
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Recently the methyl glycoside of the calicheamicin oligosac-
charide g, Scheme 1) has been reported to inhibit the formation
of certain transcription factetDNA complexes in cases where
the DNA recognition sequence contains a calicheamicin-binding
sitel® The observation that the binding of the methyl glycoside
of the calicheamicin oligosaccharide in the minor groove blocks
the association of transcription factors in the major groove
supports the hypothesis that the conformation of DNA is

Bifulco et al.

5‘-CGT|AGGA TA[TCCT A C G-3'
3-GCA[TCCTIATIAGGA|TGC-5

Figure 1. DNA sequence used in these studies. The two recognition
sites are highlighted by boxes.

Scheme 2 Protocol Used for the Structure Calculation of the
Solution Structure of the HHBDNA Complex

Structure Calculation Protocol

14 arbitrary initial DNA conformations (NAB)
|

1) Minimize backbone atoms, AMBER 1000 steps
2) rSA (1000K) with DNA-DNA NMR constraints for 20 ps

14 DNA conformations
|

14 oligosaccharide conformationsl

14 oligosaccharide DNA complexes
{average oligosaccharide-DNA distance = 20 A)

rMD docking procedure
(30 ps , 1000 K)

14 oligosaccharide-DNA complexes

1) rSA (1000K) with all NMR constraints for 20 ps
2) Reanneal all the structures for 20 more ps

|

14 final oligosaccharide-DNA complex structures
(The 7 best structures display an all atom RMSD=1.07 A from the mean)

The binding of the head-to-head dimer to high-affinity duplex

strongly affected. These observations, together with the desireDNA recognition sitesip = 1079) is substantially higher than

to improve the selectivity of small molecules that bind duplex
DNA, suggest the need for new directions in the design and
synthesis of novel carbohydrates with DNA-binding ability.
Along these lines, the head-to-head dimer (HHD) of calicheami-
cin oligosaccharide 3 Scheme 1) has been designed and
synthesizett in order to test its ability to bind a DNA sequence
containing two binding site2(g. AGGA-XX-TCCT). Assum-
ing that calicheamicin binds selectively and with approximately
the same affinity to four sequencesd. TCCT, TTTT, TCTC,
and ACCT)!2the head-to-head dimer should display a theoreti-
cal specificity improvement of 64-fold with respect to cali-
cheamicin.

Oligomers of peptidic DNA-binding agents, such as dysta-
micin'® and netropsii? have been synthesized and reported to

recognize longer DNA sequences than their monomeric coun-

that of the oligosaccharide monoméin(~10-%), and it exhibits
higher specificity:® Furthermore, binding of transcription
factors to DNA, and STAT-3 dependent transcription are
inhibited by compoun@®, and the activity is significantly greater
than for the monoméf Here we determine the solution
structure of the head-to-head dimer in complex with the
d(CGTAGGATATCCTACG) palindrome (Figure 1) by NMR
spectroscopy, seeking to establish if there is a structural basis
for the superior binding properties and biological activity of
the dimer relative to the monomer.

Experimental Section

Synthesis of the Oligonucleotide.The self-complementary 16-mer
oligonucleotide d(CGTAGGATATCCTACG) was synthesized on a
Beckmann 200A automatic synthesizer using phosphoramidite chem-

terparts. For instance, Singh et al. have recently analyzed byistry, purified by ion exchange HPLC on a Partisil 10 SAX column

NMR spectroscopy the complex of d(CGAAAATTTTCEAnd

a bis-netropsin derivativi¥2 However, there are no examples
of oligosaccharides capable of recognizing more than four DNA
base pairs.
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with 20% CHCN and a linear gradient of KO, from 0.01 to
0.35 M at pH 7, and then desalted by gel filtration on a Biogel P2
column.

Preparation of the Complex The DNA strands were annealed by
heating at 90°C for 5 min, followed by slow cooling to room
temperature. The NMR sample was prepared by lyophilizing the duplex
twice from 99.6% DO and then dissolving the lyophilized material in
500uL of 10 mM (pH 7.0) phosphate buffer containing 100 mM NaCl
and 0.1 mM EDTA in 99.996% ED. For experiments to assign the
labile protons, the sample was lyophilized and redissolved in 96% H
/ 10% D,O. The final concentration was 2.0 mM in duplex.

