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The Reactivity of Calicheamicin g1
I in the Minor Groove of DNA: The

Decisive Role of the Environment
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Introduction

The discovery and recognition of the astonishingly selective
activity of the naturally occurring enediynes has generated
intense chemical, biological, and medicinal interest in these
remarkable compounds.[1–4] The naturally occurring ene-
diynes are a family of secondary metabolites that include
neocarzinostatin, esperamicin, dynemicin, kedarcidin, and
the target compound of this work, (�)-calicheamicin g1

I (1,
Scheme 1).

Enediyne 1 comprises the aglycone calicheamicinone (see
also Scheme 2, Model 4) and the sugar tail with rings A, B,
C, D, and E. Discovered in 1986 as a fermentation-derived
antitumor antibiotic that is produced by Micromonospora
echinospora (subspecies calichensis),[4] it possesses excellent
potency against murine tumors P388,[4] L1210 leukemias,
and solid neoplasms such as colon 26 and B16 melanoma.[4,5]

The structure of 1 was determined in a stepwise approach
that included the X-ray diffraction analysis of rings B and C
as a single isolated unit,[6] extensive NMR studies of ring A
and its attachment to ring B, ring D, and its connection to
C,[5] as well as the isolated ring E.[7] The structure and at-
tachment of the aglycone was established through a combi-
nation of NOE experiments and X-ray crystallography on
derivatives.[6] The original stereochemistry, which was pro-
posed for the aglycone at the position of the attachment to
ring A, was later revised on the basis of the structure of es-
peramicin. The revised stereochemistry places the glycosidic
linkage to ring A on the same side of the enediyne plane as
the methyl trisulfide,[8] thus leading to S and R absolute con-
figurations at the stereogenic centers C1 and C8.
The configuration of native 1 was later confirmed by the

enantioselective total synthesis of (�)- or (S,R)-calicheami-
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cone[9] and (�)- or (S,R)-1 in their enantiomerically pure
form.[10] Syntheses of (�)-calicheamicinone through differ-
ent synthetic routes have also been successfully undertak-
en,[11,12] and in the course of the synthetic work an X-ray dif-

fraction analysis of the aglycone could be performed. The
crystal structure is observed to have a relatively planar
(slightly deformed to a twistchair) cyclohexenone ring and
the carbamate group is oriented in such a way that it runs
parallel to the enediyne warhead (i.e., opposite to the sulfur
moiety).
In its native form, 1 is inactive, only once it is triggered

does it become active. The triggering involves a nucleophilic
attack at the trisulfide linkage[3,4] leading to the thiol 2
(Scheme 1), which can undergo an intramolecular Michael
addition to form the triggered calicheamicin 3, characterized
by its tricyclic headgroup. Once triggered the molecule un-
dergoes a Bergman cyclization[13,14] via TS ACHTUNGTRENNUNG(3–4) to form the
singlet biradical 4-S, which, if properly positioned in the
minor groove, subsequently abstracts two hydrogen atoms
from the DNA strands to form the stable benzene derivative
5. Alternatively, 4-S can undergo a retro-Bergman reaction
via TS ACHTUNGTRENNUNG(4–6) yielding the open enediyne 6 (Scheme 1).
Hydrogen abstraction by 4-S leads to oxidative double-

strand scission, which causes irreversible damage and cell
death (apoptosis).[1–4,15,16] This was first demonstrated by
Zein and co-workers[17] through the ability of 1 to cause in
vitro double-strand scission when in the presence of thiols.

Scheme 1.

Scheme 2.
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Furthermore, the sequence specificity of the cut site of 1
was found to be well defined.[17] Chemical footprinting stud-
ies established the binding site for calicheamicin as oligopur-
ine·oligopyrimidine tetranucleotide stretches, with the high-
est specificity being identified as the (T-C-C-T)· ACHTUNGTRENNUNG(A-G-G-A)
sequence.[17–19] It was also demonstrated that 1 abstracts hy-
drogen atoms from DNA rather than from the surrounding
medium (proteins, etc.) and that the carbon sites that extract
the DNA hydrogens are exactly the proradical carbons in-
volved in the Bergman cyclization.[20]

There have been numerous studies clarifying the site spe-
cificity of hydrogen abstraction,[21–23] its dependence on the
oligosaccharide tail,[16,24–27] the interactions of the tail with
DNA, and their mutual repositioning.[28,29] These studies
were extensively based on NMR measurements, which in
turn laid the basis for molecular modeling descriptions.[30, 31]

So far, only a few quantum chemical studies have been car-
ried out to investigate the triggering of the aglycone (model
4 in Scheme 2),[32] the stereochemistry of its Michael addi-
tion,[33] or the Bergman cyclization of the headgroup.[34] A
full quantum chemical investigation of 1 or 3 utilizing either
density functional theory (DFT) or wave function theory
has so far not been carried out.
In this work, we present a DFT and molecular mechanics

(MM) investigation in which the ligand (1, 3 or their follow-
up products) is for the first time completely described at the
DFT level and the receptor by MM. We investigate the en-
ergetics and stereochemistry of the triggering and the Berg-
man reaction in dependence of the substituents sitting at the
headgroup. For the latter purpose, we stepwise simplify the
triggered molecule 3 to obtain the models 1 to 7 shown in
Scheme 2. Normally, it is assumed that the headgroup deter-
mines the energetics of the Bergman reaction. We explicitly
test this claim and determine the best model for explaining
the biological activity of 3 as accurately as possible.
This investigation also focuses on the docking of 3 in the

minor groove of DNA. Docking simulations reveal the spe-
cificity of the docking process and its importance for the ac-
tivity of 3. This work is part of a general project aimed at
designing nontoxic enediyne-based antitumor drugs. The
project comprises four steps: 1) investigation of simple ene-
diynes to understand the sensitivity of the Bergman reaction
on substituents and environmental effects;[35–40] 2) investiga-
tion of docking, triggering, and biological activity of natural
enediynes;[41, 42] 3) design of a new enediyne warhead that
will better fulfil (relative to toxic natural enediynes) the re-
quirements of a potent antitumor drug;[39,40,43] 4) design of a
new class of antitumor drugs. The present work pursues the
second goal of this general project.

Computational Methods and Strategies

The description of 1 docked into the minor groove of DNA
would be best done by a quantum mechanics (QM)/MM ap-
proach, provided sampling into the ms range would be possi-
ble, which is the typical timescale for ligand binding (dissoci-

ation) to (from) DNA. This, however, exceeds the possibili-
ties of modern QM/MM molecular dynamics (MD) simula-
tions. Alternatively, one could attempt to describe the
ligand and receptor exclusively by MM. This implies setting
up a suitable force field that is able to describe the enediyne
unit and the chemical processes of this unit along the Berg-
man cyclization path while bound to DNA. Such a force
field, however, is hampered by the principal problem of de-
scribing quantitatively quantum-mechanical processes with
empirical force fields. Because these basic questions have
not been solved and will not be solved in the near future
one has to revert to a simplified solution. In this work we
extensively used DFT to describe ligand 1 as accurately as
possible. Once the configuration of the ligand 1 was deter-
mined it was kept during the docking to the receptor DNA.
The latter was described at the MM level and the docking
process was described with the help of empirical scoring
functions that were parameterized to get useful complex
free binding energies in the case of proteins. In this way, we
obtained a rigid docking description of a QM+MM (rather
than a QM/MM) description, the usefulness of which was
described in previous work.[42]

