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Abstract: A solvated model for the DNA-esperamicin complex has been constructed and shown to be thermodynamically 
stable over a 300-ps molecular dynamics simulation. The dynamical model is consistent with all of the available 
experimental data. The model has been used to gain insights into (1) how esperamicin is activated into a DNA-cleaving 
molecule, (2) its mode of binding to DNA, (3) how the individual esperamicin residues contribute to its ability to bind 
with and cleave DNA, (4) the fate of the carbon-centered radicals, and (5) its DNA-cleavage patterns and cleavage 
sequence specificity. Furthermore, a comparison of the models for the DNA-esperamicin Ai and DNA-esperamicin 
C complexes has been carried out to gain an understanding at the molecular level of the difference in the DNA-cutting 
abilities exhibited by these two esperamicin analogs. Finally, experimental data are presented that show that esperamicin 
Ai undergoes fragmentation in the DNA-cleavage reaction. The DNA-esperamicin model has been used to provide 
a mechanistic rationale for the fragmentation reaction. 

Introduction 

Esperamicin Ai (BMY-28175, Figure 1) is a metabolite of 
Actinomadura verrucosospora,1 which was isolated from a soil 
sample collected at Pto Esperanza, Misions, Argentina. The 
esperamicins are members of the enediyne class of natural 
products, which includes neocarzinostatin,2-9 the cahcheamicins1<W3 

(Figure 2), the dynemicins,14-17 and kedarcidin.18-24 
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The initial fermentation yields of <1 /ig/mL for esperamicin 
Ai have seen a 50-fold improvement.25 This has made it possible 
to produce adequate quantities of material for structure eluci
dation, mechanism of action, and advanced biological studies. 

Esperamicin Ai and related esperamicins (Figure 1) have been 
isolated, and their structures have been characterized.26-28 

Through a series of spectroscopic, X-ray, and synthetic studies, 
the structure and absolute stereochemistry for esperamicin Ai 
have been determined.29-34 It consists of a bicyclo[7.3.1] ring 
system (CORE, Figure 1) to which is attached a trisaccharide 
and a 2-deoxy-L-fucose (DF)-anthranilate (AC) moiety. The 
trisaccharide contains an unusual hydroxyamino sugar (HAS) 
which is attached to the CORE C8 via a glycosidic linkage. The 
hydroxyamino sugar is further linked to an isopropylamino sugar 
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Figure 1. Naturally occurring esperamicins. 
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Figure 2. Calicheamicin ^1
1. 

(IAS) at C2 ' through a glycosidic linkage and to a thiomethyl 
sugar (TMS) at C4 ' by an unusual NO-glycosidic linkage. The 
C O R E contains a l,5-diyn-3-ene (diradical generator27,35-36), an 
allylic trisulfide, and a bridgehead enone. 

Esperamicin Ai is one of the most potent antitumor antibiotics 
known to man and has inhibitory activity against a wide range 
of murine and human tumor cell lines in both ip-ip and distal 
tumor models.37-38 IC5 0 values in the n g / m L range are common. 
The H C T l 16 human colon carcinoma cell line is one of the most 
sensitive to esperamicin Ai with an IC50 value of 300 pg /mL. 
Using alkaline elution techniques, breaks were detected in the 
D N A of H C T l 16 cells after a 1-h exposure with esperamicin Ai 
at concentrations as low as 1 pg /mL. In vitro studies showed 
that esperamicin's ability to induce D N A strand breaks is 
dramatically enhanced in the presence of mild reducing agents,37,39 

and unlike the calicheamicins,40-49 it produces predominantly 
single strand breaks.37,39,50_57 As esperamicin Ai is stepwise 
degraded from the parent compound through esperamicins C 
and D to E, its ability to bind with and cleave D N A is gradually 
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reduced by approximately 5-6 orders of magnitude,37 thus 
demonstrating the importance of each of the esperamicin residues 
in producing a highly efficient DNA-cleaving agent. On the 
basis of esperamicin's unusual structure, extreme potency, wide 
spectrum of activity, novel mechanism of action, and distal tumor 
activity, it was selected as a clinical candidate. 

Esperamicin A t has successfully completed phase I (safety) 
trials.58 Phase II (efficacy) trials are now under way in the U.S. 
and Europe. 

The mechanism by which esperamicin produces its biological 
effects has been attributed to its ability to complex with and 
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Scheme I. Mechanism of Action for Esperamicin Ai and Calicheamicin 711 
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cleave DNA.37-39-50"57 The focus of this work is the determination 
of the 3D structure of the DNA-esperamicin Aj complex. 

Background 

Theoretical and synthetic studies on the cycloaromatization 
mechanism of several simple enediyne systems have predicted 
that the rate of cyclization is governed by the ring strain in the 
transition state.59-63 Additionally, the theoretical studies,60-63 

using the semiempirical PRDDO-GVB method, predict that the 
CORE A-ring adopts a chair conformation prior to the transition 
state and that the transition state occurs via a least-motion closure 
pathway while developing 3 5% diradical character. The geometry 
of the enediyne system in the diradical transition state is planar, 
and the bond angles and lengths are more closely related to the 
cycloaromatized product of the Bergman reaction than the 
reactant. 

A number of studies have focused on esperamicin's ability to 
cleave DNA. These studies have shown that esperamicin and its 
degradation products have weak absolute cleavage sequence 
specificity. However, they do have a preference for cleaving within 
5'-Py Py tracks.37-39'50-57 They have also shown that a given 
cleavage site is often accompanied by a cleavage site on the opposite 
strand, which is staggered by three base pairs in the 3'-direction, 
indicating that the diradical is being generated within the minor 
groove64 of the DNA. This is supported by the fact that minor 
groove binding drugs inhibit esperamicin's ability to cause DNA 
strand breaks.39 Furthermore, it has been shown that esperamicin 
A] causes single strand breaks by abstracting a C5*-hydrogen 
from the DNA backbone, while esperamicin C, like cali
cheamicin,40-49 causes mostly double-stranded DNA breaks by 
abstracting a C5 "-hydrogen from one strand of the DNA and a 
C4*-hydrogen from the opposite strand.52'57 On the basis of 
analogy with calicheamicin,40-49 it has been proposed 52-57 that 
the radical at C6 of esperamicin Ai and C abstracts a C5*-
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Corbett, T. H., Baker, L. H., Eds.; Kluwer Academic Publishers: Norwell, 
MA, 1992; p 345. 
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S 

hydrogen and the radical at C3 of esperamicin C abstracts the 
C4*-DNA hydrogen. Self-quenching of the C3 radical has been 
suggested52 to explain why esperamicin Ai causes only single 
DNA strand breaks. The self-quenching hypothesis was supported 
by CPK modeling studies which suggest that the deoxyfucose-
anthranilate moiety can be proximal to the C3 radical. 

There is very little direct structural information on the 
esperamicin-DNA complex. However, there are three studies 
on the structure of esperamicin and calicheamicin that must be 
considered. The X-ray crystal structure of the degradation 
product of dihydrocalicheamicin pseudoaglycon11 provides im
portant information about the conformations of the hydroxyamino 
and thiomethyl sugar rings and the relative geometry between 
them. Solution studies on calicheamicin e, using COSY and 
ROESY techniques, have been conducted in three different 
solvents and over a temperature range of-50 to +50 0C.65-66 This 
study suggests that the oligosaccharide is substantially preor-
ganized and relatively rigid. Examination of the oligosaccharide 
portion of the X-ray structure and the NOE data suggests a 
strong similarity between the solution and X-ray structures. 
Additionally, the X-ray structure for esperamicin X has been 
determined,34 providing us with information on the conformation 
of the cycloaromatized CORE, the deoxyfucose and anthranilate 
moieties, and their geometric arrangement relative to one another. 