(15) Nicolaou, K. C.; Smith, B. M.; Ajito, K.; Komatsu, H.; Gomez-
Paloma, L.; Tor, Y.J. Am. Chem. Sod 996 118 2303.
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Table 1. Proton Chemical Shifts in HHBd(CGTAGGATATCCTACG) Complex at pH 7.0T = 300 K
DNA Chemical Shifts (ppn)

residue NH, NzH NH, 2H, 5H, 5-Me 6H, 8H H 2H 2"H 3H 4'H 5'H/5"H
C, 5.89 7.61 5.76 1.99 2.40 4.67 4.05
Gy 12.89 7.92 591 2.65 2.73 4.95 4.34 3.98
Ts 13.20 1.47 7.23 5.52 2.15 242 4.83 4.16
Ay 7.4 8.07 6.24 2.62 3.04 5.02 4.42
Gs 12.88 7.48 5.66 244 2.48 4.91 4.33 3.98/4.08
Gg 13.08 7.68 5.38 242 2.72 5.03 4.34 4.16
A7 7.66 7.96 6.27 241 2.94 5.04 4.41 3.12/3.33
Ts 13.52 1.29 6.93 5.46 1.92 2.33 4.82 411
Ag 7.40 8.25 6.42 2.61 3.03 5.02 4.33
Tio 13.39 1.35 6.92 5.91 1.86 2.77 4.87 4.33
Cu 6.40, 8.02 5.38 7.26 6.06 1.87 2.55 4.85 4.05
Cw2 6.63, 8.30 5.40 7.46 5.99 2.30 2.39 4.58 4.00 3.25
Tis 13.31 1.38 7.36 5.88 1.89 245 4.62 4.13
A 7.18 8.28 6.13 2.67 2.82 5.02 4.40
Cis 6.46, 8.28 5.32 7.21 5.56 1.83 2.24 4.77 4.12
Gus 7.87 5.49 2.33 2.56 4.58 4.15
Ci7 5.89 7.61 5.76 1.99 2.40 4.67 4.05
Gis 12.89 7.96 5.91 2.65 2.73 4.95 4.34 3.98
Tio 13.20 1.47 7.26 5.52 2.15 2.42 4.84 4.16
A 7.40 8.10 6.25 2.63 2.90 5.01 4.42
G 12.76 7.46 5.66 2.36 2.75 4.93 4.33 3.98/4.08
G 12.60 7.67 5.95 2.34 2.57 5.01 4.34 4.16
Az 7.66 8.13 6.45 2.51 2.81 4.81 441 3.12/3.33
Toa 13.47 1.09 6.88 6.05 1.84 2.54 4.73 4.29
Ags 7.47 8.18 6.19 2.43 291 4.98 4.28
T 12.99 1.24 7.05 6.04 1.94 2.66 4.84 4.16
Cor 6.40, 8.02 5.43 7.32 5.77 2.05 2.40 4.68 4.05
Cus 6.63, 8.30 5.40 7.46 5.99 2.30 2.39 4.58 4.00 3.25
Tao 13.27 1.39 7.38 5.88 191 2.46 4.62 4.13
Aso 7.18 8.31 6.22 2.69 2.88 5.01 4.40
Ca1 6.46, 8.28 5.37 7.26 5.64 1.83 2.24 4.88 4.14
Ga2 7.87 5.49 2.33 2.56 4.58 4.15
Drug Chemical Shifts (ppri)
sugar residue H1 H2 H2eq H3 H4 H5 Me OMe
A 4.20 3.30 4.32 2.39 3.90 1.37
B 5.16 1.87 2.24 4.29 3.74 4.09 1.40
Cc 2.39 3.81,3.98
D 5.24 4.62 3.95 3.59 4.17 1.41 3.64
E 5.32 1.63 2.73 3.90 3.21 4.00 3.58
A’ 4.20 3.32 4.32 2.39 3.90 1.37
B’ 5.16 1.87 2.24 4.29 3.74 4.09 1.40
c 2.39 3.81,3.98
D' 5.24 4.62 3.95 3.59 4.17 141 3.64
E 5.35 1.64 2.75 3.90 3.21 4.00 3.58

2 The chemical shifts are referenced to 3-(trimethylsilyl)propid)i;3,3-d, acid, sodium salt, using the HOD resonance previously calibrated
in stock buffer solution®~" Respectively interchangeable.