Based on previous work[40–43] and according to the argu-
ments given in the Supporting Information, we used DFT
with PopleKs 6–31G(d)[44] and 3–21G split-valence basis
sets[45] in connection with the hybrid functional B3LYP[46–48]

to describe 1. (For calculations with larger basis sets such as
6–31G ACHTUNGTRENNUNG(d,p), 6–31+G(d), 6–311G ACHTUNGTRENNUNG(d,p), and 6–311++G-
ACHTUNGTRENNUNG(3df,3pd) and the use of CCSD(T), see Supporting Informa-
tion.) At B3LYP/3–21G, the geometries of 1, 3 and all
follow-up products were fully optimized. Restricted DFT
(RDFT) calculations were carried out for the singlet states,
however, in each case the internal and external stability of
the RDFT solution was tested.[49] If the latter was not fulfil-
led as, for example, in the case of the singlet biradical 4-S
(Scheme 1), a broken-symmetry unrestricted DFT (BS-
UDFT) calculation was performed for the singlet state. The
triplet states investigated in this work were calculated at the
UDFT level of theory. Frequency calculations were per-
formed for models 1 to 4 (Scheme 2) to obtain activation en-
thalpies DH ACHTUNGTRENNUNG(298)a, reaction enthalpies DHACHTUNGTRENNUNG(298)R, and sin-
glet–triplet splittings DH ACHTUNGTRENNUNG(S–T) at 298 K. In addition, entro-
pies S ACHTUNGTRENNUNG(298) and free energies DGa

ACHTUNGTRENNUNG(298) or DGRACHTUNGTRENNUNG(298) were
calculated. Frequency calculations were also used to ensure
the attainment of the correct transition state, as witnessed
by a single imaginary frequency corresponding to bond for-
mation. In addition, intrinsic reaction coordinate (IRC) cal-
culations were carried out for models 1 to 5 to clarify that
the mode being followed belongs to the Bergman cycliza-
tion. Solvent effects were determined by employing the
static isodensity surface polarized continuum model
(IPCM).[50] For all quantum chemical calculations, the pro-
gram packages COLOGNE2006[51] and Gaussian98[52] were
used.
Conformational changes of the cyclohexanone ring of the

headgroup of 1 were determined with the help of the
Cremer–Pople puckering coordinates (puckering amplitudes
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q2 and q3 and pseudorotational phase angle f2; alternatively
total puckering amplitude Q and polar angle V=arctan ACHTUNGTRENNUNG{q2/
q3}).[53, 54] Throughout the text, ideal conformational forms
such as chair (C), twistboat (TB), or boat (B) of cyclohexa-
none will be distinguished from distorted C, TB, or B forms
by indicating both ideal and real f2 values in the case of the
B-TB family, or both ideal and real V values in the case of
the C forms leading to notations such as TB ACHTUNGTRENNUNG{30, 39} (98 devi-
ation from ideal TB) or C ACHTUNGTRENNUNG{180, 176} (48 distortion in the di-
rection of the ideal B-TB family at V=908). This notation is
simplified to TB30, B60, TB90, etc. in the case of ideal
forms, which have to be specified with regard to their f2
value. The conformational globes presented in the Support-
ing Information facilitate the reading of this notation.
Docking studies were carried out for the full gas-phase

optimized geometries. The receptor used in these studies
was modeled by a duplex 9mer-B-DNA sequence
d(CACTCCTGG)·d(CCAGGAGTG), from which the origi-
nal starting geometry was taken (PDB ID: 2PIK).[31] This
geometry had been previously minimized with the embed-
ded form of 1 by using MM, MD, and the distance con-
straints arising from the NOE data for the complex.[31] The
docking procedure was carried out by using AutoDock ver-
sion 3.0.5.[55] The orientation of the docked structure of 1
and the subsequent reaction species in the minor groove of
DNA are presented by plotting the Connolly surface[56] of
DNA and the capped-stick representation of the ligand. Re-
ceptor–ligand interactions were analyzed by using the elec-
trostatic potential (EP), which was mapped onto the Con-
nolly surface.

Results and Discussion

Results are presented in the following way. In the first two
sections, we discuss the stereochemistry of the triggering reac-
tion and the energetics of the Bergman cyclization, consider-
ing in the latter case different stereochemical results of the
Michael addition. The tail structure is investigated in the third
section. The fourth section is devoted to a discussion of the
docking of 1 and its follow-up products in the minor groove of
DNA. In the fifth and final section, the triggering of 1 is rein-
vestigated considering the situation in the minor groove.

Triggering of calicheamicin: energetics and stereochemistry :
One could speculate that the enediyne system of untriggered
1 can undergo Bergman cyclization via TS ACHTUNGTRENNUNG(1–7) to biradical
7, which then abstracts hydrogen atoms from DNA to stabi-
lize as benzene derivative 8 (Scheme 1). According to
B3LYP calculations, a Bergman cyclization of 1 requires at
least 48.0 kcalmol�1 activation energy (DHa=46.4 kcal
mol�1), which is far too high to be of any relevance at body
temperature. Hence, 1 has to be converted via 2 to 3 to un-
dergo Bergman cyclization at normal temperature. Formally,
this conversion can be described by Equation (1):

1 þ Me�SH! 3 þ Me�S�S�S�Me ð1Þ

in which thiol Me�SH represents gluthathione. This reaction
(R1) is exothermic by 36.8 kcalmol�1 (B3LYP/3–21G).
Some of this energy should result from the exchange of an
SH and C=C double bond against a S�C, C�H, and C�C
single bond (estimated gain of 14 kcalmol�1 when experi-
mental bond-dissociation enthalpies are used[57]). The larger
part, however (22 kcalmol�1) should result from changes in
the strain energy of the calicheamicin aglycone in which
both the conversion of a cyclohexenone to a cyclohexanone
ring and the strain relief in the enediyne unit play a role.
The key for the understanding of the strain factors deter-

mining the Bergman cyclization barriers for 1 and 3 is the
fact that the formation of the p-benzyne biradical implies
also the formation of an annelated cyclohexene ring, which
prefers a half-chair conformation (puckering coordinates:
QACHTUNGTRENNUNG(total)=0.457, q3=0.277 q2=0.364 O, V =127.3 f2=
308,[58] see cyclohexene globe in the Supporting Information)
with the largest pucker at the bridge bond C12–C13 (see
model 1 in Scheme 2) carrying the external double bond.
This becomes possible when the adjacent cyclohexanone
ring converts into a C or TB form (see Supporting Informa-
tion). In 1, the cyclohexenone ring is frozen in a half-chair
form itself so that a large strain energy builds up in the TS
of the Bergman reaction raising the reaction barrier to
48 kcalmol�1.
The Michael addition, which is part of the triggering

mechanism, has the task to convert the cyclohexenone ring
into a cyclohexanone ring and, thus, improve the ring-strain
situation by about 30 kcalmol�1. In connection with the Mi-
chael addition, one has to consider that the nucleophilic SH
group in 2 (Scheme 1) can only attack the internal double
bond of the cyclohexenone ring from above (Scheme 1).
There is, however, the possibility that the carbamate group
is either positioned Z or E with regard to the newly formed
dihydrothiophene ring (indicated in Scheme 1 by a wiggled
C�N bond). Apart from this, each isomer can adopt a
number of conformers, which may be decisive for the barrier
of the Bergman cyclization: If a conformer is formed that is
destabilized by strain effects, the barrier will most likely be
reduced because this strain is felt less in the TS of the Berg-
man cyclization (formation of a benzene ring), provided the
cyclohexanone ring can adopt a conformation that accom-
modates the dihydrothiophene ring in 3. The opposite is
true for a particularly stable Z or E form of the enediyne.
This is a well-known principle for manipulating the reactivi-
ty of an enediyne (strain principle),[35,59] which also plays an
important role for 3, as we see in the following.
Conformational behavior of the cyclohexanone ring : For

