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Abstract—The aglycon, or so-called �warhead� portion, of several potent 10-membered ring enediyne antitumor antibiotics contain
dienonecarbamate and enediyne chromophores in an unusual bicyclic ring structure in which these two subunits are essentially
orthogonal to each other. The circular dichroism (CD) spectra of the calicheamicin, esperamicin, and shisijimicin A families, all
of which contain this bicyclic ring system, exhibit a characteristic negative exciton coupled CD at about 310 and 270 nm. This sig-
nature CD feature suggested the absolute stereochemical relationship between these chromophores as originally assigned and which
was later confirmed by stereospecific total synthesis. Because of the unique nature of this chromophoric interaction and the impor-
tance of using this CD spectral feature in the assignment of the absolute stereochemistry of other related enediynes, we report here
simulations of the CD spectra of the calicheamicin aglycon A, and of two other truncated models, B and C, by using density func-
tional theory (DFT) and the DeVoe coupled oscillator approach. The DFT calculations provide a strong theoretical basis that the
planar enediyne chromophore alone gives a negligible CD contribution, while that coming from the twisted dienonecarbamate is
much more substantial. However, the shape and the largest part of the intensity of experimental CD spectrum can only be repro-
duced when the two unsaturated moieties are simultaneously present. Thus, the exciton coupling between the two chromophores
provides the most important contribution to the experimental CD spectrum of calicheamicin. This conclusion is in full agreement
with the results from the DeVoe calculation.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The extremely potent enediyne-containing antitumor
antibiotics, isolated and characterized from a variety
of microbial and marine sources, are some of the most
unusual natural products isolated to date.1 It is believed
that the extreme toxicity of these agents is a result of
their ability to bind and cleave double-stranded DNA.
Their unique structures and novel bioreductive activa-
tion and DNA cleavage chemistry, mediated by car-
bon-centered diradical intermediates, have provoked
widespread interest among scientists around the world.
Over 20 members of this class have now been identified
and contain both 9- and 10-membered ring enediyne
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subunits. Those containing a 10-membered 3-hexene-
1,5-diyne subunit are relatively stable, whereas the 9-
membered versions are more labile and are isolated
complexed with an apoprotein to provide stability.
Two 10-membered enediynes, namenamicin,2 and shi-
shijimicin3 have been isolated from marine organisms
(tunicates) although it appears that the true source is a
microorganism growing symbiotically on the surface of
the tunicate.

Calicheamicin c1
I(I) is the most studied member of the

calicheamicin family of metabolites isolated from fer-
mentation broths of Microminspora echinospora spp.
calichensis, a bacterium obtained from a caliche or
chalky soil sample near Kerrville, Texas.1 Other mem-
bers of this class include the corresponding brominated
analogs along with variations in the carbohydrate do-
main and different alkyl residues on the amino sugar
moiety. Strain improvement efforts, especially with med-
ia supplementation with sodium iodide, led to marked
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improvement in fermentation yields but provided iodin-
ated analogs instead of the earlier obtained bromine-
containing metabolites. These studies eventually led to
the production of the c1

I(I) analog in yields sufficient
for chemical characterization and subsequent commer-
cial use. From now on, we will refer to this c1

I(I) analog
as calicheamicin. Although individual members of the
enediyne-containing antitumor agents by themselves
are too toxic for clinical use, a calicheamicin c1

I(I)–
monoclonal antibody conjugate, Mylotarg, is a first-in-
class agent approved for the treatment of patients with
relapsed myeloid leukemia.4 The antibody part of the
conjugate targets the toxin to the cancerous cell by rec-
ognition of a cell surface antigen thus limiting nonspe-
cific toxicity.