Reaction of Esperamicin A1 with CT-DNA 

Esperamicin Ai (1) and calicheamicin 711 share a common 
mechanism of activation. Both are converted into DNA-cleaving 
molecules in a four-step reaction sequence27 (Scheme I), namely 
(1) reductive cleavage of the allylic methyl trisulfide; (2) Michael 
addition of the resulting thiolate (3) to the 0-position of the enone 
(concomitantly forming the dihydrothiophene ring (4) while 
removing the bridgehead double bond); (3) aromatization of the 
enediyne to an aryl diradical (esperamicin R, 5), and (4) hydr 
ogen abstraction from the environment (DNA, the drug itself, 
or solvent) to quench the diradical, producing esperamicin Z or 
calicheamicin « (6). 

The mechanism of DNA cleavage by the enediyne antibiotics 
neocarzinostatin2-9 and calicheamicin47 has been studied in in 
vitro systems. For example, calicheamicin, the closest structural 
analog of esperamicin Ai, aromatized in the presence of calf 
thymus DNA and methylthioglycolate to produce calicheamicin 

(65) Walker, S.; Valentine, K. G.; Kahne, D. J. Am. Chem. Soc. 1990,112, 
6428-6429. 
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«in 65% yield. It has been shown that the calicheamicin diradical 
intermediate abstracts hydrogen atoms almost exclusively from 
the carbohydrate backbone of the DNA, suggesting that DNA 
may serve as a catalytic template for quenching the diradical 
intermediate.42'48'67. 

Interestingly, esperamicin Ai produced no detectable quantity 
of esperamicin Z under analogous reaction conditions with CT-
DNA. Instead, the cleavage of the glycosidic bond at the C8 
position was observed (Scheme II). The major esperamicin 
product from this reaction is the rearranged trisaccharide fragment 
(9) which was isolated in 60% yield. We have previously observed 
the cleavage of the trisaccharide fragment from esperamicin A1 

following its reduction with sodium borohydride.33 It should be 
noted that the trisacchardie fragment undergoes spontaneous 
rearrangement of the pyranose form of the hydroxyamino sugar 
(8) to its furanose carbinolamine equivalent (9). Traces of the 
aromatized CORE were detected in the 1H-NMR spectra of the 
crude reaction mixtures; however, the aromatized CORE fragment 
has never been isolated and completely characterized. 

The base sensitivity of both esperamicin Ai33 and calicheamicin 
7!113 has been demonstrated but appears inadequate to explain 
the differences observed between the reaction of esperamicin Ai 
and calicheamicin Ti1 with CT-DNA under analogous reaction 
conditions. Additionally, when the reaction between esperamicin 
A1 and CT-DNA was repeated at lower pH (7.0, 7.2, and 7.4), 
only minor variations in the yield of the rearranged trisaccharide 
fragment (9) were observed. 

The mechanism by which the cleavage of the C8 glycosidic 
bond occurs has remained clouded due to the fact that the product-

.11. Il 
CGCAATCCTGAGCACG 
GCGTTAGGACTCGTGC 

H! It 

333. 
(67) Warpehoski, M. A.; Hurley, L. H. Chem. Res. Toxicol. 1988, /, 315-

• • • 
Figure 3. Oligonucleotide used in the affinity cleavage and osmium 
tetraoxide experiments.55'68 The arrows mark the strong esperamicin Ai 
cleavage sites. The dots mark the sites that were protected by esperamicin 
Ai during OsO4 oxidation. The 10 base pair sequence in bold type was 
used in this modeling study. 

(s) related to the CORE have not been isolated and the role that 
the individual radicals play is unknown. 

Footprinting of Bound Esperamicins Ai and C68 

Features of the groove structure in duplex DNA can be 
monitored by use of the reactive probe osmium tetraoxide 
(OsO4) .

69 OsO4 oxidizes the thymine C5-C6 double bond, which 
lies in the major groove, preferentially in the open rather than 
the base paired state. Unactivated esperamicin Ai when bound 
with DNA reduces the ability OfOsO4 to oxidize thymine residues, 
when compared to the oxidation of naked DNA (Figure 3). In 
contrast, the oxidation of the unactivated DNA-esperamicin C 
complex produced oxidation levels comparable to that of naked 
DNA. Esperamicin C is an analog of esperamicin Ai which 
lacks the deoxyfucose and anthranilate residues.28-37 This suggests 
that the groove structure of the DNA-«speramicin Ai complex 

(68) Lu, M.; Guo, Q.; KalleiTbach, N. R. Personal communication. 
(69) Lilley, D. M. J.; Palecek, E. EMBOJ. 1984, 3, 1187-1192. 
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is close to that of regular B-DNA69 and possibly that at least a 
portion of the deoxyfucose and/or anthranilate moieties are bound 
in the major groove. 

Goals and Limitations 

The goal of this work is to develop a dynamical model of the 
DNA-esperamicin complex that is consistent with all of the 
available experimental data. The resultant model will be used 
to gain insights into the mechanism of DNA cleavage by 
esperamicin Ai, specifically its mode of binding to DNA and 
what the individual residues contribute to the drug's ability to 
bind with and cleave DNA. Additionally, the fate of the radical 
centers will be examined to determine which is responsible for 
cleaving the DNA and whether the unproductive radical can 
participate in the homolytic cleavage of esperamicin. Finally, 
the DNA pattern and sequence specificity of cleavage exhibited 
by esperamicin will be explored. 

It is important to keep in mind that only a droplet of solvent 
(water) encases the DNA-drug complex and that counterions 
are not included in the model. As a result, the shape, volume, 
and pressure of the droplet system may not remain constant, 
since they are maintained only by the hydrostatic nature of bulk 
water. Furthermore, the calculations rely on an assumed force 
field and our chemical intuition to correctly use the force field. 
One of the more difficult problems in force field calculations is 
correctly dealing with the long-range nonbonded interaction. Since 
it is not possible to calculate all possible nonbonded interactions, 
at least with today's computational power, one must use a 
smoothing function to force these long-range interactions to go 
to zero at some distance.70 Due to these limitations, it is important 
to have good experimental data which can be used as a guide in 
model building and as a reference to verify that the calculations 
are proceeding in the right direction. 

Criteria Used to Validate the Model 

From the DNA-nicking and cleavage affinity studies,39-50-57 

we have learned that esperamicin Ai predominantly causes single 
strand breaks, that at least part of the molecule binds in the 
minor groove of DNA, that it has a preferred cleavage sequence 
specificity of 5'-Py Py, and that either the 5*- or 5**-hydrogen 
of the deoxyribose is abstracted. From the PRDDO-GVB 
studies,60 we know that the geometry of the diradical transition 
state is much more benzene-like; i.e., the bond angles for the 
acetylene atoms are much closer to 120° than 180°. On the basis 
of the above experimental and theoretical observations, the 
following criterion was used in model building and validation of 
the model. A model of the DNA-esperamicin complex should 
place at least a portion of the drug in the minor groove of the 
DNA in a way that positions C3 or C6 (the esperamicin carbons 
that carry the radicals in the transition state) of the drug near 
either a H5* or H5** of the cleaved Py base. The theoretical 
studies suggest that a model between 3,6-dehydroesperamicin Z 
(5, esperamicin R) and DNA should be better than a DNA-
esperamicin Ai model at predicting the conformation of the 
complex that leads to DNA cleavage, since esperamicin R more 
closely mimics the diradical transition state. 

The benzene carbon-hydrogen bond can be described by the 
vector that extends through any two para-carbons; i.e., the C l -
C4-C4H angle is 180°. Assuming that the 1,4-diradical has a 
geometry similar to that of a benzene hydrogen, a DNA hydrogen 
that lies along the benzene carbon-hydrogen vector would be 
aligned with the radical orbital. Given two hydrogens of 
approximately equal distance from the carbon-centered radical, 
the one aligned most closely with the axis of the radical orbital 
would be abstracted.16-71 Therefore, the criterion used in selecting 

(70) Loncharich, R. J.; Brooks, B. R. Proteins: Struct., Funct., Genet. 
1989, 6, 32-45. 