the purpose of predicting the most stable isomer and confor-
mer resulting from the Michael addition, we investigated
the conformational behavior of cyclohexanone (for details,
see Supporting Information). Cyclohexanone prefers a chair
form that is 4.2 kcalmol�1 more stable than the twistboat
form TB30. Annelation of the dihydrothiohpene ring in-
creases the C-TB energy difference to 5.6 kcalmol�1. If car-
bamate and OH groups are added Z and E forms are distin-
guished and in the case of the E form the C-TB energy dif-
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ference increases to 10 kcalmol�1. For the Z forms, C and
TB become comparable in energy (0.4 kcalmol�1 in favor of
C) because the latter form benefits from electrostatic attrac-
tion and hydrogen bonding between the carbamate and the
neighboring keto group.
When combining the influence of the annelated dihydro-

thiophene ring, the carbamate group, and the enediyne
bridge as in model 4 (Scheme 2), form 3-Z-TB ACHTUNGTRENNUNG{30, 44} gains
stability because of a stronger pucker of this form (see Sup-
porting Information) and a suitable (more outward) orienta-
tion of the bonds connecting the enediyne bridge to the cy-
clohexanone ring leads to a less-strained system than in the
case of form 3-E-C ACHTUNGTRENNUNG{180, 156}. Accordingly, 3-Z-TB ACHTUNGTRENNUNG{30, 44} is
most stable, followed by 3-E-C ACHTUNGTRENNUNG{180, 156} (DE=

1.9 kcalmol�1, see Supporting Information), the 3-Z-C ACHTUNGTRENNUNG{180,
159} (DE=7.6 kcalmol�1), and the 3-E-TB ACHTUNGTRENNUNG{30, 41} form
(DE=10.7 kcalmol�1). Hence, from the multitude of possi-
ble conformers, only two, 3-Z-TB ACHTUNGTRENNUNG{30, 44} and 3-E-C ACHTUNGTRENNUNG{180,
156} remain, and these are stabilized by a compromise of in-
ternal angle widening at the sp2-hybridized C atoms, stagger-
ing of external bonds, intramolecular hydrogen bonding, ac-
commodation of the annelated dihydrothiophene ring, and
minimization of the strain in the enediyne unit.
We note in this context that the keto group is oriented in

the C forms toward and in the TB forms away from the ene-
diyne bridge, which might indicate that the C and TB forms
result from two different stereochemical situations of the
Michael addition leading to E or Z configurations. This
question is discussed in more detail below.

Typical of the Michael addition is that an enolate is
formed, which is protonated at the negatively charged
oxygen atom. Rearrangement of the enol to a keto form
leads to the triggered calicheamicin 3 (Scheme 1). Because
1) the proton stems most likely from a solvent molecule
rather than the SH group and 2) the enol is most likely a
real intermediate with a finite lifetime, the tautomerization
of the enol to the ketone 3, which is known to be catalyzed
by water molecule(s),[60] can lead to Z or E configuration. If
one does not consider a possible role of DNA in supporting
the formation of either the Z or E isomer, the only way of
making any prediction is to assume thermodynamic control,
which suggests that a large amount of Z-TB is formed
beside a relatively small amount of E-C. In any case, howev-
er, there should not be any Z-C or E-TB conformers in the
reaction mixture.
Because factors such as solvent and complexation of 3 to

DNA may increase the amount of E-C, we do not focus ex-
clusively in the following on the Z-TB isomer, but consider
also the possibility that the E-C isomer of 3 plays a role.
Next, we investigated which of the two isomers should be
biologically more active.

Energetics of the Bergman cyclization : In Tables 1 and 2,
the calculated energetics for the Bergman cyclization of 3-
Z-TB ACHTUNGTRENNUNG{30, 44} and 3-E-C ACHTUNGTRENNUNG{180, 156} are summarized. There is
little change in the relative energies in dependence of the
model chosen. For 3-Z-TB ACHTUNGTRENNUNG{30, 44} (Table 1), the activation
enthalpy DHa

ACHTUNGTRENNUNG(298) varies between 25 and 31 kcalmol�1 with

Table 1. Energetics for the Bergman cyclization reaction of the Z-twistboat (Z-TB) conformation of (�)-calicheamicin g1
I (1).[a]

Model Structure E, DE ZPE H, DH S G, DG m imag. w

1 3 �1121.31829 144.0 �1121.072321 122.4 �1121.13050 4.51
TSACHTUNGTRENNUNG(3–4) 27.4 142.5 25.5 120.7 26.0 3.64

440i
4-S 5.9 144.3 5.5 118.6 6.6 4.31
4-T 2.4 144.5 2.6 120.9 2.0 4.32

2 3 �1196.10777 146.3 �1195.857149 126.2 �1195.91710 4.99
TSACHTUNGTRENNUNG(3–4) 27.2;24.1 144.8 25.2;22.1 124.5 25.7 4.40

433i
4-S 6.7 146.2 6.1 124.3 6.7 4.25
4-T 2.5 146.6 2.6 126.6 1.9 4.27

3 3 �1251.14965 156.7 �1250.88119 131.5 �1250.94366 4.89
TS ACHTUNGTRENNUNG(3–4S) 28.3;25.1 155.0 26.3;23.1 129.8 26.8;23.6 4.37

432i
4-S 8.4 156.6 7.9 129.4 8.5 3.99
4-T 2.5 156.9 2.8 131.7 2.1 4.01

4 3 �1477.78955 183.8 �1477.47348 154.3 �1477.54677 3.76
TSACHTUNGTRENNUNG(3–4) 26.2;23.6 182.2 24.3;21.7 153.1 24.8;22.2 3.22

432i
4-S 6.5 183.8 6.0 152.7 6.6 3.07
4-T 2.5 184.0 2.8 156.1 1.7 3.11

5[b] 3 �2451.84150 0 0 6.81
TSACHTUNGTRENNUNG(3–4) 33.0;31.4 31.0;28.4 31.5 6.30
4-S 9.0 8.5 9.1 6.47
4-T 2.7 3.0 1.9 6.49

6[b,c] 3 �11506.71587 0 0 13.57
TSACHTUNGTRENNUNG(3–4) 31.6;29.0 29.6;27.0 30.1 13.10
4-S 8.4 7.9 8.5 13.60
4-T 2.3 2.6 1.5 13.61

[a] Absolute energies, enthalpies, and free energies in Hartrees, corresponding differences DE, DH, DG in kcalmol�1. For the triplets 4-T the singlet trip-
let splitting is given. Zero point energies (ZPE) are in kcalmol�1, entropies S in cal ACHTUNGTRENNUNG[mol K]�1, dipole moments m in debye, and imaginary frequencies w

in cm�1. Values in normal print are B3LYP/3–21G optimized, values in italics are B3LYP/6–31G ACHTUNGTRENNUNG(d,p) optimized. [b] The thermochemical corrections of
model 5 and model 6 structures were estimated on the basis of models 1–4. [c] Values for 6–31G ACHTUNGTRENNUNG(d,p) calculations are estimated.
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the larger values resulting for the more-complete models.
Using the 6–31G ACHTUNGTRENNUNG(d,p) basis leads to a decrease of 3 kcal
mol�1 in the barrier. The most reliable value is 27.0 kcal
mol�1 (model 6, that is, 3-Z-TB without any simplifications).
This barrier is too high to lead to any significant biological
activity at body temperature. Accordingly, it is only of sec-
ondary interest that the Bergman reaction is endothermic
by 7.9 kcalmol�1 and that the calculated S–T splitting is
2.6 kcalmol�1.
The energetics of the Bergman cyclization of the (�)-en-

antiomer in the form of 3-Z-TB is comparable to that of the
parent enediyne 9. The relatively high barrier is the result of
a build-up of strain in TS ACHTUNGTRENNUNG(3–4), which requires the formation
of a cyclohexene half-chair conformation (enforced by the
generation of the benzene ring) with the largest dihedral
angle at the bond C12–C13 (see model 1, Scheme 2 and dis-
cussion in the Supporting Information).