0.37 NMR Experiments. All NMR experiments were performed on a
Bruker AMX-500 spectrometer. The NMR data were processed on a
SGI INDIGO2 workstation using FELIX 2.3 software (Biosym, San

0.2

£ 0] Diego, CA). The temperature for all 2D experiments was’@7#or
g both the free DNA duplex and the ligar@®NA complex. All spectra
g 07 were acquired in the phase-sensitive mode with the transmitter set at

the solvent resonance and TPPI (time proportional phase increment)
used to achieve frequency discrimination in thedimension'’ The

-0.14

0.2 standard pulse sequence and phase cycling were used for two quantum
spectroscopy (2@) and primitive exclusive correlation spectroscopy
03 P e e R s W (PE-COSYY° spectra. A total of 48 scansialue were acquired for
G C A ‘T ccT|lATI|A GG ATE G c — the 2Q {mix = 30 MS,timax = 50 ms) and the PE-COSYi{ax = 80

ms) spectra. Total correlation spectroscopy (TOCSY) spectra were
acquired using a DIPSI-2 sequeffttor spin locking withtmx = 70

ms, 64 scang/ value andtimax = 40 ms. Nuclear Overhauser effect
spectroscopy (NOESY)of H,O solutions {mix = 200 ms, 64 scants/

timax = 50 ms) was recorded with the last pulse replaced by a jump

Figure 2. Chemical shift change®fee — Oboung Of the DNA H6/H8
protons (versus their location in the sequence) upon complexation with
HHD (3).

The drug-DNA complex was prepared by dissolving known
amounts of the ligand in MeOH, adding aliquots to 1 mL of a 1.0 mM
solution of the duplex, and stirring at 28C for 5 min. After (17) Marion, D.; Wihrich, K. Biochem. Biophys. Res. Comma&@83
lyophilization, the complex was dissolved in 99.6%Dand the extent 113 500. _ _ _
of the titration was determined by examining the DNA 6H/8H 48(ég)5?raunschwe|ler, L.; Bodenhausen, G.; Emst, RVIRL Phys 1983
resonances in théH NMR spgctrum. The final solutions for NMR ’(19) Mueller, L.J. Magn. Resonl987, 72, 191.
experiments were prepared in the same manner as for the free DNA  (20) Shaka, A. J.; Lee, C. J.; Pines, A.Magn. Resonl988 77, 274.
duplex. (21) Macura, S.; Ernst, R. RMlol. Phys.198Q 41, 95.
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Residue No.
Figure 3. Plot of all the NMR-derived distance constraints used in the structure calculation of the-BNB complex ordered by type.

and return composite sequerféeTwo NOESY spectratfix = 70 and Table 2. HHD—DNA Intermolecular NOEs Observed for the 1:1
200 ms, 64 scaris/andtima= 50 ms) from RO solution were recorded ~ Complex d(CGTAGGATATCCTACG)-HHD Measured at 300 K