(71) Hawley, R. C ; Kiessling, L. L.; Schrieber, S. L. Proc. Natl. Acad. 
Sd. U.S.A. 1989, 86, 1105-1109. 

the most likely hydrogen candidate for abstraction is based on 
distance and angle. The closest hydrogen atoms to C3 or C6 are 
candidates if they are near or on the line extending through the 
radical-centered carbons C3 and C6 (C3-C6-(DNA)H or Co-
C3-(DNA)H angle of 180°); if two hydrogen atoms are nearly 
equal in distance from C3 or C6, then the one that is the closest 
to the 180° angle is selected. 

Calculations 
Computational Details. The modeling studies were conducted 

with Polygen's72Quanta/CHARMM software (version 3.1) and 
force field73"75 running on an IBM Risk 6000/540 workstation. 
The oligonucleotide and the drug were treated as electrically 
screened charged systems. The phosphate and ammonium were 
screened to-0.32 and +0.32, respectively, according to Manning 
countenon condensation theory,76 and a continuous dielectric of 
one was used. The switch/vswitch functions were used in both 
the energy minimization (EM) and molecular dynamics (MD) 
for the nonbonded, van der Waals, and electrostatic interactions 
between 9.5-10.5 A with an 11.50-A cut list.77-78 In parallel 
studies, the shift/vshift functions were used to smooth long-range 
interaction to zero at 9.0 and 14.0 A with 10.0- and 15.0-A cut 
lists,70 respectively. In several of the runs, the CHARMM 
hydrogen bond potential was used. A switching function was 
used to smooth the potential to zero between 4.0 and 5.0 A and 
130 and 110° with a cut list of 5.5 A and 90°, respectively. The 
Verlet algorithm79 was used to calculate the classical equations 
of motion for the atoms, and the X-H bonds were fixed using the 
SHAKE algorithm80 during MD. 

All in-vacuum calculations were performed without cutoffs 
using a distance-dependent dielectric. 

AU EM studies were minimized to a RMS gradient force of 
<0.100 with either a steepest descent (SD)81 or an adopted-basis 
Newton-Raphson (ABNR) minimizer82 unless otherwise stated. 

The following CHARMM detailed dynamics prescription16 

was used throughout this study. In a 1.5-ps heating phase, the 
temperature was raised to 300 K in steps of 10 K over 0.05-ps 
blocks. The MD velocities were reassigned after every step on 
the basis of the Gaussian approximation to the Maxwell-
Boltzmann distribution. This was followed by an equilibration 
phase in which the velocities were allowed to rescale over the next 
13.5 ps in steps of 0.25 ps to stabilize the system within a 300 
± 5 K window. The production phase continued for another 
125-300 ps where the velocities were allowed to rescale every 0.5 
ps to keep the system within a 300 ± 5 K window. 

Model Building. The d(CGCAATCCTG)-d(CAGG-
ATTGCG)83 oligonucleotide was constructed using Quanta's 
nucleic acid builder. The geometries of the intercalation clefts 
from the d(CGTACG)-(daunomycin)284 (perpendicular inter-
calator) and d(CG)-proflavine85 (parallel intercalator) crystal 
complexes were inserted into separate oligonucleotides, at the 
5'-ApA/3'-TpT step, to explore the possibility of an intercalation 
mode of binding. The oligonucleotide was minimized in a vacuum 
with 50 steps of SD minimization to locate a local minimum in 

(72) Polygen Corp., 2000 Fifth Avenue, Waltham, MA 02254. 
(73) Momany, F. A.; Rone, R. / . Comput. Chem. 1992, 13, 888-900. 
(74) Momany, F. A.; Rone, R. Personal communication. 
(75) QUANTA Parameter Handbook, Release 3.0; Polygen Corporation: 

Waltham, MA, 1990; p 4. 
(76) Manning, G. S. Q. Rev. Biophys. 1978, 11, 179-246. 
(77) Nilsson, L.; Karplus, M. / . Comput. Chem. 1986, 7, 591-616. 
(78) Tidor, B.; Irikura, K. K.; Brooks, B. R.; Karplus, M. J. Biomol. Struct. 

Dyn. 1983,1, 231-252. 
(79) Verlet, L. Phys. Rev. 1967,159, 98-105. 
(80) Ryckaert, J. P.; Cicotti, G.; Berendsen, H. J. C. J. Comput. Phys. 

1977, 23, 327-341. 
(81) Levitt, M.; Lifson, S. J. MoI. Biol. 1969, 46, 269. 
(82) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; 

Swaminathan, S.; Karplus, M. J. Comput. Chem. 1983, 4, 187-217. 
(83) See Figures 3A, 1, and 4 from ref 55. 
(84) Wang, A. H.-J.; Ughetto, G.; Quigley, G. J.; Rich, A. Biochemistry 

1987, 26, 1152-1163. 
(85) Shieh, H. S.; Berman, H. M.; Dabrow, M.; Neidle, S. Nucleic Acids 

Res. 1980, 8, 85. 
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the vicinity of the starting structure. The minimized structure 
was then used in the DNA-esperamicin docking studies. 

The six residues that make up esperamicin Z were constructed 
in Chemnote and assembled in the molecular editor of Quanta. 
The atomic charges were assigned on the basis of Quanta's 
fragment library and smoothed to neutrality over all nonpolar 
atoms. The charges of the ammonium groups were then adjusted 
to give an overall charge of +0.32. The hydrogens at C3 and C6 
were omitted by using the C6R CHARMM atom type, to more 
closely mimic the diradical form of esperamicin. 

The diradical form of esperamicin Z (5, esperamicin R) was 
then docked with the DNA in a way that positioned C3 and C6 
near C5* of thymine 17 (T:17) and cytosine8 (C:8),respectively. 
The continuous-energy facility in Quanta was used in the docking 
procedure to find the optimal starting point for EM. The DNA 
was constrained, and the complex was minimized with 50 steps 
of ABNR minimization, followed by 50 steps of unconstrained 
SD minimization prior to solvation. 

The DNA-drug 10-mer complex consisting of 20 nucleic acid 
residues and six esperamicin R residues was solvated in a droplet 
of water containing 824 preequilibrated TIPS3 water molecules. 
This was accomplished by placing the center of mass of a residue 
in the center of a 10 A sphere containing pre-equilibrated TIPS3 
waters. Then all water molecules whose oxygen was within 2.3 
A of another solvent or solute heavy atom (non-hydrogen atom) 
were removed. The solute was constrained, and the system was 
minimized with 200 steps of SD followed by 1000 steps of ABNR 
minimization. The constraints were removed, and the system 
was minimized with an additional 200 steps of SD followed by 
1000 steps of ABNR. This minimized system was then used as 
the starting point for MD using the protocol described above. 

Analysis. The Curves, Dials, and Windows (CDW) analysis 
package introduced by Ravishanker et al.86 was used to analyze 
the MD results in terms of a full set of conformational and 
helicoidal parameters. The time evolution of the conformational 
and helicoidal parameters was followed in the analysis, providing 
a complete description of the dynamical model obtained in the 
simulation. The structural inferences described below are based 
on this analysis. A complete CDW graphical description of all 
the DNA parameters is available in the supplementary material. 