The TB form cannot accommodate a large dihedral angle,
which would imply f2=908 rather than 1368. (see Support-
ing Information). The requirements for an unstrained dihy-
drothiophene ring (primarily responsible for the TB form of
3-Z) and the cyclohexene half-chair C2-C7-C8-C13-C12-C1
lead to a build-up of strain in the ring system, thus yielding
a high activation enthalpy and an endothermic reaction en-
thalpy for the Bergman cyclization.
For 3-E-C ACHTUNGTRENNUNG{180, 156} there are two reasons why a lower

barrier should result : 1) The starting enediyne possesses
2 kcalmol�1 more strain (see Supporting Information),
which is relieved in TS ACHTUNGTRENNUNG(3–4), thus leading to a lower barrier.
2) The C form of the cyclohexanone ring can better accom-
modate a large dihedral angle at bond C12–C13 (60 vs. 30.,
see geometry data in the Supporting Information). These ex-
pectations are confirmed by the calculated activation enthal-
pies of the Bergman cyclization for 3-E-C (Table 2), which
are all around 20 kcalmol�1 at the B3LYP/6–31GACHTUNGTRENNUNG(d,p) level

Table 2. Energetics for the Bergman cyclization of the E-chair (E-C) conformation of (�)-calicheamicin g1
I (1).[a]

Model Structure E, DE ZPE H, DH S G, DG m imag. w

1 3 �1121.31705 143.9 �1121.07081 127.1 �1121.13121 3.25
TS ACHTUNGTRENNUNG(3–4) 22.2;21.5 142.9 21.8;19.8 119.7 22.7;22.0 2.46 437i
4-S 1.6 144.2 1.1 119.5 3.4 2.84
4-T 2.7 144.2 2.9 122.8 1.9 2.86

TS ACHTUNGTRENNUNG(4–6) 22.2 141.9 20.0 120.4 19.8 2.82 483i
6 �9.3 142.5 �10.0 126.1 �11.9 2.80

2 3 �1196.10752 146.3 �1195.85677 126.7 �1195.91698 3.50
TS ACHTUNGTRENNUNG(3–4) 23.8;22.2 144.8 21.8;20.2 124.7 22.5;20.9 3.13 437i
4-S 3.6 146.1 2.9 124.3 3.7 3.63
4-T 2.8 146.4 3.0 127.0 2.2 3.73

TS ACHTUNGTRENNUNG(4–6) 22.0 143.9 19.9 125.4 19.6 3.41 482i
6 �9.0 144.5 �9.6 131.6 �11.8 3.76

3 3 �1251.14818 156.7 �1250.87948 132.0 �1250.94221 3.67
TS ACHTUNGTRENNUNG(3–4) 22.5;21.2 155.3 20.6;19.3 129.8 21.2;19.9 3.00 429i
4-S 1.2 156.9 0.6 128.6 1.6 3.67
4-T 2.2 157.1 2.5 130.5 1.9 3.79

TS ACHTUNGTRENNUNG(4–6) 22.8 154.3 20.6 132.1 19.2 2.85 480i
6 �7.9 155.0 �8.6 137.2 �11.2 3.67

4 3 �1477.78649 183.9 �1477.47028 155.0 �1477.54393 4.06
TS ACHTUNGTRENNUNG(3–4) 24.2;22.7 182.4 22.3;20.8 151.5 23.3;21.8 3.42 435i
4-S 4.6;�1.3 183.8 3.9;�1.9 151.4 5.0;�0.9 4.07
4-T 2.8 183.5 3.1 154.8 2.0 4.15

TS ACHTUNGTRENNUNG(4–6) 22.0 181.5 19.9 152.8 19.5 3.96 484i
6 �8.8 182.1 �9.5 159.1 �11.8 4.12

5[b] 3 �2451.83353 0 0 7.11
TS ACHTUNGTRENNUNG(3–4S) 26.5;22.2 24.6;20.3 25.7;24.4 6.60
4-S 6.6 5.9 7.2 6.77
4-T 2.8 3.1 2.2 6.80

TS ACHTUNGTRENNUNG(4–6) 19.6 17.5 17.1 6.58
6 �8.0 �8.6 �10.8 6.72

6[b,c] 3 �11506.71284 0 0 13.87
TS ACHTUNGTRENNUNG(3–4) 23.4;21.4 21.0;19.1 24.7;23.2 13.20
4-S 6.0 5.3 6.6 13.91
4-T 2.4 2.7 1.6 13.93

TS ACHTUNGTRENNUNG(4–6) 22.4 20.3 19.9 13.75
6 �11.9 �12.4 �13.8 13.90

[a] Absolute energies, enthalpies, and free energies in Hartrees, corresponding differences DE, DH, DG in kcalmol�1. For the triplets 4-T the singlet trip-
let splitting is given. Relative values for TS ACHTUNGTRENNUNG(4–6) and 6 are with respect to 4-S. Zero point energies (ZPE) are in kcalmol�1, entropies S in cal ACHTUNGTRENNUNG[mol K]�1,
dipole moments m in debye, and imaginary frequencies w in cm�1. Values in normal print correspond to B3LYP/3–21G//B3LYP/3–21G, values in italics
to B3LYP/6–31G ACHTUNGTRENNUNG(d,p)//B3LYP/6–31G ACHTUNGTRENNUNG(d,p) energies. [b] The thermochemical corrections of model 5 structures were estimated on the basis of models 1–
4. The 6–31G ACHTUNGTRENNUNG(d,p) values of models 5 were determined from single point calculations using the 3–21G optimized geometries. [c] Values for 6–31G ACHTUNGTRENNUNG(d,p)
calculations are estimated.
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of theory. This would lead to a significant reaction rate at
body temperature.
A recent study by Elmroth and co-workers[61] has shown

that the ability of 1 to cause double-strand scission in DNA
is not affected by the incubation temperature. This result is
based on in vitro studies of calicheamicin cleavage of plas-
mid DNA at 0 and 378C. For cellular DNA, the reduction to
08C resulted in a loss of activity and this was proposed to be
due to the impermeability of the cell by 1 at this tempera-
ture.[61] This observation implies an activation enthalpy
lower than 19.6 kcalmol�1 at body temperature (requiring
that 50% of the enediyne has reacted in less than 60 min for
a DSa of �3.5 cal ACHTUNGTRENNUNG[molK]�1; Table 2).
CCSD(T)/6–311G ACHTUNGTRENNUNG(d,p) calculations carried out for model

1 lead to an activation enthalpy of 17.1 kcalmol�1, which is
2.7 kcalmol�1 lower than the best DFT value. Assuming the
same lowering in the case of model 6, an activation enthalpy
of 16.4 kcalmol�1 can be predicted, which is in line with the
experimentally based estimate of Elmroth and co-work-
ers.[61]