with saturation of the residual HOD resonance during the preparation proton1  proton 2 proton1  proton 2
and mixing periods and a Hahn-echo to improve the quality of the (HHD, 3) (DNA) size¢  (HHD, 3) (DNA) sizet
baseline3 o " L
Structure Calculations. The structures of the complex were ng %fi::: z ng %BfHH z
g_enerated by a protocol |_nvoIV|ng s_everal iterations through cycle_s of B.H1 Tos-H5' s B-H1 Te-H5' s
simulated annealing docking and refinement (Scheme 2). Allrestrained g.H2,, Az2H m B-H2, A-2H m
energy minimization (rEM) and restrained molecular dynamics (rMD) B-H2¢q Aos2H m B-H2eq A--2H m
calculations were performed using the SANDER module of AMBER B-H2q Gy 1H w B'-H2q Ge-1H w
4.1?* on a Convex C-240 Meta-Series Supercomputer. The potential B-H3 Azxz-2H S B-H3 Az-2H S
functions for distance and dihedral constraints were flat between the B-H3 Gx-1H w B'-H3 Ge-1H w
given upper and lower bounds and rose parabolically outside of these D-H1 Axz5'H s D-H1 A-5'H s
bounds. Using a special feature of SANDER, the parabolic function ~ D-H1 Axx5'H s D-H1 A7-5"H s
was smoothly converted into a linear function, in order to avoid large ~ D-H2 A23'5:,H S D-H2 A7'5:,H S
violations. No explicit solvent molecules were included in these Bgfn Agf’“:' ?n ggfn ACZE,I:I fn
calculations, so a distance dependent dielectric and reduced net charges D-Om: Qi—ZH W D’-Omg G-2H W

on the phosphate oxygens@.2) were used to partially compensate
for the absence of solvent. A distance cutoffSA was set for all aw = weak, m= medium, s= strong. This categorization is based
nonbonded interactions. The force constant for both distance andon the volume of the NOESY cross peaksi{ = 70 and 200 ms).
dihedral constraints was 32 kcal/mot.A

The simulated annealing docking procedure involved placing the then arranged in order of experimental constraint violation energy and
oligosaccharide and DNA molecules. 20 A apart on a course grid  the best seven were selected to represent the ensemble.
using the program Nucleic Acid Builder (NAB]J. The initial confor-
mation of the head-to-head calicheamicin oligosaccharide dimer was Results and Discussion
generated in Insight Il by bonding two oligosaccharide molecules
(derived from our structural model of the calicheamieDNA The general strategies for sequence-specific assignment of
complexy to a bis(ethylene glycol) linker followed by energy mini-  the *H resonances of small DNA duplexes have been amply
mization. Fourteen different right-handed helical DNA starting con- reviewed?® and the specific protocols used here for the free
formations were generated using NAB. The root mean square deviationDNA and the ligand-DNA complexes have been descrikfd.
(RMSD) between these fourteen structures is 6.5 A. The alignment The shorthand notation described by tMich?®® is used to

between _the o_ligosgccharide moleg:ule and each DNA conformation Wasspecify DNA interproton distances and corresponding nuclear
made using six pairs of atoms, with one each from the DNA and the Overhauser effects NOEs

ligand selected on the basis of high likelihood of their involvement in 1 .
direct intermolecular contacts. After alignment, 30 ps of rMD simulated H NMR of the Free Duplex. All cytosine SH-6H and

annealing to 1000 K was performed with very slow ramping up of the thymine SMe-6H resonances were readily identified by scalar
force constant for the experimental intermolecular constraints<(0.1 ~connectivities in 2Q, PE-COSY and TOCSY spectra. All 32
32 kcal/mol &). These docked structures were refined by an additional 1'H—2'"H—2"H—3'H spin subsystems could be identified in the
20 ps of rMD simulated annealing to 1000 K. The structures were 2Q, PE-COSY, and TOCSY spectra and were confirmed by

(22) Plateau, P Guen. M. J.J. Am. Chem. S0d982 104 7310, mspectlon of the NOESY .spectra. The se.q.uent!al resonance

(23) (a) Davis, D. GJ. Magn. Reson1989 81, 603. (b) Rance, M. assignments were made in the 70 ms mixing time NOESY
Byrd, R. A.J. Magn. Resanl983 54, 221. spectrum. The combination df(6,8;2), dy(2"';6,8),d(5Me;6),

(24) Pearlman, D. A.; Case, D. A.; Caldwell, C. J.; Seibel, G. L.; Singh,
U. C.; Weiner, P.; Kollman, P. A. AMBER 4.0 1991; University of (26) (a) Wemmer, D. E.; Reid, B. RAnnu. Re. Phys. Chem1985 36,
California: San Francisco. Pearlman, D. A.; Case, D. A.; Yip, P. AMBER 105. (b) Withrich, K. InNMR of Proteins and Nucleic Acipg/iley: New
4.0 1991; University of California, San Francisco. York, 1986. (c) Patel, D. J.; Shapiro, L.; Hare, Bnnu. Re. Biophys.