Drug Docking Studies 

In constructing the DNA-esperamicin 10-mer model several 
modes of binding were considered. Our first bias was to stretch 
esperamicin along the minor groove of the DNA. This was done 
by placing the thiomethyl and hydroxyamino sugars, CORE, 
deoxyfucose, and anthranilate in the minor groove. The isopro-
pylamino sugar was placed on the lip of the minor groove so that 
the ammonium group could form a salt bridge with the phosphate 
backbone. Several problems became immediately apparent with 
this model. The radical-bearing carbons (C3 and C6) are pointed 
along the minor groove close to and directionally aligned for a 
C4*-DNA hydrogen abstraction from each strand of the DNA. 
Esperamicin was also modeled as an intercalator by inserting of 
the anthranilate moiety between the DNA base pairs of the 5'-
ApA/3'-TpT step. The remainder of the drug was stretched 
along the minor groove of the DNA as described above. The 
anthranilate moiety was intercalated into the binding cleft either 
by placing its aromatic ring between T: 16 and T: 17 on the lower 
strand or by rotating 180° about the C7iv-C8iv bond to place it 
near the A:4 and A:5 side of the cleft. In both modes of 
intercalation, the long axis of the anthranilate is approximately 
parallel with the long axis of the DNA base pairs. Of the four 
different intercalation models, only the mode which placed the 
aromatic ring of the anthranilate near the upper strand of the 
intercalation cleft, based on the d(CG)-proflavine cleft geometry, 
produced a model that correctly predicted the abstraction of a 

(86) Ravishanker, G.; Swaminathan, S.; Beveridge, D. L.; Lavery, R.; 
Sklenar, H. J. Biomol. Struct. Dyn. 1989, (J, 669-699. 

C5*-hydrogen. This model places the radicals at C3 and C6 
close to and directionally aligned to abstract the Hl * of T: 17 and 
the H5* of C:8, respectively. Finally, esperamicin was modeled 
as a simultaneous minor-major groove binder (Figure 4 (top 
left)). The model was generated by modifying the minor groove 
binding model. The placement of the trisaccharide (thiomethyl, 
hydroxyamino, and isopropylamino sugars) with respect to the 
DNA was unchanged; however, by simply rotating about the 
bonds of the glycosidic linkage between the CORE and hy
droxyamino sugar, the radicals at C3 and C6 can be placed near 
and directionally aligned to abstract a DNA-hydrogen from C5* 
of T: 17 and C:8, respectively. In the solvated energy-minimized 
minor-major groove complex, the thiomethyl sugar lies in the 
minor groove sandwiched between the DNA backbones where its 
3"-axial hydroxyl group forms a hydrogen bond with N3 of G:14. 
The hydroxyamino sugar unexpectedly lies flat in the mouth of 
the minor groove. The hydroxyl at C3' hydrogen bonds with 
02P of T:9, and C6' is positioned near C4* and C5* of the 
deoxyribose of T: 16. The bound geometry of these two sugars 
relative to one another is very similar to that found in the crystalline 
environment;11 i.e., their planes, defined by C2, C3, C5, and 05, 
are approximately perpendicular to one another. The isopro
pylamino sugar ring sits within van der Waals (VDW) contact 
over the deoxyribose of C:8, and its ammonium group at C4'" 
forms a salt bridge with OIP of T:9. The CORE occupies the 
space in the minor groove approximately equally distant between 
C5*of C:8 and T:17,and the tertiary hydroxyl at the Cl hydrogen 
bonds with 03* of T:16. The bulky deoxyfucose group and 
sterochemistry at C: 12 force the diradical-containing ring to point 
into and slightly down the minor groove (in the 3'-direction relative 
to C5* of T:17 and away from the trisaccharide group). The 
deoxyfucose forms a bridge across the DNA backbone between 
the CORE in the minor groove and the anthranilate moiety in 
the major groove. The deoxyfucose resides over the deoxyribose 
of T: 17 between the two phosphate groups of T: 17 and G: 18. The 
anthranilate moiety lies to one side of the major groove, interacting 
predominantly with the major groove side of the DNA backbone. 
The pyruvate group sits within 3.5-4.0 A of the T:17 C5-methyl 
and hydrogen bonds with OIP of T: 17 via its amide hydrogen. 
At the other end of the anthranilate, the methoxy group at Cl liv 

accepts a hydrogen bond from the 4-amino group of C: 19 and the 
methoxy group at C10iv is approximately 3.15 A from C2* of 
G:18. The anthranilate aromatic ring hovers over G:18. The 
hydrogens at C8 of G: 18 and C2* of T: 17 are within the 
anthranilate shielding cone. The only problem with the energy-
minimized intercalation and minor-major groove models is that 
they protray esperamicin Ai as a double strand cleaving molecule 
that produces cut sites that are staggered by four base pairs in 
the 3'-direction. While esperamicin has been shown to produce 
strong cuts at both of these sites (Figure 3),83 these cuts presumably 
occur via different molecules as esperamicin causes predoimately 
single strand breaks. Since we have no direct experimental data 
available to assign which radical is responsible for causing the 
cleavage site, we chose to let the MD decide. All of the energy-
minimized models described above were subjected to both in-
vacuum and solvated MD for 100 ps or more. None of the in-
vacuum simulations produced stable MD runs that were consistent 
with the available experimental data, suggesting the importance 
of structural water molecules for stabilizing the DNA-esperamicin 
complex. Of the solvated models, only the minor-major groove 
binding model provided a stable M D simulation that was consistent 
with all of the known experimental data and correctly predicted 
the abstraction of a C5*-hydrogen using the criteria described 
above. This model was used as the starting point for the MD 
studies described below. 

Evaluation of Long-Range Smoothing Functions 
The minor-major groove model was subjected to the MD 

protocols described above using either the switch/vswitch or shift/ 
vshift long-range nonbonded smoothing functions. The simu-



Figure 4. Stereoviews: (top left) Energy-minimized complex between esperamicin R and 
d(CGCAATCCTG)-(CAGGATTGCG) duplex oligonucleotide, (top right) Snapshot of the 90-ps frame 
from the dynamics amination. (bottom left) Snapshot of the 240-ps frame, (bottom right) Snapshot of 
the 315-ps frame. The coloring scheme for the DNA is blue for carbon, light green for nitrogen, yellow 
for oxygen, and amber for phosphate. The coloring scheme for esperamicin is green for carbon, red for 
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lations in which the switch/vswitch smoothing function was used 
were found to be extremely stable with a maximum RMS deviation 
of less than 0.7 A from the starting point. An examination of 
the calculated temperature factors revealed that they were 10-
100 times lower than would be expected on the basis of comparison 
with drug-DNA crystal structures.87,88 Though the results from 
the switched MD runs seem very reasonable in light of the 
experimental data, the low RMS deviation from the starting point 
and temperature factors suggests that the simulation is trapped 
in a very deep and narrow potential well and that the complex 
is profoundly rigid or that flaws exist in the switched protocol. 
The shifted MD runs produced stable simulations with a maximum 
RMS deviation of 2.5 A from the starting structure. The 
calculated temperature factors were found to be slightly higher 
(1-3 times) than that found in DNA-drug crystal structures. 
This seems reasonable, since solution structures are not influenced 
by crystal-packing forces. One would expect them to have 
fluctuations that are equal to or slightly higher than their crystal 
counterparts. The shifted MD simulations produced DNA 
structures whose strands were loosely held together. Examination 
of the CDW86 analysis for the DNA revealed that the sugars 
continuously repucker throughout the simulations, the most 
noticeable deviations away from classical B-DNA are the intra-
base pair propeller twist parameter and a slight widening of the 
minor groove. In the simulation with the 14-A cutoff, the average 
propeller twist for individual base pairs varied from -2.8° to 
-62.0° with an average for all base pairs of-28.02° compared 
to 3.7° and 13.7° for canonical B-DNA and A-DNA, respectively. 
This was predominantly due to an excessive amount of inter-base 
pair hydrogen bonding. The average interstrand phosphate 
distance fluctuated about 12.8 A (center of mass to center of 
mass) compared to the closest interstrand phosphate distance in 
canonical B-DNA of 11.5 A.89 The largest deviations in the 
minor groove width occured on the ends and along the drug-
binding site. Nonetheless, the DNA maintained its B-DNA 
character as denoted by the inter-base pair parameters rise and 
twist angle, and axis-base parameters X-displacement (XDP) 
and inclination (INC). Additionally, the average intrastrand 
phosphate distance fluctuated around 6.6 A, consistent with 
canonical B-DNA. In the 9.0-A cutoff simulation, many of the 
same problems were observed as well as local base pair melting. 
Many of the inter-base pair hydrogen bonds observed in these 
simulations were very poorly aligned, i.e., away from the ideal 
N-H-O hydrogen bond angle of ~ 180° and the ideal H-O=C 
hydrogen bond angle of ~120°. By implementing the 
CHARMM hydrogen bond potential as described above, the 
correctly aligned hydrogen bonds will have more weight in 
determining the conformation that the poorly aligned ones. The 
potential had its most profound effect on the 9.0-A cutoff 
simulation by eliminating the local base pair melting and slightly 
reducing the number of inter-base pair hydrogen bonds in all the 
shifted MD simulations. Not unexpectedly, the incorporation of 
the hydrogen bond potential into the calculation caused the DNA 
to stiffen slightly. This only slightly reduced the calculated tem
perature factors and caused the sugar repuckering to settle down 
somewhat. Using the hydrogen bond potential with the 9.0-A 
cutoff produced results that are qualitatively the same as the 
14-A cutoff run in less than half the CUP time. Due to the comp
utational expense of the longer cutoff, only the run with the 9.0-A 
cutoff and hydrogen bond potential was extended past 140 ps to 
315 ps. The 315-ps run will be used for the discussion that follows. 