The Bergman reaction is almost thermoneutral (slightly
endothermic at B3LYP/3–21G: 4 kcalmol�1; slightly exo-
thermic at B3LYP/6–31G ACHTUNGTRENNUNG(d,p): �2 kcalmol�1, model 4;
5.3 kcalmol�1, model 6; Table 2). The activation enthalpies
for the two retro-Bergman reactions leading from biradical
4-S back to 3 or forward to 6 are 16.3 and 20.3 kcalmol�1,
respectively (model 6, Table 2), with only little variation
using one of the other models. The ring-opening reaction
leading to enediyne 6 is exothermic by 12.4 kcalmol�1 (DHR-
ACHTUNGTRENNUNG(298) value of model 6), which means that a Bergman cycli-
zation of 6 (to give 4-S) has an activation enthalpy of
32.7 kcalmol�1, that is, 6 resembles the parent enediyne in
this respect[31] (see also Supporting Information).
We conclude that the singlet biradical 4-S has a sufficient-

ly long lifetime to abstract hydrogen atoms from DNA,
which requires an activation enthalpy of less than
12 kcalmol�1.[62] Its S–T splitting (DHACHTUNGTRENNUNG(S–T)=2.7 kcalmol�1,
model 6) is similar to that of p-benzyne[38] (see also Support-
ing Information).
The calculated energetics suggest that only 3-E-C is bio-

logically active, which should be formed in the Michael ad-
dition of 2 in a relatively small proportion. However, so far
our investigation concerns exclusively the situation in the
gas phase. The next section describes how the inclusion of
solvent effects and consideration of the docking process
change the situation substantially.

Investigation of the carbohydrate tail : The tail structure of 1
is composed of the five rings A, B, C, D, E and five connect-
ing groups (ether, oxime, and thioester linkages). As the ge-
ometry of the rings is reasonably well constrained (essen-
tially chair forms for the pyranose rings) this results in
twelve rotatable bonds that can have a direct influence on
the global shape of the tail and by this of the molecule.
Thus, the long aryloligosaccharide tail of 1 has considerable
flexibility compared to the constrained geometry of the bi/
tricyclic head group and as such, the effect of the gas-phase

geometry optimization on the tail structure requires special
consideration.
For the determination of an aqueous-solution geometry,

we started with the geometry that the tail has when embed-
ded into the DNA as determined by MM/MD calculations
and the NOE structure analysis of DNA–1 complex.[31] By
freezing the dihedral angles of the twelve linking bonds be-
tween the rings, the geometry of the tail was optimized at
the B3LYP/3–21G level of theory. In a second step all de-
grees of freedom were relaxed, which led to a gradual back-
rotation of the tail into the gas-phase geometry. Hence, we
used the B3LYP/3–21G geometry with fixed dihedral angles
as solution-phase geometry, in which the term solution
phase is used in a wider sense considering that docking into
the minor groove can also be seen as a specific solvation
process accompanied by a change in nonspecific solvation.
In Figure 1, Connolly surfaces of the gas-phase and aque-

ous-solution geometries of 1 are shown, which reveal a large

difference similar to that between club and boomerang. The
shape difference results from a deviating arrangement of
rings A and E and a different tail curving. For the purpose
of quantifying the latter, the tail section of 1 was reduced to
a ring center representation by taking the geometrical
center of each of the rings (E,A!D) to model the shape of
the tail and to quantify the changes in the geometry upon
solvation (Figure 1).
In the solution-phase geometry the tail is largely linear

with some curling at the ends. Looking from ring E to ring
D, the tail represents part of a left-handed helix (rotational
angle �1448), which fits perfectly into the minor groove

Figure 1. Representation of the carbohydrate tail of 1 according to its so-
lution geometry (model 7, left; green Connolly surface) and its gas-phase
geometry (model 6, right; yellow Connolly surface). In the middle the
two geometries are simplified by representing each ring by its geometri-
cal center and giving distances and angles between these centers for the
solution and the gas-phase geometry. Looking from E to D the solution
geometry (top) presents a left-handed, the gas-phase geometry (bottom)
a right-handed screw. Distances in O, angles in 8.

www.chemeurj.org E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 9256 – 92699262

E. Kraka et al.

www.chemeurj.org


with its right-handedness. The gas-phase geometry of the
tail is strongly curled with a right-handedness (rotational
angle of 688), which does not fit into the minor groove (see
also Figure 2). The solution structure is more extended as
reflected by the distance E–D (21.4 vs. 14.8 O, Figure 1),
which also leads to a better fit with the minor groove.
Gas-phase and solution-phase geometry differ by 23.3 kcal

mol�1. The former is stabilized by intramolecular hydrogen
bonding, which in the strongly curved form can develop
better than in the extended form. For example, the position
of ring A relative to rings B and the rest of the tail is strong-
ly changed in the gas phase through the formation of a
strong intramolecular hydrogen bond between a hydroxy
substituent of ring A and the pyranose oxygen atom in ring
B (H···O=2.237 O). This stabilizing hydrogen bond results
in the decrease of the angle A-B-C from 1758 in solution to
1388 in the gas phase. In the Supporting Information details
of the hydrogen-bond network in the two tail structures are
given.
The dominance of the stretched out structure in aqueous

solution is the result of three different effects: 1) Solvent
calculations with the IPCM method and the dielectric con-
stant of water (e=78.4[63]) for neutral 1 reveal that solvation
stabilizes the extended geometry by at least 11 kcalmol�1

relative to the gas-phase geometry (this stabilization would
be most likely larger if the ammonium cations would be
compared). 2) Docking of the extended and the curled ge-
ometry to DNA leads to an energy difference of 14.9 kcal
mol�1 (Table 3). 3) These trends will be enhanced by the
effect that intramolecular hydrogen bonding will be partially
replaced by intermolecular hydrogen bonding, which also
leads to a stretching of the tail because hydrogen bonds be-
tween the rings responsible for the curling are broken. Al-
though effects (1) and (2) cannot be simply added, it is
likely that the stretched form of the tail becomes in the
minor groove more stable than the gas-phase geometry, in
line with the general understanding that extended structures
with polar groups lead to stronger solvation in water.
These findings show clearly that there is no sense in using

model 6 (the gas-phase geometry of 1) in the docking inves-
tigation. A more realistic model of 1 (and 3) is given by
composite geometries containing the headgroup as deter-
mined by the DFT geometry optimizations (model 4) in
connection with the tail geometry determined for the dock-
ing situation. The connection between headgroup and tail is
forced to be that for the (�)- enantiomer (i.e., the tail is on
the same side of the headgroup as the allyl trisulfide rest).
Furthermore, attachment of the headgroup to the ring A of
the aryl-oligosaccharide tail implies two possibilities; either
attachment at the equatorial position of ring A (b anomer)
or attachment at the axial position (a anomer). Experimen-
tally, the b anomer has been shown to be the preferred
structure (ratio b :a anomer is equal to 3:1[11b]), and, there-
fore, the attachment of the head group was made to the
equatorial position of ring A. The composite structure ob-
tained in this way is referred to as model 7 in the following. Docking into the minor groove of DNA : The NOE/MM

structure of 1 (PDB ID: 2PIK-5)[31] was docked into the

Figure 2. a) Positioning of calicheamicin g1
I (1) in the minor groove of

the duplex 9mer-B-DNA sequence d(CACTCCTGG)·d(CCAGGAGTG).
Molecule 1 is represented by a capped-stick model by using the geometry
of model 7 (composite geometry), whereas DNA is depicted by its Con-
nolly surface. The insert gives the headgroup of the NOE/MM struc-
ture[31] for reasons of comparison. b) The NOE/MM structure of 1
docked into the minor groove of DNA. The electrostatic potential (EP)
is projected on the Connolly surfaces of ligand and receptor where in the
former case the net representations of the surface provides an insight
into the structure of the ligand. On the left, a color scale of the EP is
given. c) The gas-phase structure of 1 docked into the minor groove of
DNA. Again, the EP projected on the Connolly surfaces of ligand and
receptor are given.