(25) Macke, T. doctoral thesis, The Scripps Research Institute, 1996. Chem.1987 16, 423. (d) Reid, B. RQ. Re. Biophys 1987, 20, 1.
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Figure 4. Wireframe model of the HDD-DNA complex showing the gentle curvature of the HHD molecule (oligosaccharide units in yellow, linker
in white) that follows the helical geometry of the DNA (green).

d«(6,8;5Me) were sufficient to obtain complete sequence-specific of the DNA in adjacent base pairs. Significant chemical shift
resonance assignments (Table S1 of the supporting information).differences in the resonances of DNA base protons facing the
The relative intensities of NOESY cross peakgy|, di(6,8;2), minor groove were observed in both binding sites, particularly
ds(2";6,8)> di(6,8;2"), d{(2';6,8) andd;(5Me;6) > d«(6,8;5Me)] at the G/Cy7, T10/A23 and G41/Gy, base pairs, consistent with
and the cross peak patterns in the PE-COSY spectrum clearlya bidentate mode of binding of the oligosaccharide dimer. The
indicated that d(CGTAGGATATCCTACG])s a B-form duplex two binding sites apparent from this analysis agThe—A/
with predominantly @-endosugar conformations. Taeand Ad/T13—A29/T10. Interestingly, significant differences

Characterization and 'H NMR Assignments of the HHD in chemical shifts extend outside the binding site to the two
3—DNA Complex. Upon binding of the head-to-head dimer terminal regions of the DNA duplex. These are presumably
to the DNA, an increase in the line widths of all DNA and due to structural pertubations induced by ligand binding. It is
saccharide resonances was observed. Qj®/mmetry of the remarkable that the chemical shift changes detected outside the
duplex was clearly broken, giving rise to nearly two times the direct region of binding in the calicheamicifi)(complex, are
number of NMR signals. Variable temperature #B-NMR both qualitatively and quantitatively reproduced in the complex
studies were performed in an attempt to analyze the dynamicof HHD 3. This provides strong evidence that the binding mode
behavior of the complex. Indepth analysis of the 2Q, TOCSY, of both units of the dimer to the DNA is the same as that
and NOESY experiments provided the critical sequence-specific observed in the corresponding complexes of the oligosaccharide
1H assignments for both strands, which are listed in Table 1. monomer and intact calicheamicin.
The relative intensities of cross peaks in the 70 ms NOESY NMR-Derived Distance and Torsion Constraints. Analysis
indicated that the duplex remains within the B-form structural of the three NOESY spectra provided 342 DNBENA, 28
family with a predominance of £endosugar conformations.  oligosaccharide oligosaccharide, and 34 oligosacchard@NA

DNA and HHD 3 Complexation Shifts. The change in distance restraints. The distribution of these restraints is shown
chemical shifts of selected DNA protons induced by the binding in Figure 3. An additional 48 additional distance restraints were
of the ligand Ad free-bound are plotted in Figure 2. These data included on the basis of the Watse@rick hydrogen bonds
identify the ligand binding site and any additional perturbations indicated by the characteristic chemical shifts of the imino and
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Figure 5. Expanded region of a wireframe model of the HBDNA complex showing the major intermolecular interactions between one of the
two oligosaccharide units (yellow) and the corresponding DNA residues (green) within the recognition site.