Toward the end of the structural studies on calicheami-
cin, we speculated that the circular dichroism (CD)
spectrum of this agent might provide the absolute ste-
reochemical relationship between the enediyne and
dienonecarbamate chromophores in the aglycon por-
tion of the calicheamicins as well as the esperamicins.1
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Chart 1.
The structures of calicheamicin, esperamicin C, a meth-
anolysis product of esperamicin A1, and shishijimicin
A are depicted in Chart 1. As shown, these chromoph-
ores exist in an unusual bicyclic ring structure in which
the two chromophores are essentially orthogonal to
each other. In the CD spectrum of calicheamicin, we
observed what appeared to be a strong negative exciton
split with a negative extremum at 312 nm and a posi-
tive extremum at 272 nm with Des of �44 and +46,
respectively—in other words, a left handed relationship
between the dienone and enediyne electric transition
moments.5 This pointed to the stereochemistry as ini-
tially assigned and later confirmed by X-ray analysis
of the totally synthetic and optically pure (�)-aglycon
(calicheamicinone).6 The CD of esperamicin C exhib-
ited a spectrum almost identical to that of calicheami-
cin(I) indicating the identical absolute stereochemical
relationship in the esperamicin family.1 Shisijimicin A
also exhibited a CD spectrum similar to that of caliche-
amicin, which was used to assign its absolute stereo-
chemistry as identical to that of calicheamicin and
esperamicin.3
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Recently7 we re-examined the CD spectrum of caliche-
amicin and confirmed that this exciton split originates
solely from the aglycon moiety by comparing the CD
spectrum of fragments II and III obtained from caliche-
amicin by mild acid hydrolysis which cleaved the mole-
cule at the labile glycosylated hydroxylamine linkage.
Fragment II contains only the enediyne/dienonecarba-
mate chromophore whereas fragment III contains only
the thiobenozoate chromophore. Fragment II exhibited
essentially the identical CD as calicheamicin itself
whereas that of III exhibited almost no CD. This ruled
out any contribution from the thiobenzoate chromo-
phore to the above-mentioned negative exciton split.
Because of the unique nature of this chromophoric
interaction, and the importance of using this signature
CD in the assignment of the absolute stereochemistry
of other related enediynes, it was decided to carry out
a theoretical treatment of this apparent couplet with
methods based on modern density functional theory
(DFT) and DeVoe coupled oscillator approach. These
calculations have now accurately predicted the experi-
mental CD spectrum of calicheamicin and have thus
provided a strong theoretical basis for the enediyne/
dienone chromophoric interaction in 10-membered ring
enediynes.
2. Results and discussion

2.1. Conformational aspects

Before simulation of the CD spectrum of the calicheami-
cin aglycon, the conformational aspects were evaluated.
The conformation of calicheamicin aglycon (named as
truncated model A, Fig. 1), derived from the X-ray crys-
tallographic analysis of calicheamicinone6c was com-
pared with that obtained after a full geometry
optimization at the DFT/B3LYP/6-31G* level in vac-
Figure 1. Conformation of truncated calicheamicin aglycon (Model A); (a) de

obtained by geometrical calculation in vacuum at DFT/B3LYP/6-31G* leve
uum. We found that both geometries of model A were
very similar except for the carbamate moiety attached
to C-10 (Fig. 1). Thus, the dihedral angle between C3–
C6 and C14–C11 exhibited very close values, namely,
�65.4� for the X-ray derived conformation and �66.8�
for the optimized structure, respectively. Although we
tried to obtain by NMR the solution conformation in
various solvents, in particular regarding the carbamate
group, no useful information could be obtained due to
the rapid proton exchange of the amide proton. There-
fore, we decided to use rather the X-ray derived struc-
ture throughout this study for the purpose of
simulating the CD spectra, assuming that the solution
and the solid-state geometry of calicheamicin aglycon
may differ only slightly.

2.2. Simulated CD spectra of calicheamicin truncated
models A–C

The UV and CD spectra of calicheamicin, measured in
acetonitrile, are presented in Figure 2. The UV spectrum
shows a clear shoulder at about 280 nm (e ca. 10,000),
followed by a second, more intense shoulder at 230 nm
(e ca. 30,000) and a maximum at 220 nm (e ca.
55,000). The CD spectrum exhibits a clear, negative ex-
tremum at 310 nm with De �40, and a positive one at
270 nm with De +35, characteristic features of a CD
exciton couplet. While only the shoulder corresponding
to a UV band around 230 nm is observed, there is a clear
UV max at 220 nm corresponding to a positive Cotton
effect (De +30) at the same wavelength.