Chem. Eur. J. 2007, 13, 9256 – 9269 E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9263

FULL PAPERCalicheamicin g1
I and DNA

www.chemeurj.org


minor groove of the duplex 9mer-B-DNA sequence
d(CACTCCTGG)·d(CCAGGAGTG) to serve as a refer-
ence for the binding energies calculated by AutoDock. The
orientation of the docked position of the reference molecule
is, to all intents and purposes, identical to that of the refined
NOE structure.[31] This fact is evident in the alignment of
the proradical carbon atoms of the warhead with the hydro-
gen abstraction sites (C5 ACHTUNGTRENNUNG(H5’) and G23ACHTUNGTRENNUNG(H5’)) aligned in the
refined complex.[31] The binding energy calculated (DEb=

�13.35 kcalmol�1; Table 3) results in an inhibition constant
(Ki=1.63R10

�10) that is actually smaller than can be expect-
ed in view of the nanomolar activity found for the drug.[4]

When using our DFT optimized composite geometry
(model 7), a Ki value of 6.7R10

�10 mol is calculated ((DEb=

�12.5 kcalmol�1, Table 3), which is a factor of 5R10�3 small-
er (DEb is 2.8 kcalmol

�1 larger, that is, more negative) than
the experimental value of 1.35R10�7 (DGbinding=

�9.7 kcalmol�1) given by Nicolau and co-workers.[27] Such a
difference is expected because of the simplifications we had
to make in this work: 1) We do not consider entropy
changes included into the experimentally obtained free
docking energies DG (see Computational Methods and
Strategies Section). There will be a decrease in entropy
upon docking, which in itself is partially reduced by the fact
that intercalated water molecules are forced out of the
minor groove.[31,55] Moreover, the ligand will loose part of its
solvent shell upon entering the minor groove, which again
increases entropy. Considering all effects, entropy should
reduce the absolute value of the docking energy, thus lead-
ing to a better agreement between theory and experiment.
Clearly, future studies have to include solvent effects explic-
itly and must consider a reoptimization of the complex not
possible in this work.
However, in the present work we are concerned primarily

with the relative changes in the binding energy during the
Bergman cyclization, for which the above-mentioned simpli-
fications are expected to play only a minor role.
Figure 2a shows the docking of 1 (model 7) into the minor

groove of DNA, where the former is represented by a
capped-stick model and the latter by a Connolly surface.
Also shown in an insert is part of the headgroup as de-

scribed in the NOE/MM structure.[31] Comparison reveals
that the carbamate group has a different orientation in the
two structures. DFT orients the carbamate group perpendic-
ular to the cyclohexenone ring (Figure 2a) to establish a hy-
drogen bond (electrostatic attraction) between the methyl
group of the allyl sulfide and the keto-oxygen of the carba-
mate group. In this way, also an unfavorable Y conjugation
of the carbamate group with the dieneone system is avoided.
The NOE/MM structure, however, keeps the carbamate
group planar with regard to the ring, provoking in this way
an unfavorable keto–keto interaction (insert of Figure 2a),
but reducing repulsive interactions between the NH of the
carbamate group and proximal CH bonds of DNA. Also,
the trisulfide can arrange better in the minor groove.
For the NOE/MM structure[31] the docking situation is

slightly better, although the orientation of the carbamate
and trisulfide substituents in the headgroup implies a much
larger intramolecular destabilization of 1. Here the impor-
tance of a DFT rather than a MM description becomes ap-
parent, which is even more obvious in discussing the special
role of the carbamate group.
The overall docking orientation of the NOE/MM struc-

ture and the DFT structure (model 7) of 1 are similar, as
documented by Figure 2b, which shows the capped-stick rep-
resentation of the NOE/MM structure enveloped into the
electrostatic potential (EP) mapped on the Connolly surface
of the molecule, indicated by a suitable color code (nega-
tively charged parts blue, neutral parts green, positively
charged parts red, see scale on the left of Figure 2b), and
embedded into the minor groove of the DNA, where again
the Connolly surface carries the color-coded EP informa-
tion.
Contrary to expectations found in the literature,[4] there is

no strong electrostatic attraction between 1 and DNA apart
from the alignment of the R�NH2

+ group of ring E with
one of the negatively charged phosphate groups of DNA
(see red-yellow colored part on the left side of the head-
group of 1 in Figure 2b). This interaction results in a salt
bridge or better in the formation of a strong ionic hydrogen
bond N�H+ ···O� linkage. Considering the distance between
these groups (O···H=1.759 O) the resulting ionic hydrogen

Table 3. Docking energies DEb, inhibition constants Ki, hydrogen-abstraction sites, and the abstraction distances of the E-chair (E-C) and Z-twistboat
(Z-TB) conformers resulting from a triggering of (�)-calicheamicin g1

I (1).[a]

Molecule Conformation Source DEb Ki Abs. site C3 C3···H Abs. site C6 C6···H

1 NOE/MM[b] �13.35 1.63R10�10 C5 ACHTUNGTRENNUNG(H5’) 3.159 G23 ACHTUNGTRENNUNG(H5’) 2.764
1 model 7 �12.51 6.72R10�10 C5 ACHTUNGTRENNUNG(H5’) 2.346 G23 ACHTUNGTRENNUNG(H5’) 3.694
1 model 6 2.35
3 Z-TB model 7 �14.37 2.93R10�11 C5 ACHTUNGTRENNUNG(H5’) 3.447 G23 ACHTUNGTRENNUNG(H5’) 2.557

TS ACHTUNGTRENNUNG(3–4) Z-TB model 7 �13.78 7.99R10�11 C5 ACHTUNGTRENNUNG(H5’) 3.549 G23 ACHTUNGTRENNUNG(H5’) 2.506
4-S Z-TB model 7 �13.56 1.15R10�10 C5 ACHTUNGTRENNUNG(H5’) 3.156 G23 ACHTUNGTRENNUNG(H5’) 3.021
3 E-C model 7 �14.38 2.86R10�11 C5 ACHTUNGTRENNUNG(H5’) 3.068 T22 ACHTUNGTRENNUNG(H4’) 2.597

TS ACHTUNGTRENNUNG(3–4) E-C model 7 �13.68 9.41R10�11 C5 ACHTUNGTRENNUNG(H5’) 2.263 T22 ACHTUNGTRENNUNG(H4’) 3.854
4-S E-C model 7 �13.64 9.99R10�11 C5 ACHTUNGTRENNUNG(H5’) 2.245 T22 ACHTUNGTRENNUNG(H4’) 3.898

[a] All calculations refer to the S,R configuration and the b anomer. Energy differences in kcalmol�1, inhibition constants in mol, distances in O. C···H
denotes the distance between the proradical C atom and the closest hydrogen atom. Abs. site is the abstraction site, indicating the nucleotide and the hy-
drogen aligned for abstraction. [b] Ref. [31].
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bond would lead to an attraction energy in the gas phase
with an upper limit of 188 kcalmol�1 that is reduced to
about 40 kcalmol�1 due to the fact that positive and nega-
tive charge are spread over several atoms, and to about
10 kcalmol�1 considering the damping factor of the sur-
rounding solvent (a dielectric constant of 4 is assumed).
For the purpose of getting a more accurate guess on the

effect of the salt bridge two different calculations were car-
ried out. 1) The interaction energy between NH4