cystosine amino protons. The NOE-derived distance restraintsW. J. ChazinMagn. Reson. Chegrsubmitted). As noted above,
were refined by relaxation matrix analysis using the program direct evidence for the binding of the oligosacchade DNA
MARDIGRAS 5.127 for all accurately measured cross peak is provided by a number of NOESY intermolecular peaks and
intensities in all three NOESY spectra. A reference model was by the Adsee-noundginduced by the saccharide upon complexation
constructed in Insight 1l by manually docking a model-built (Figure 2). The HHD-DNA intermolecular NOESY cross
structure of the oligosaccharide dimer into the minor groove of peaks unambiguously assigned are listed in Table 2. The full
a model of the duplex in standard-H®NA geometry. An addi- list of proton—proton distances derived from the NOESY spectra
tional 10% of the target distance was added to the MARDI- used in the structure calculations is provided as supporting
GRAS upper bound to account for experimental uncertainties. information (Table S2). The pattern of intermolecular NOESY
The values ofly—» andJy—»+ scalar coupling constants (plus  peaks is remarkably similar to that already observed in the
an estimate for the magnitude &f_3 andJ»'—3) were obtained calicheamicin-DNA complex, strongly indicating that the
from analysis of PE-COSY cross-peaks. These coupling binding mode of the aryltetrasaccharide moiety is the same in
constants were converted into a pseudorotation phase anglédoth cases. An overview of the structure of the complex is
(PPA) by standard methods and applied as deoxyribose ringprovided in Figure 4. All of the carbohydrate residues except
torsion angle constraints on the angles v, v2, v3, andva. rings E and Eare found to make direct contact with the DNA.
The PPA angles ranged betweeri 8ad 190 (PPA for standard The proton signals of the bis-(ethylene glycol) linker could not
B DNA is ca. 160° and for A-DNA ca. 20°). Restraints for be assigned due to severe resonance overlap among themselves
the DNA backbone torsionsande were derived by the method and with the H4 and H3/H5" DNA signals. Since no
of Reid and co-worker® Limits on the sum of all scalar intermolecular contacts could be identified, these atoms are
couplings to H-4 and H-3 were estimated fromw, cross ordered only indirectly, as a result of their linkage to the two
sections of isolated NOESY crosspeaks. Constraints on bothbound oligosaccharide domains.

were in the ranges 26-100° for y and 240—300 for €. In in Figure 5 clearly shows the gentle curvature of the HHD

all, 155 torsion angle restraints were identified. molecule following the helical geometry of the DNA. This
Solution Structure of the HHD—DNA Complex. The property allows close contact and a large area of interaction

protocol used for the structure calculations of the HHDNA between the two molecules along all of the HHD residues except

complex is summarized in Scheme 2. Our methodology for yings E and E The HHD-DNA complex appears to be
structure determination of ligard®NA complexes is discussed  stapilized by a number of intermolecular interactions, as
in detail elsewhere (J. Smith, L. Gomez-Paloma, D. A. Case, previously observed for the calicheamieidNA complex. All
(27) Borgias, B. A.; James, T. L. Magn. Reson199q 87, 475. of the major interactions between each oligosaccharide unit of
(28) Kim, S. G.; Lin, L. J.; Reid, B. RBiochemistry1992 31, 3564. HHD and the corresponding DNA residues within the recogni-
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Figure 6. CPK model of the HHD in the HHBDNA complex. The DNA strands are displayed in red and green. The HHD atoms are displayed
in different colors according to the atom type (carbon, gray; hydrogen, white; nitrogen, blue; oxygen, red; sulfur, yellow; and iodine, magenta).
tion site are repres_en_t(_ed in Figure 6. yar.] der Waals Inter":mtlonsTable 3. HHD—DNA Intermolecular H BondsObserved in the
must contr_lpute significantly to the binding as a byproduct of gojution Structure for the 1:1 HHBDNA Complex
the lypophilic nature of the aryltetrasaccharide and the hydro-
phobic character of the DNA minor groove. The aromatic rings
C and C show stacking interactions with the deoxyribose ether ~ B-30H AzsN3 B'-30H ATN3
oxygens O4of A; and A, respectively. Electrostatic contacts SZZZ'NHZ C-SG=0 Ge-NH2 C-SC=0