The spectroscopic analysis of this experimental CD
spectrum, which will be carried out by calculations using
the TDDFT approach as implemented in Gaussian03
and the DeVoe method (see computational details),
began by taking into account the results of the investiga-
tion described by Ding et. al.7 In this recent study, it was
rived from X-ray crystallographic analysis of calicheamicinone and (b)

l.



Figure 2. Experimental UV/vis and CD spectra of I in acetonitrile

(c = 1 · 10�4 M).
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concluded that the CD spectrum of calicheamicin is due
mainly to the aglycon moiety that contains two
chromophores, a complex dienonecarbamate and an
ene-1,5-diyne group. Therefore, the present investiga-
tion started by creating a necessary input geometry.
These data were obtained from the X-ray structure of
(�)-calicheamicinone,6c and the structures of the corres-
ponding three truncated models A (calicheamicin agly-
con), B (dienonecarbamate group), and C (enediyne
chromophore), that are shown in Figure 3a–c. The sugar
part has been completely disregarded and substituted by
a hydrogen atom. In addition, in order to simplify the
calculations, the –CH2SSSCH3 group has been substi-
tuted with a methyl group. This substitution can be jus-
tified by taking into account that the absorption of the
trisulfide chromophore8 is quite small, emax ca. 1000.
These three basic models were employed to carry out
the calculations.
Figure 3. Truncated models of calicheamicin and input geometries for TD

(dienonecarbamate); (c) Model C (enediyne).
Figure 4 depicts the experimental CD spectrum of the
calicheamicin molecule and the predicted CD spectra
(calculated at the TDDFT/B3LYP/aug-cc-pVDZ level)
of model A, for example, calicheamicin aglycon, and
those of the truncated models B and C as isolated chro-
mophores, but with the same geometries as in the agly-
con model A.

The comparison clearly reveals that none of the spectra
of B and C alone can give rise to the experimental spec-
trum of I. In fact, while the enediyne chromophore C
alone gives only a negligible contribution, that of the
dienonecarbamate B is much more significant, even
though it does not match the experimental De values
of I of ca. �40/+40, since the Cotton effects within
250–350 nm are of order of +5/�5. Yet, it is noteworthy
that the molecular fragment B provides an important
contribution to the CD spectrum in the entire range;
in fact we are dealing here with a highly unsaturated,
intrinsically twisted chromophore. It is well known that
such structures can give rise to very strong Cotton ef-
fects. It is also worth mentioning that the very weak
absorption band at long wavelengths (i.e., between
330 and 400 nm) of this group provides a clear contri-
bution to the CD spectrum. The calculated CD spec-
trum of the calicheamicin aglycon A, however,
provided a CD spectrum of an exciton-split pattern
due to the presence of the two interacting chromoph-
ores. There is a first intense negative Cotton effect at
ca. 340 nm, and second positive effect at ca. 290 nm, fol-
lowed by a few other positive Cotton effects between
240 and 200 nm in good agreement with the experimen-
tal spectrum in the same region. This clearly indicates
that the CD spectrum of calicheamicin is as a result
of the dominant contribution of two interacting chro-
mophores as in model A.5

In order to understand the real contribution of this
interaction in the predicted CD spectrum of the caliche-
DFT calculation. (a) Model A (calicheamicin aglycon); (b) Model B
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Figure 5. Calculated CD of (a) truncated model B (dienonecarba-

mate); (b) truncated model A (calicheamicin aglycon); [R] =

R(cgs) · 1040 according to Ref. 5d.