+ and
H2PO4

� arranged at a O···H distance of 1.759 O was calcu-
lated to be 10.4 kcalmol�1 in a polarizable continuum with
e=78.4 at B3LYP/6–31G ACHTUNGTRENNUNG(d,p). 2) The docking of 1 was re-
peated changing, however, the positive ethylammonium
group into a neutral ethyl amino group. The docking energy
obtained in this way is 1.2 kcalmol�1 less. We can consider
the two values obtained in this way as upper and lower
boundaries of the true interaction energy between ethylam-
monium and phosphate ion: the first value is exaggerated by
basis set superposition error and the absence of specific sol-
vation effects, whereas the second value is underestimated
by reorientation of neutral 1 in the minor groove so to com-
pensate for the loss of the salt bridge.
Docking of 1 using its gas-phase geometry (model 6, see

Figure 2c) leads to a noncomplimentary fit between the
ligand and the DNA, as reflected by the positive binding
energy of the interaction (DEb=2.35 kcalmol�1; Table 3). As
discussed in the previous section the handedness of model 6
does not comply with that of DNA. Accordingly, there is an
arching of the gas-phase tail out of the minor groove and
the entire head unit extends beyond the global shape of the
DNA (Figure 2c). This is another example of the fact that
gas-phase conformations of flexible molecules are of little
relevance for determining which conformation is adopted in
aqueous solution.
The composite structures (model 7) of the Bergman cycli-

zation reaction for both the TB and the C conformations of
the cyclohexanone ring were docked into the minor groove
of the DNA, with identical binding energies for the different
conformations (e.g., 3-Z-TB and 3-E-C : DEb=�14.4 kcal
mol�1; Table 3). Thus, we find that energetically there is no
preference in the binding mode between the Z-TB or E-C
conformers, which means that the destabilization of the
latter form by 1.9 kcalmol�1 (see Supporting Information) is
not compensated by the docking process. This is also true
with regard to TS ACHTUNGTRENNUNG(3–4) and biradical 4-S : Throughout the
Bergman cyclization, the difference in the binding energies
of the Z-TB and E-C forms are so small (maximally
0.1 kcalmol�1) that they cannot change the conclusions
based on strain effects. This would still mean that the bio-
logical activity is exclusively constrained to the 3-E-C form,
only a small proportion of which is formed.
There is, however, a clear difference between 4-S-Z-TB

and 4-S-E-C as far as the alignment of the radical carbon
atoms with the hydrogen abstraction sites is concerned.
Both conformers abstract first H5’ of the ribose attached to
C5 (cytosine 5). However, the phenyl radical formed out of
4-S-Z-TB should abstract next H5’ of G23 (guanine 23),

whereas the phenyl radical formed out of 4-S-E-C should
abstract H5’ of T22 (thymine 22), in which only the latter
result is in line with experimental observations.[18–21]

The results summarized in Table 3 make it necessary to
reconsider the triggering mechanism for the purpose of solv-
ing the contradiction between experimental observations
and theoretical predictions.

Reconsideration of the stereochemistry of the Michael addi-
tion : In Figure 3a, that part of the headgroup of 1 is en-
larged that shows allyltrisulfide, carbamate group, cyclohex-
enone ring, and the enediyne unit embedded in the minor
groove. The carbamatetrisulfide interaction distance
(2.153 O at B3LYP/3–21G) is indicated by a dashed yellow
line. The direction of the nucleophilic attack of a glutha-

Figure 3. a) The headgroup of 1 (model 7) is shown in the minor groove
of DNA to explain the stereochemistry of the Michael addition. the vari-
ous steps (1. nucleophilic attack by gluthathione at the S�S bond; 2. rota-
tion at the C�C bond; 3. attack of S at the cyclohexenone double bond;
4. proton addition at the enolate oxygen) are schematically indicated.
b) Enolate/enol formation and enol–keto tautomerization as catalyzed by
a water molecule. The back of the cyclohexenone/cyclohexanone ring
(connections to enediyne unit and to sugar tail) is not completely shown
to avoid confusion.
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thione molecule at the SS bond (step 1) is also shown. Glu-
thathione has a pKa value of 8.75 for the SH group in aque-
ous solution,[63] which means that at pH 7 almost 97% of
gluthathione is in the acidic SH form. Upon SS bond cleav-
age (yielding MeSSSG and �S�R), the sulfide anion will
capture a proton from somewhere, leave in the direction to
the tail and, because it is bonded to a C atom, its linear mo-
mentum will be converted to an angular momentum, that is,
there will be a rotation at the CC bond, as indicated in
Figure 3 (step 2), which helps the new thiol to attack the
double bond from above (step 3).
The enolate anion that is formed can be protonated at the

oxygen atom from above or below. However, there should
be a preference for a topside protonation because (a) water
molecule(s) will sit there, hydrogen bonded to both the eno-
late anion and the keto oxygen of the carbamate group (see
Figure 3a and b). This water molecule will be perfectly lo-
cated to accept a proton from gluthathione and to donate a
proton to the enolate oxygen. The enol formed is hydrogen
bonded to the water molecule that then functions as a cata-
lyst for the enol–keto tautomerization, which is completed
with a rotation of the carbamate group into the plane of the
keto group of cyclohexanone so that a NH···O=C intramo-
lecular hydrogen bond can be formed (see Figure 3b).
Assistance of a water molecule (or two) sitting on the top-

side of the cyclohexanone ring rather than on the bottom-
side (the proximity of NH and C=O group makes the forma-
tion of a water complex more difficult and a proton has to
be taken from somewhere else rather than the gluthathione
molecule) will lead to a protonation at C11 from the top-
side. Therefore, the enol–keto tautomerization will preferen-
tially yield the 3-E-C rather than the 3-Z-TB conformer
contrary to what one would expect in view of the thermody-
namic stabilities of the two conformers. This, of course, is of
utmost importance for the biological activity of 1 (see
below).

Chemical Relevance of Results

Due to the DFT description of 1 we find an orientation of
the carbamate group that differs essentially from that used
in previous descriptions.[31] This has serious consequences
for both the triggering mechanism and the Bergman cycliza-
tion:

1) In the minor groove, the Michael addition leads, because
of the catalytic effect of water located at the topside of
the cyclohexenone ring, to a preferential formation of
the E-C cyclohexanone ring of the triggered form 3
(Supporting Information).

2) Only 3-E-C has a sufficiently low barrier for Bergman
cyclization (16.4 kcalmol�1) to become active at body
temperature. The conformer 3-Z-TB will not react. The
lowering of the barrier is because the chair form of the
cyclohexanone ring can better accommodate an annelat-
ed halfchair form in the neighboring ring (required by

the benzene formed), whereas it itself is slightly destabi-
lized by additional strain (2 kcalmol�1), as discussed
above.

3) The biradical 4-S-E-C is kinetically stable because the
barriers for retro-Bergman reactions (16 and
20 kcalmol�1, Table 2) are considerably larger than the
barrier for hydrogen abstraction from DNA (estimated
to be �12 kcalmol�1[62]).