Dynamical Model of the DNA-Drug Complex 
The greatest changes occurred in the complex at the onset of 

the dynamics, demonstrating how easy it is to get trapped in a 
(87) Wang, A. W.-J.; Nathans, J.; van der Marel, G.; van Boom, J. H.; 

Rich, A. Nature 1978, 276, 471-474. 
(88) Kopka, M. L.; Yoon, C; Goodsell, D.; Pjura, P.; Dicerson, R. E. Proc. 

Natl. Acad. Sci. U.S.A. 1985, 82, 1376-1380. 
(89) Saenger, W. Principles of Nucleic Acid Structure; Speinger-Verlag: 

New York, 1984; p 226. 

local minima using energy-minimization techniques. 1W.91 

Throughout the first 65 ps of the dynamics trajectory, the DNA-
drug complex underwent a steady gradual change. However, 
most of the individual DNA conformational and helicoidal 
parameters stabilized by the end of the equilibration phase of the 
calculation. Some of the more significant DNA helicoidal 
parameters are XDP, INC, rise, twist, and propeller, as they are 
the most indicative of A- or B-form DNA. All of these helicoidal 
parameters were found to stabilize near to B-DNA and away 
from A-DNA values, placing the DNA of this DNA-drug complex 
firmly in the B-DNA family. However, as noted above, the 
propeller twist for almost all of the base pairs is abnormally large 
and negative with one noteworthy exception, the G:2-C:19 
propeller twist stabilized around 14.8°, which is very close to the 
13.7° value of canonical A-DNA. The DNA conformational 
parameters remained quite active throughout the entire simu
lation. The sugar puckers were found to be highly mobile, 
repuckering between C2'-endo» Ci'-«<» and Cc-e ,̂ with an occasional 
visit to C3'̂ „do- Several crankshaft transitions were observed at 
C:3, C:7, T:9, and G:14. Over the first 65 ps, esperamicin R 
crept down the minor groove in the 5'-direction relative to the 
phosphate group of T:9. This slight movement of esperamicin 
R coupled with a crankshaft transition (15-16 ps) about the a-
and 7-DNA conformational parameters between C:7 and C:8 
moved the closest C5* hydrogen of C:8 to greater than 4 A away 
from the C6 radical, while the distances and alignments between 
the C5* hydrogens of T: 17 and the radical at C3 remained virtually 
unchanged. From this new binding position (Figure 4 top right), 
the hydrogen bonding network between the drug and the DNA 
remained intact with one exception. The thiomethyl sugar residue 
moved away from the floor of the minor groove and slightly in 
the 3'-direction relative to G: 14, where it hydrogen bonds 
intermittently with 04* or 03* of A: 15 via its 3"-axial hydroxyl 
group. For the next 100 ps (65-165 ps), the complex remained 
quite stable with the exception of a noticeable drift in the inter-
base pair buckle parameter toward values that are more in line 
with canonical B-DNA. The base pair buckle remained relatively 
constant and near the energy-minimized value for the first 65 ps. 
For the first 65 ps, these values ranged from a low of-20.3° to 
a high of 26.1° and drifted to values of-6.8° to 19.3° by the end 
of 165 ps compared to 0.2° for canonical B-DNA. Over the next 
20-25 ps (165-190 ps), several of the inter-base pair hydrogen 
bonds disappeared and the propeller twist for these base pairs 
decreased and stabilized. The decrease in the propeller twist for 
the C:7-G: 14 base pair moved the 2-amino group of G: 14 closer 
to the hydroxyl group of the thiomethyl sugar (Figure 4 (bottom 
left)). This started a three-way hydrogen bonding tug of war 
between the 2-amino group of G: 14 (donor), N3 of G: 14 (acceptor) 
and 04* of A: 15 (acceptor), and the hydroxyl group of the 
thiomethyl sugar (acceptor/donor) that lasted for the better part 
of the next 100 ps (190-315 ps). The propeller twist for the 
A:3-T:17 base pair increased, bringing the methyl group of T: 17 
in close VDW contact with the anthranilate residue. Over this 
same time period (165-190 ps), the ammonium group of the 
isopropylamino sugar residue drifted away from the phosphate 
group of T:9 and stabilized midway between the phosphate groups 
of C:8 and T:9. Its aliphatic ring remained within VDW contact 
with the deoxyribose group of C:8. Again the dynamical structure 
stabilized. The DNA remained stable throughout the remainder 
of the simulation (190-315 ps). In the last 3 5-40 ps of the run, 
G: 14 won the tug of war and the thiomethyl sugar residue was 
pulled deeper into the minor groove and closer to the deoxyribose 
of T:9 and the isopropylamino sugar ammonium group returned 
to hydrogen bond with the phosphate group of T:9 (Figure 4 
(bottom right)). It is interesting to note that during the course 

(90) Kirkpatrick, S.; Gelatt, C. D.; Vecchi, M. P. Science 1983, 220,671-
680. 

(91) Brunger, A. T.; Clore, G. M.; Gronenborn, A. M.; Karplus, M. Proc. 
Natl. Acad. Sci. U.S.A. 1986, 83, 3801-3805. 
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of the dynamics simulation esperamicin R has come full circle 
with respect to its hydrogen bonding pattern with its host DNA. 

Esperamicin R makes direct contact with the floor of the minor 
groove at C:8 and G: 14 and with the major groove floor at T: 17, 
G: 18, and C: 19, based on a water-accessible surface analysis of 
the DNA (Table IA). Esperamicin's minor-major groove binding 
motif allows it to interact with more bases from the strand it cuts. 
A spine of hydration runs the length of the minor groove and 
rhythmically hydrogen bonds with every base with the exception 
of C:8 and G: 14, where it is disrupted by the thiomethyl sugar 
residue. There are five to seven water molecules between the 
floor of the minor groove and esperamicin R. Several of these 
water molecules periodically hydrogen bond with and between 
(via a single water bridge) the CORE Cl-hydroxyl and 0 5 ' of 
the hydroxyamino sugar or the phosphate group of T: 17 and 
appear to play a structural role in the DNA-drug complex. 

During the course of this simulation the carbon-bearing radical 
at C3 has remained close (Figure 5 (top)) to and directionally 

HDNA 

CH3O < n H ° 

CH1 

CH3S 

OH 
1 C"3 

HN-"\^-9 
H O > ^ k 

H,C-

H3C 
CH3O 

10 

aligned (Figure 5 (bottom)) for abstraction of a C5*-hydrogen 
from T: 17. On the basis of the distance criteria, the T: 17 H5* 
and H 5 * * are both candidates; however, the inclusion of the angle 
criteria favors the T: 17 H5**. It should be noted that the 
abstraction of either the H5* or H5** is consistent with the 
available experimental data. 