Figure 4. Comparison between experimental CD of calicheamicin I

and calculated CD of three truncated models by TDDFT/B3LYP/aug-

cc-pVDZ level: (a) truncated model A (calicheamicin aglycon); (b)

truncated model B (dienonecarbamate); (c) truncated model C

(enediyne).
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amicin aglycon, the spectral region 250–370 nm has
been analyzed regarding the exciton couplet-like
features (see Figs. 5 and 6). Five main transitions are
found at 370, 335, 310, 300 and 290 nm in the calcu-
lated UV spectrum of the dienonecarbamate chromo-
phore (truncated model B) (not shown), where the
maximum at ca. 300 nm is of the highest intensity.
These transitions give rise to non-negligible Cotton ef-
fects (see Fig. 5a) but their intensity become significant
only when the enediyne chromophore is present as well,
that is, when the calculations are carried out on the en-
tire structure of the calicheamicin aglycon, model A
(Fig. 5b).

This figure shows that the bisignate Cotton effects cen-
tered around 300 nm in the CD of aglycon A arise from
two main effects: the first from the chirality of the dis-
torted model B (see Fig. 5a) and, the second and most
important, from an exciton coupling interaction be-
tween the dienonecarbamate and enediyne chromoph-
ores. In fact, the calculated CD spectrum of
dienonecarbamate between 270 and 370 nm shows three
transitions with reduced rotational strengths of �27,
�40, +38, going from long to short wavelengths (see
Fig. 5). In the calculated CD spectrum of model A are
found, approximately at the same wavelengths, three
transitions with very similar reduced rotational
strengths (�29, �34, +34). Clearly, these transitions
are located in the dienone chromophore and result from
the chirality of the distorted dienonecarbamate moiety
in model A (Fig. 5b). They are also responsible for the
tailing of the Cotton effect at about 340 nm (transition
with Rred = �29), and only to a small extent for the
two strong opposite Cotton effects centered at ca.
300 nm. These latter transitions, shown in Figure 5b
with Rred = �64 and +61, are the most important contri-
butions associated with a couplet effect between dienone-
carbamate/enediyne moieties, since they are not found
in the calculated spectrum of the dienonecarbamate
moiety itself.

2.3. Calculated CD spectrum of calicheamicin aglycon
(model A) by DeVoe method

In order to provide another independent evaluation of
the role played by the exciton coupled interactions in
calicheamicin aglycon A, in addition to TDDFT calcu-
lations, we also carried out calculations by the DeVoe
coupled-oscillator method.9 According to this method,
the molecule is considered as composed of a set of
sub-systems, that is, chromophores polarized by the
external electromagnetic radiation and coupled with
each other by their own dipolar oscillating fields. The
optical properties (absorption, refraction, optical rota-
tory dispersion, and circular dichroism) of the molecule
under study can be calculated by taking into account the
interaction of such subsystems. Therefore, this treat-
ment required a division of the molecule into a set of



Figure 7. Experimental spectra in blue: CD (a) and UV (b) of

calicheamicin (I) in acetonitrile (c = 1 · 10�4 M). DeVoe calculated

spectra in red: CD (a) and UV (b) of the truncated model A

(calicheamicin aglycon).

Figure 6. Dipole transition moments used for DeVoe CD calculation of

truncated model A (calicheamicin aglycon): red oscillator; dienonecar-

bamate transition at 295 nm with oscillator strength of 8D2. Blue

oscillator; enediyne transitionat 263 nmwithoscillator strengthof 30D2.
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subsystems that have to be suitably characterized. Typi-
cally, the application of the DeVoe method requires (a)
a knowledge of the molecular conformation (structure
of the single conformer and its population) in order to
obtain the necessary geometrical parameters (e1, e2,
R12, G12); (b) a knowledge of the electrically allowed
transitions involved (i.e., polarization direction, loca-
tion, allied dipole strength) for obtaining the Ii(m) and
Ri(m) values.10