: ; S -20H Ap-O1P D-20H A;-O1P
also play an important role in the binding, as demonstrated by
the presence of two equivalent salt bridges between the @The H-bonds are defined by a distance cutoff of 3.0 A.
positively charged nitrogens of rings E andeid the negatively ] ]
charged backbone oxygens C1Q1 and C2701, respec- NOESY cross peaks from rings E antit& DNA residues could
tively_ The unusual Contact\,(4_0 A) between the |0d|ne atom not be Observed Under our eXperimental ConditionS, in agreement
noted in the calicheamicinlDNA complex, both in structural ~ (S€e also the calicheamie#DNA complexf?°and suggesting
model§2° and by kinetic studie® is faithfully reproduced in that they are characterized by a higher degree of conformational
the HHD-DNA complex in both recognition sites. A listing ~ flexibility.
of the donor and acceptor atoms involved in the formation of  Dynamics of the HHD—DNA Complex. As noted above,
the eight intermolecular H-bonds is reported in Table 3. the HHD-DNA complex exists as a mixture of two equally

In the complex, all of the HHD residues are located in well- Populated, structurally similar conformational substates, slowly

— : : two substates give rise to NMR peaks with equal intensity, we
sncisky, $. 1. Peiel, B, Broc. Natl Acad. Sci. U5.608 03 10506, €A conclude that these two states must have the same potentia
(30) Lii, T. Zeng, Z.; Estevez, V. A.; Baldenius, K. U.: Nicolaou, K. C.;  €nergy. This is also confirmed by the observation that the ratio

Joyce, G. FJ. Am. Chem. S0od994 116 37089. between the peaks assigned to the two different substates does

donor acceptor donor acceptor
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Scheme 3Model Proposed to Explain the Exchange
Phenomenon Observed in the Spectra of the HBDIA
Complex

5' 3 5' 3

()

15 8.10 8.05 8.00 7.95
W2 (ppm)

Figure 7. Expanded region of the 500-MHz NOESY spectrum €

200 ms,T = 300 K) of the HHD-DNA complex. The cross peaks in

the boxes arise from chemical exchange between the two interstates:
(a) AQ/A25-8H; (b) A7/A23-8H.

)
HHDCHFHD A

3 5 3 5'
a b b a sufficient flexibility to allow each domain to adapt to its specific
aThe slow interconversion among the two equally populated binding si_te. Inspection of th_e s_olution structurg Of. the head-
substates could be caused by an alternative repositioning of rings Et0-head dimerDNA complex indicates that the binding mode
and E, as displayed. of each carbohydrate unit of the dim&m the minor groove is
very close to that observed in the case of the monomeric
not change under a wide range of temperatures and conditionscarbohydrate2 bound to a TCCT DNA site. Indeed all the
(0—47 °C). We propose that this equilibrium corresponds to ligand—DNA interactions observed in the monomeric oligosac-
alternate positioning of rings E and, Bor example, as displayed  charide-DNA complex are faithfully reproduced in the present
in Scheme 3. This model is supported by the largest chemical head-to-head dimeiDNA complex. Thus, the design objec-
shift differences between the two states occurring exactly for tives for the dimeric system have been met. The structural data
the DNA residues closest to the linker and the E ahdirigs from the present study together with the increased selectivity,
(e.g. Ts, Ao, Tog, Agsresidues). In this scenario, the two strands nanomolar affinity, and the interesting biological actilftypf
of the DNA palindrome become nonequivalent upon complex- the dimeric oligosaccharidestrongly suggest that carbohydrates
ation to HHD, but they interconvert. Since it has not been can be used as a means for generating DNA target specificity
possible to observe coalescence of any of the pairs peaks relate@nd may enable the control of the function of nucleic acids.
by the exchange process, ths* activation energy for the
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The tethered head-to-head dimer of the calicheamicin oli-
gosaccharide domain was designed to generate a higher Ieve!:h

of b'!"d'”g affinity and sequence specificity _than the oligosac- derived experimental constraints used in the structure calculation
charide monomer. A bis(ethylene glycol) linker was used to (Table S2) and expanded regions of NOESY spectra of the
connect the two monomers so that the tether would POSSess v DNA complex (Figures S1, S2, and S3) (13 pages). See
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