The fate of the radical at C6 is still unclear. Figure 5 shows 
the distance and angle of the closest DNA and esperamicin 
hydrogens with respect to C6. The DNA C5*-hydrogen can be 
ruled out on the basis of distance and experimental data 
(esperamicin causes predominantly single strand breaks). The 
average distances between C6 and the C l ' anomeric hydrogen 
(HA) and the C8 hydrogen (H8) are approximately equal. 
However, both the C3-C6-HA and C3-C6-H8 angles are much 
closer to 90° than to 180°, making these hydrogens barely suitable 
as candidates for abstraction.92 The abstraction of HA by the 
C6 radical is effectively a 1,5 free-radical migration, while the 
H8 abstraction is a 1,3-migration. The 1,5-hydrogen transfers 
are very well-known,93 as they can readily adopt a favorable 
transition-state geometry. However, direct 1,3 free-radical 
migrations are very rare and may not occur at all.93 This is 
presumably due to the fact that the energetically most favored 
linear geometry for the C- -H- -C transition state is not obtain
able.92,93 In the DNA-esperamicin matrix, neither the 1,5- nor 
1,3-hydrogen transfer can adopt the desired transition-state 
conformation. Additionally, if the 1,5-hydrogen transfer occurred, 
the lactone form of trisaccharide 10 (Scheme III) would be 
expected as a major product. This product has not been observed. 
Mechanistically the 1,3-hydrogen transfer from C8 (7, Scheme 
IV) to C6 (11) followed by oxidation to 12 and fragmentation 
of the glycosidic bond is analogous to the mechanism invoked for 
the cleavage of DNA via radical chemistry.94-95 Opening of the 
resultant hemiacetal (8) to an aldehyde followed by ring closure 
via a Schiff base reaction with the hydroxyl amine would produce 

(92) Huang, X. L.; Dannenberg, J. J. J. Org. Chem. 1991,56, 5421-5424. 
(93) March, J. Free-Radical Rearrangements. Advanced Organic Chem

istry, 3rd ed.; J. Wiley & Sons: New York, 1985; pp 955-958. 
(94) Kappan, L. S.; Goldberg, I. H. Biochemistry 1983, 22, 4872^*878. 
(95) Kappen, L. S.; Chen, C ; Goldberg, I. H. Biochemistry 1988, 27, 

4331-4340. 
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Figure 5. (top) Fluctuation in the distance (A) between the esperamicin C3 and C6 radical centers and the three closest DNA or esperamicin hydrogens 
as a function of time, (bottom) Fluctuation of the C3-C6-Hx' and C6-C3-Hx' angles (degree) over time, where Hx = H5* of C:8 or Hg or HA of 
esperamicin and Hx' = H5**, H5*, or H4* of T:17. 
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Scheme IV. Proposed Mechanism for the Homolytic Cleavage of the C8-0-Glycosidic Bond of Esperamicin Observed in the 
DNA-Cleavage Experiments 
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the carbinolamine (9), the major isolated esperamicin product 
from the DNA-esperamicin reaction. 

The examination of the solvent in the region of the C6 radical 
revealed a highly ordered water molecule in the first hydration 
shell of the C:8 phosphate group. The ordered water molecule 
intermittently hydrogen bonds with the 02P of C:8 and 08,02', 
and 05 '" of esperamicin (Figure 6). This water is generally 
involved in two or more of these hydrogen bonds at a time, 
suggesting that it may play a structural role in the conformation 
of the DN A-drug complex. The water hydrogens are the closest 
and most directionally aligned to the C6 radical. Furthermore, 
the resultant hydroxyl radical would be well positioned to abstract 
the C8 hydrogen (Figure 7). The 1,3-water-mediated hydrogen 
transfer would produce the C8 radical (10, Scheme 3) and 
ultimately lead to the carbinolamine (9). 

Summary of the Results 

The biological activity exhibited by esperamicin is believed to 
arise from its ability to produce DNA strand breaks. Due to the 
short life span of the diradical,96 esperamicin Ai is presumably 
activated while bound to or at least very near the DNA. An 
examination of the DNA-esperamicin Ai model (Figure 8) shows 
that the methyl trisulfide points into the surrounding environment, 
making it accessible for reductive activation. Once reduced the 
resulting thiolate can add in a Michael fashion to the /3-position 
of the enone, removing the bridehead double bond. The removal 
of the anti-Bredt double bond in turn reduces the strain energy 
developed in the cycloaromatization reaction and allows for the 
formation of the diradical. The diradical can now abstract 
hydrogens from the host DNA and its environment. 

The structure of esperamicin is uniquely designed to bind with 
DNA. It can readily adjust its conformation to adapt to its 
biological target. The deoxyfucose and anthranilate residues 

(96) De Voss, J. J.; Hangeland, J. J.; Townsend, C. A. / . Am. Chem. Soc. 
1990,7/2,4554-4556. 
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appear to be the least compromising. This is primarily due to the 
lipophilic character of the deoxyfucose and anthranilate, as well 
as the rigidity of the anthranilate. The rigidity and planar surface 
of the anthranilate are extended by the almost ever present 
hydrogen bond between the C13iv NH and C7iv carbonyl. The 
lipophilicity of deoxyfucose forces it to lie between the two 
phosphates at T:17 and G:18 and over the deoxyribose of T:17. 
This in turn fixes the position of the CORE and anthranilate in 
the minor and major grooves, respectively. The anthranilate 
makes and maintains VDW contacts with the major groove edge 
of bases T:17, G:18, and C:19 and the major groove face of the 
deoxyribose of T:17 and G:18. It is held in place by the 
deoxyfucose and stabilized by hydrogen bonds to 01P of T: 17 
and the 4-amino group of C: 19. The position of the CORE in 
the minor groove is also stabilized by the intermittent hydrogen 
bonding of its Cl-hydroxyl with 03* and 02Pof T: 16 and T: 17, 
respectively, and with Ol2 of the CORE. However, the Cl-
hydroxyl spent most of its time interacting through a long-range 
hydrogen bond or water-mediated hydrogen bond with 05 ' of the 
hydroxyamino sugar. The hydroxyamino sugar is indeed an 
unusual sugar in both its structure and its function. This sugar 
lies flat and floats two water layers above the floor of the minor 
groove. This mode of binding defies all conventional wisdom 
concerning DNA groove binders. The hydroxyamino sugar 
appears to function more as a scaffold from which the CORE and 
DNA-binding residues are attached than a DNA-binding element. 
The unusual binding orientation of the hydroxyamino sugar in 
the minor groove is governed by several factors. The most 
important guiding force is in the way the isopropylamino and 
thiomethyl sugars bind with the DNA. The isopropylamino sugar 
is a fairly hydrophobic sugar despite its amino group. Its lipophilic 
ring makes VDW contact with the deoxyribose of C:8, while the 
ammonium group forms a salt bridge with 01P of T:9. It is the 
binding position of the isopropylamino sugar that forces the 
hydroxyamino sugar to lie flat in the mouth of the minor groove. 
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Figure 6. DN A-esperamicin ordered water molecule complex, a snapshot 
at 160ps. 