4) The docking investigation leads to an inhibition constant
of 6.7R10�10 mol and a complexation energy of
�12.5 kcalmol�1. Comparison with experiment suggests
that there is an increase in entropy by 9 cal ACHTUNGTRENNUNG[mol K]�1,
which would lead to the experimental values of Ki=

1.35R10�7 mol and DGb=�9.7 kcalmol�1.[27]

We note that the NOE/MM structure of 1[31] contains a
questionable positioning of the carbamate group, which
lowers intermolecular repulsion but misses the important
possibility of hydrogen bonding between trisulfide and car-
bamate group.
Triggering of 1 leads to improved docking, as is reflected

by a complexation energy of �14.4 kcalmol�1 and an inhibi-
tion constant of 3R10�11 mol (Table 3). This suggests that
once docked and triggered there is little chance that cali-
cheamicin leaves the minor groove. Furthermore, the orien-
tation of the head group of 3-E-C in the minor groove is
slightly rotated from that of 1 so that the proradical carbon
atoms are aligned with the hydrogen abstraction sites that
have experimentally been shown to be the preferred ab-
straction sites, C5 ACHTUNGTRENNUNG(H5’) and T22 ACHTUNGTRENNUNG(H4’) (see Table 3), for this
particular DNA sequence.[4,31]

Once triggered, the Bergman cyclization reaction will
occur spontaneously, which requires that the ligand remains
docked in the DNA throughout the cyclization process.
Therefore, all intermediate structures in the hydrogen-ab-
straction process were considered by using model 7. There is
a 0.8 kcalmol�1 decrease of the docking energy to �13.6 kcal
mol�1 in the Bergman cyclization (Table 3). The overall ori-
entation of 3 in the minor groove is not affected during the
cyclization reaction. However, during the Bergman cycliza-
tion there is some further rotation of the headgroup within
the minor groove, which results in the preference of one ab-
straction site over the other.
The formation of 4-S-E accentuates the preference for the

initial abstraction by the C3 atom of the warhead. The pref-
erence for the abstraction of the C5 ACHTUNGTRENNUNG(H5’) atom over the
T22 ACHTUNGTRENNUNG(H4’) atom is larger, as reflected by the alignment of the
radical C atoms with the corresponding CH bonds (C3···H=

2.245, C6···H=3.898 O; Table 3 and Figure 4). The relative
C···H distances indicate that the abstraction process will
occur in two distinct steps. The C5 ACHTUNGTRENNUNG(H5’) atom will be ab-
stracted by the C3 radical and this will then lead to a re-
alignment of the warhead to abstract the second hydrogen
atom from T22 ACHTUNGTRENNUNG(H4’). This is in contrast to previous propos-
als, which were based only on the alignment of the untrig-
gered structure, and suggested that the abstraction of both
hydrogen atoms would occur concomitantly.[4,31] Thus, the
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consideration of only the untriggered structure 1 in the
minor groove leads to an incorrect description of the ab-
straction mechanism, to correctly describe this process the
species involved in the hydrogen abstraction (i.e., biradical
4-S-E-C) must be considered.
Does calicheamicin react preferentially in the minor

groove? There are two answers that can be mentioned here:
1) If 1 is fixed in the minor groove and in addition the trisul-
fide group by intramolecular hydrogen bonding with the car-
bamate group, the probability of reactive collisions is in-
creased. Outside the minor groove the movements of 1 and
thiol coupled with rotations of the allyltrisulfide group
reduce the probability of reactive collisions, which require a
nucleophilic attack in the direction of the S�S bond adjoin-
ing the allyl function. This should be more difficult consider-
ing the flip-flop rotations of a trisulfide[64] (suppressed by
hydrogen bonding in the minor groove). 2) Outside the
minor groove the Michael addition should lead preferential-
ly to the thermodynamically more stable 3-Z-TB conformer
rather than the 3-E-C conformer, because outside the minor
groove there is no longer any reason that protonation
should preferably take place at the topside of the cyclohexe-
none ring (side of the new C�S bond), as discussed above.
The 3-Z-TB conformer has, however, a barrier to Bergman
cyclization, which under normal conditions cannot be sur-
mounted at body temperature, whereas the 3-E-C confor-
mer has a 10 kcalmol�1 lower barrier and, therefore, reacts
with a sufficiently large rate at body temperature.
One could, however, argue that in the triggering process

so much energy is set free that it does not matter whether
the activation enthalpy is 27 or 19 kcalmol�1. Also in this
context it must be asked why the energy set free is not suffi-

cient to undock the molecule. If there is an equilibrium be-
tween docking and undocking, any excess energy in an
amount required for the Bergman reaction should be also
sufficient for the much smaller energy required for undock-
ing (13.4 kcalmol�1; experimentally 9.7 kcalmol�1[27]).
In this connection we have to consider the possibility of

energy dissipation. In the triggering reaction a total of
48 kcalmol�1 are set free, however, this is done in several
steps considering that first a sulfide anion (more likely a
thiol) is formed, then a new C�S bond, followed by protona-
tion at an enolate oxygen, reprotonation, and protonation of
a carbanion. The excess energy will be first dissipated by
distribution among vibrational modes yielding a (locally)
hot molecule.
Outside the minor groove the molecule is cooled down by

collisions with solvent molecules, which should be a rapid
process. However, inside the minor groove cooling is slowed
down as the DNA template cannot function as effectively as
the water molecules do. Therefore, the chance increases that
also those framework vibrations of 1 that initiate the Berg-
man cyclization are activated. There is accordingly competi-
tion between a vibration-controlled Bergman cyclization
and a diffusion-controlled undocking process (both fuelled
by the excess energy) in which clearly the Bergman cycliza-
tion should be faster than undocking.
We conclude that 1) the preferential formation of the 3-E-

C conformer and 2) the lack of rapid dissipation of the trig-
gering excess energy are responsible for the fact that the
Bergman product, the singlet biradical 4-S is formed to an
appreciable amount only inside the minor groove. If it is
formed to a small percentage outside the minor groove
(where 3-Z-TB should be preferentially formed), then it will
abstract almost arbitrarily hydrogen atoms from molecules
encountered in its collision course and these molecules (sol-
vent, amino acid, protein molecules, etc.) are not necessarily
vital for cell survival.
This work has shed further light on the biological activity

of the natural enediyne 1. Compound 1 is actually toxic and,
therefore, considerable care has to be taken to use it as an
antitumor drug, although several attempts in this direction
have been undertaken.[4] An absolute prerequisite for the
design of any antitumor drug based on the biological activity
of 1 is the understanding of the reactivity of 1 in the cell.
Despite the fact that numerous experimental studies have
been carried out to describe the chemical and biological be-
havior of this compound,[1–4] this investigation proves that
quantum chemistry can provide important assistance in
these investigations, provided the emphasis is more on relia-
ble quantum chemical methods, such as DFT, rather than
MM descriptions. Clearly, DFT is superior to MM when hy-
drogen bonding,[65] p conjugation, biradical character,
charge delocalization, or strain effects have to be described.
We consider our investigation to be guiding in two ways:
1) DFT must play a stronger role in biochemical QM/MM
investigations than it has done so far. 2) The choice of the
model must be taken more carefully as done in many other
similarly motivated studies. Only by using a series of models

Figure 4. Docking of the singlet biradical 4-S-E (capped stick representa-
tion) into the minor groove of DNA represented by a Connolly surface.
The sequence of DNA is indicated. The proximal hydrogen atoms to be
abstracted are made visible. In the first step the C5H5’ atom will be ab-
stracted by the C3 radical (distance r ACHTUNGTRENNUNG(C,H)=2.245 O), in the second step
the hydrogen atom T22H4’ (r ACHTUNGTRENNUNG(C,H)=3.898 O) by C6.
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(models 1 to 7), was the decisive role of the carbamate
group for the triggering mechanism discovered in this inves-
tigation.
Because we consider that some basic questions in connec-

tion with the calicheamicin problem are now solved, we
have started work to design a new nontoxic antitumor drug
with increased biological activity based on the calicheamicin
principle. In view of the recent approval of 1 for the clinical
treatment of leukemia,[66] our investigation is timely and will
hopefully accelerate the use of 1 as an antitumor drug.
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