Regarding the conformational aspects of model A, we
took the same approach used by the TDDFT calcula-
tions by considering the geometries derived from the
X-ray structure of calicheamicinone. The extended
dienonecarbamate group has been described by a single
oscillator polarized along the line connecting the carbon
atom of the C@O group with the terminal C-14 atom of
the unsaturated system, with the center located in the
middle point of the line between C-10 and C-14 (see
Fig. 6), with a dipolar strength of 8D2 and maximum
at 295 nm. These parameters derive from our TDDFT/
B3LYP/aug-cc-pVDZ calculations on the dienonecarba-
mate chromophore where the most intense transition
(electric allowed transition) has been calculated at
295 nm with the oscillator strength of 0.12. The choice
of the location is justified considering that this excitation
involves mainly the two C@C double bonds. Using the
experimental UV spectrum of calicheamicin, a dipolar
strength of 8D2 has been inserted in the DeVoe calcula-
tions in order to obtain a good overlap between experi-
mental and calculated UV spectra.

The enediyne chromophore was described by a single
oscillator polarized along the internal double bond cen-
tered in the middle of the line joining the two sp car-
bons, C-3 and C-6. To this oscillator, we assigned the
dipolar strength of 30D2 with a maximum at 263 nm.
Based on the TDDFT/B3LYP/aug-cc-pVDZ calcula-
tions of model C, only one very strong and electrically
allowed transition has been found in the spectral range
down to 200 nm. This transition at 263 nm has an oscil-
lator strength of 0.26, and is polarized as depicted in
Figure 6. It is located in the middle of the conjugated
system because all the unsaturated carbon atoms have
similar contributions in the description of this transi-
tion. The position of this transition at 263 nm is in good
agreement with that reported by Okamura and Sondhei-
mer for a synthetic cis-acyclic enediyne.11 The dipolar
strength of 30D2 and e value of about 27,000 in the cal-
culated spectra has been obtained after adjustment to
the UV spectrum of calicheamicin in MeCN. The De-
Voe predicted CD spectrum is reported in Figure 7 to-
gether with the experimental one.

Even though the calculated negative couplet (De � 13;
+13), centered at about 280 nm, is much less intense
than the experimental one (only about one third of it),
there is a full agreement between the sign and the
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position of the calculated exciton couplet with that of
the observed one.
3. Conclusions

The optical activity of the calicheamicin-like molecules
results from the simultaneous presence of the dienone-
carbamate and the enediyne chromophores. The theore-
tical CD simulations by TDDFT/B3LYP/aug-cc-pVDZ
reported here show that the dienonecarbamate chromo-
phore gives an important contribution, because three
transitions that determine the CD spectrum in the
400–240 nm range are actually located in this fragment.
However, the overall CD intensity can be reproduced by
only taking into account the simultaneous presence of
the planar enediyne chromophore. This conclusion was
also supported by DeVoe coupled-oscillator calcula-
tions. In summary, the CD spectrum of calicheamicin
(at least between 240 and 400 nm) is a result of the
intrinsic CD of the distorted dienonecarbamate chromo-
phore (broad CD band within 340–400 nm) as well as of
the strong exciton coupled CD contribution of its al-
lowed transitions with those of the enediyne
chromophore.
4. Computational details

The geometry optimization of the truncated model A
has been carried out at the DFT/B3LYP/6-31G* level
by means of Gaussian03 software.12 All the UV/CD
computations have been carried out by means of the
Gaussian03 software12 employing the TDDFT ap-
proach, the B3LYP functional and the aug-cc-pVDZ ba-
sis set. The rotational strength calculations have been
carried out both in velocity and length formalism; the
results in the two formalisms are almost identical. The
calculated CD spectra in De units have been obtained
by using overlapping Gaussian functions according to:13

DeðEÞ ¼ 1

2.297� 10�39

� 1ffiffiffiffiffiffiffiffi
2pr

p
X

a

DE0aR0a exp�½ðE � DE0aÞ=2r�2

where r is the width of the band at 1/e height and DE0a

and R0a are the excitation energies and rotational
strengths for the transition from 0 to a, respectively.
The r value is an empirical parameter, and we used
the value of 0.15 eV because this gives a good fitting
with the experimental width of the bands. The DeVoe
calculations were performed by means of a program
written by Hug et al.14 This program is available, free
of charge, from the authors of the present article.
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