The thiomethyl sugar is the most dynamic of all of the esperamicin 
residues. The planar surface of the thiomethyl sugar is sandwiched 
between the backbone atoms of the opposite strands of the DNA 
with its long axis pointing up and down the minor groove. It 
provides binding interaction, both VDW and hydrogen bonding, 
and it helps to orient the 1,4-axis of hydroxyamino sugar along 
the minor groove. The NO-glycosidic link between the hy
droxyamino and thiomethyl sugars serves two important roles. 
It functions as an extended linker which allows the thiomethyl 
sugar to reach up the minor groove where it intermittently 
hydrogen bonds with 04* of A:l 5 or the 2-amino group and N3 
of G: 14. More importantly, the NO-glycosidic link allows the 
conformation of the hydroxyamino-thiomethyl disaccharide to 
adopt an energy minimum in which the two residues are orthogonal 
to one another. This minimum is stabilized by the 4'NH and 
Cl ' "05 ' " antiparallel dipole.66 The binding orientation of the 
hydroxyamino sugar in the minor groove is also stabilized by 
hydrogen bonds between the C3'-hydroxyl and 02P of T:9 and 
the hydroxyamino sugar 0 5 ' and CORE C1 -hydroxyl. Another 
interesting interaction between the hydroxyamino sugar and the 
DNA comes from its 5'-methyl. This methyl provides VDW 
interactions with the deoxyribose of T: 16 and may serve as the 
force that caused the minor groove to open slightly. The opening 
of the minor groove may be required to allow the esperamicin C 
and calicheamicin 711 COREs to achieve binding positions in the 
minor groove that are suitable for simultaneous hydrogen 
abstraction from each strand of the DNA. The positions of the 
hydroxyamino sugar and deoxyfucose in the minor groove are 
critical, as they determine how the CORE sits in the groove. 

The minor-major groove binding motif is supported experi
mentally by the affinity cleavage minor groove blocking studies39 

and osmium tetraoxide experiments.68 In this mode, the drug 
binds to B-form double-stranded DNA and causes only minor 

Langley et al. 

perturbations in the DNA groove structure. While one face of 
the of the thymine C5-C6 double bond is sterically blocked by 
the DNA base to its 5'-side, due to DNA's right-handed helical 
twist, the 3'-face is approachable from the major groove in both 
naked and esperamicin C-complexed DNA. However, in the 
DNA-esperamicin Ai complex, approaches to both the 5'- and 
3'-faces of T: 17 are completely blocked (Figure 4). It should 
also be noted that the minor groove and intercalative mode of 
binding offer no protection to the thymine double bond. In 
addition, the intercalative mode of binding disrupts the DNA 
groove structure in the vicinity of the intercalation site, causing 
both the major and minor grooves to widen. The intercalations 
of esperamicin Ai into the 5'-ApA/3'-TpT step increase the 
exposure of the 3'-faces of T: 16 and T: 17 to the surrounding 
environment. Due to this disruption in the groove structure, one 
would not expect reduced levels of oxidation for the DNA-
esperamicin Ai complex but instead would predict higher or at 
best equal levels of oxidation when compared with naked DNA. 
However, it should be noted that the OsO4 experiments have only 
given us information about the region of the DNA-esperamicin 
complex around thymine residues. Additionally, this study has 
focused on a single esperamicin binding site. For the above 
reasons, we cannot rule out the possibility of sequence-dependent 
modes of binding. 

The CORE, deoxyfucose, and anthranilate act as a C-clamp 
around the deoxyribose of T: 17, Firmly planting the radical at C3 
of the CORE for highly efficient hydrogen abstraction from C5* 
of T: 17. However, the C6 radical is ill positioned for DNA 
hydrogen abstraction and is exposed to the solvent. The closest 
and most directionally aligned hydrogen is from a highly ordered 
water molecule. The quenching of the C6-radical to produce the 
hydroxyl radical is energetically disfavored by 4.22 kcal/mol 
(AMl-CI97-98); however, the caged hydroxyl radical is well 
positioned for abstraction of the C8-hydrogen of esperamicin. 
The overall reaction is favored by -28.94 kcal/mol and suggests 
a plausible mechanism by which the homolytic cleavage of the 
CORE C8-0-glycosidic linkage can occur. The resultant 
hemiacetal (8) after arrangement to an aldehyde and a Schiff 
base reaction with the NO-glycosidic linkage would produce the 
carbinolamine (9) form of the trisaccharide, the major isolated 
esperamicin product from the DNA-esperamicin cleavage re
action. 

The esperamicin Ai binding domain covers seven to eight base 
pairs in length (Table IA). To determine if there is a base 
preference at a particular location within the binding site, a 
population analysis was performed (Table IB,C). The strong 
esperamicin Ai cut sites, as determined by the original researchers, 
were collected from the literature39,51*-57 and analyzed. The strong 
cut sites were categorized into 5'-(-B4-B3-B2-Bl Ct Bl B2) 
domains where B^t is a purine (Pu) or pyrimidine (Py) base and 
Ct is the cut site. Only complete cut site domains were used in 
the analysis. The data (Table IB) shows 5'-N-Pu-Pu-Py-Py-
N-Pu sequences, where N is either Pu or Py, to be hot spots for 
esperamicin Ai cleavage. Out of the 67 strong cut sites, 16 (23.9%) 
agree with this finding while 32 (47.8%), 18 (26.9%), and 1 (1.5%) 
contain a single, double, or triple position mismatches, respectively. 
The 32 single mismatches are distributed into nonequal groups 
of-Bl , B2 (7) > -B3, B2 (5) > -B2, B2 (3) > -B3, -Bl (2) > 
-Bl , Ct (1). The single triple mismatch is a t -B3,-B3, and B2. 
When the sequences are broken down into their respective bases, 
no one particular sequence stands out. Despite esperamicin's 
low sequence specificity, their appears to be an underlying 
preference for 5'-N-Pu-Pu-Py-Py*-N-Pu sequences, where N is 
either Pu or Py and Py* is the cut site. A single position mismatch 
at any location within the domain is well tolerated; however, 
esperamicin Ai shows more sensitivity to double and triple site 
mismatches. The least tolerated multiple mismatches are the 

(97) Steward, J. J. P. MOPAC, A Semi-Empirical Molecular Orbital 
Program, QCPE, 1983, p 455. 

(98) Seiler, F. J. MOPAC 6.0, 1990. 
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Figure 7. (top) Fluctuation of the C6-water hydrogens and H8-water oxygen distance (A) over time, (bottom) Fluctuation of the C3-C6-water 
hydrogens and C8-H8-water oxygen angles (degrees) as a function of time. 

Figure 8. DNA-esperamicin Ai complex. The color scheme is the same as in Figure 2. 

ones in which the -Bl Ct sites are changed. The CORE and 
hydroxyamino sugar of esperamicin occupy the -Bl Ct region of 
the binding domain. They float one to two water layers above the 
floor of the minor groove and only directly interact with the DNA 
backbone. At first glance the reason for the -Bl Ct specificity 
is unclear, as the drug does not directly interact with the DNA 

bases. However, the spine of hydration that runs between the 
floor of the minor groove and the CORE and hydroxyamino sugar 
interacts with the drug and DNA in a specific manner that 
stabilizes the complex and positions the CORE for highly efficient 
DNA hydrogen abstraction. The nature of the spine of hydration 
that runs along the minor groove of DNA has been shown to be 
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Figure 9. DNA-esperamicin C complex. The color scheme is the same as in Figure 2 with the addition of the green H4* T: 16 hydrogen on the lower 
strand. 

sequence dependent.99-100 This study along with the DNA-
esperamicin cleavage affinity experiments suggests that espe-
ramicin maybe obtaining its sequence specific cleavage by reading 
the spine of hydration that runs along the minor groove. It is 
interesting to note that the cleavage specificity is not determined 
by the thiomethyl sugar and anthranilate. This is somewhat 
surprising, as one would expect the residues that make direct 
contact with the DNA bases to have the greatest influence in the 
determination of the binding specificity. This tends to make one 
suspect that high-affinity binding sites may not always be 
coincidental with cut sites. This suspicion is supported by the 
recent DNA-footprinting studies carried out on the aryl tet-
rasaccharide portion of calicheamicin.45-46 

The pattern of DNA cleavage by esperamicin is directly related 
to its sequence specificity of cleavage. A given DNA cleavage 
site is often accompanied by a cleavage site on the opposite strand 
that is stagger by three bases in the 3'-direction. These staggered 
cut sites can be explained by considering the symmetry of - B 3 -
B2-B1 Ct within the 5'-N-Pu-Pu-Py-Py*-N-Pu/3'-Pu-N-Py*-
Py-Pu-Pu-N binding domain and a bidirectional mode of 
binding.57 If the drug binds to the DNA with its trisaccharide 
tail pointing in the 5'-direction relative to the CORE and top 
strand of the DNA, then a cut site at the 3'-Py* in the top strand 
will ocurr. However, if the drug binds with the trisaccharide 
pointing in the 3'-direction relative to the top strand, the cut site 
will occur at the 3'-Py* of the bottom strand. 

In order to further understand the single- versus double-
stranded DNA cutting ability of esperamicin Ai and esperamicin 
C, respectively, a model for the DNA-esperamicin C complex 
was constructed (Figure 9). Simply rotating about the C 8 - 0 -
Cl ' bonds positioned the CORE in the minor groove of the DNA 
so that the radicals at C3 and C6 are near and directionally 
aligned for the abstraction of the 4*-hydrogen from T: 16 and 
5*-hydrogen {pro S) from C:8, respectively (Figure 10). The 
concomitant abstraction of the H4* and H5* by C3 and C6, 
respectively, would produce a DNA double strand break with a 
three base pair stagger in the 3'-direction which is consistent with 
the observed cleavage pattern for esperamicin C53-57 and 
calicheamicin.40-44-48 The diradical-containing ring of esperamicin 
C points almost directly into the minor groove of the DNA (Figure 
9), but more importantly, the C12-hydroxyl hydrogen bonds with 
02P of T: 17. For esperamicin A1 to cause the same DNA strand 
breaks as esperamicin C, the deoxyfucose would have to occupy 

(99) Drew, H. R.; Dickerson, R. E. /. MoI. Biol. 1981, 151, 535-556. 
(100) Kopka, M. L.; Fratini, A. V.; Drew, H. R.; Dickerson, R. E. J. MoI. 

Biol. 1983, 163, 129-146. 
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Figure 10. Predicted hydrogen atom abstraction pattern by esperamicin 
Ai and esperamicin C when bound with their trisaccharide tails pointing 
in the 3'-direction relative to the top strand. It should be noted that the 
model slightly favors the abstraction of H5 * * over the H5 * by esperamicin 
Ai; however, the abstraction of either of the C5* hydrogens is consistant 
with the available experimental data. 

the same space as the T: 17 phosphate group. Instead, the CORE 
of esperamicin A] is turned slightly in the minor groove, relative 
to esperamicin C, so that the deoxyfucose can sit between the 
phosphate groups of G: 18 and T: 17 and over the deoxyribose of 
T: 17. The binding orientation of the esperamicin Aj CORE within 
the minor groove positions the C3 radical for highly efficient 
hydrogen abstraction from C5* of T: 17 (Figure 10), while the 
C6 radical is ill positioned for DNA hydrogen abstraction and 
ultimately leads to the fragmentation of esperamicin. 

Conclusion 

This simulation demonstrates the highly flexible and dynamical 
nature of DNA and how esperamicin's unique structure, ster
eochemistry, and substitution pattern give it the ability to slightly 
modify its conformation to accommodate its host. 

The results provide an explanation of the function of the various 
components of the drug molecule and mechanism of action of 
esperamicin Ai and esperamicin C which allows for a unified 
interpretation of the current experimental data. 

The model places the enediyne moiety in the minor groove of 
the DNA in a way that positions the radical at C3 for highly 
efficient abstraction of a C5*-hydrogen from T: 17. On the basis 
of this study, the H5** {pro R) is slightly favored over the H5* 
{pro S) as the most likely candidate for abstraction. Furthermore, 
it suggests a mechanism for the homolytic cleavage of the CORE 
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C8-0-glycosidic bond which involves a 1,3-water-mediated 
hydrogen transfer from C8 to C6. 

The deoxyfucose forms a minor to major groove bridge over 
a deoxyribose and between two phosphate groups. This bridge 
causes the enediyne to turn slightly in the minor groove relative 
to the enediyne position found for esperamicin C and calicheam-
icin.101 It is this slight difference in the enediyne binding position 
that leads to the different DNA-cleaving behavior expressed by 
these molecules. 

The unusual hydroxyamino sugar lies flat in the mouth of the 
minor groove of the DNA and acts as a scaffold from which the 
other esperamicin residues are positioned for optical interaction 
with the DNA host. The NO-glycosidic linkage functions as a 
linker between hydroxyamino and thiomethyl sugars and allows 
them to adopt an orthogonal geometry relative to one another 
and extends the reach of the thiomethyl sugars along the minor 
groove. 

The model also predicts that esperamicin binds predominantly 
with the DNA backbone, which explains its low absolute sequence 
specificity. This suggests that it should be possible to use 
carbohydrates as well as other organic moieties that interact via 
van der Waals and electrostatic interactions with the DNA 
backbone to increase the binding constant (potency) of other 
potentially useful drugs (including antisense and triple-helix 
DNA) without affecting their sequence specificity. 

The minor-major groove binding motif of esperamicin Ai is 
more reminiscent of the binding modes of the CRO and \ 
repressors102 than that observed for other non-protein DNA-
binding molecules. It is the first nonintercalating natural product 
that binds simultaneously in both the minor and major grooves 
of the DNA and provides the first clue from nature in how to 
design a hybid minor-major groove binders. 

Experimental Section 
Reaction of Esperamicin Ai with CT-DNA. To a vigorously stirred 

sample of CT-DNA (18.5 mg) in 10 mL of 0.05 M Tris-HCl buffer (pH 
(101) Langley,D.R.;Doyle,T.W.;Beveridge,D.L. Tetrahedron Symposia 

in Print, 1993, in press. 
(102) Anderson, W. F.; Ohlendorf, D. H.; Takeda, Y.; Matthews, B. W. 

Nature 1981, 290, 754-758. 

= 7.8) and 1 mL of absolute ethanol was added esperamicin Ai (4.8 mg 
in 0.5 mL of ethanol) followed by 45 iiL of methylthioglycolate. The 
reaction mixture was stirred at 37 0C for 3 h with occasional sonication. 
After that time, the ethanol was removed by evaporation at 37 0C under 
vacuum. The resultant aqueous solution was then freeze dried. The 
residue was extracted with methylene chloride (2 X 25 mL). The solvent 
was evaporated to dryness, and the residue was redissolved in 3 mL of 
dry methanol. The methanol solution was acidified with 100 pL of glacial 
acidic acid and stirred at room temperature for 24 h. The major product 
(1.1 mg, yield ca. 60%) was isolated by TLC (20- X 20- X 0.025-cm silica 
gel plate in CHCl3:MeOH (5:0.8, v/v)) and identified by MS and NMR 
as the a-methyl glycoside of 9 (Scheme 2) previously obtained by reduction 
of esperamicin Aj with NaBH*.33 

Footprinting of Bound Esperamlcins Ai and C.M The synthesis, 
purification, and annealing of the oligonucleotide (Figure 3) have been 
reported elsewhere.55 The oligonucleotide in the absence or presence of 
2-fold esperamicin Ai or C was incubated with 1 mM osmium tetraoxide 
and 3% pyridine in 50 mM Tris-HCl, pH 7.5, and 10 mM MgCl2 in a 
20-ML final volume at 18 "C for 10 min." The reactions were stopped 
by two sequential ethanol precipitations and then lyophilized. The DNAs 
were cleaved at the sites of osmate adducts by treatment with 100 ^L of 
1 M piperidine at 90 0C for 30 min, followed by extensive lyophilization. 
Sequencing and gel electrophoresis were carried out as described 
elsewhere.55 
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