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On the basis of the van der Waals and electrostatic potential energy calculations and energy
minimization (EM), a model for the apoprotein—chromophore complex of C-1027 has been
constructed by docking the apoprotein (Apo-C1027) and the chromophore (C1027-Chr). The
model of the apoprotein—chromophore complex also suggests the most probable stereochemistry
of the chromophore (8R,95,13R,17R), specific interactions between Apo-C1027 and C1027-Chr,
and the origin of the stabilization of the chromophore by the apoprotein. The acetylenic bond
of C1027-Chr appears to be stabilized by (1) hydrophobic interactions with the bottom of the
pocket of Apo-C1027, (2) orbital interaction with Cys36-Cys45 disulfide bond, (3) van der Waals
contact with Pro76, and (4) 7—x stacking with the benzene moiety of the chromophore. In
this model, molecular dynamics (MD) simulation of the chromophore indicates that the acetylene
bond distance (C2—C7) of the apoprotein-bound chromophore is longer than that of the unbound

chromophore.

Introduction

A new antitumor antibiotic C-1027, isolated from a
culture filtrate of Streptomyces globisporus C-1027,
shows extremely potent antineoplastic activity against
some cultured human cancer cells,! and its biological
activity has been associated with its ability to cause
strong DNA cleavage.? The antibiotic is composed of
an apoprotein (Apo-C1027) and an associated non-
protein chromophore (C1027-Chr).2 The apoprotein is
a single polypeptide chain of 110 amino acid residues
cross-linked by two disulfide bonds (Figure 1),% and the
homology of the amino acid sequences between C-1027
and actinoxanthin is approximately 93%. The chro-
mophore is extremely unstable in the protein-free state.’
The chemical structure of C1027-Chr except for the
absolute stereochemistry of C8, C9, C13, and C17 was
recently determined (Figure 2).6 This novel chro-
mophore containing a 9-membered enediyne core is
responsible for the DNA cleavage reaction of C-1027.2
The Apo-C1027 plays an important role to stabilize its
labile C1027-Chr.” Indeed, C-1027 belongs to a chro-
moprotein family which includes actinoxanthin (AXN),8
auromomycin (AUR),° neocarzinostatin (NCS),1® and
kedarcidin. ! Very recently, the crystal structure of NCS
apoprotein—chromophore complex was published.1% The
chromophore—apoprotein interaction mode of C-1027
will be distinct from that seen in NCS, however, because
there are significant differences in the chemical strue-
tures of the chromophore and in the primary structures
(47% homology) of the apoprotein between C-1027 and
NCS.

Experimental studies of C-1027 are more difficult
than those of NCS because of intense lability of C1027-
Chr. Therefore, no information about three-dimensional
(3D) structure of C-1027 have been reported to date. In
such a situation, we investigated 3D interactions be-
tween C1027-Chr and Apo-C1027 by calculating van der
Waals and electrostatic potential energies, based on the
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following principles.}2 A guest molecule and binding site
of the host form a stable complex when the total
interaction energy is lower than the sum of the molecu-
lar energies of each isolated component. In other words,
two molecules must geometrically provide complemen-
tary surfaces to each other in the binding orientation,
and when the energy of interaction is minimiized, local
regional intermolecular forces are also complementary.
The modeled complex provides insights into the specific
interaction between C1027-Chr and Apo-C1027 that are
unique to this complex and also suggests mechanistic
aspects for the stabilization of C1027-Chr by Apo-C1027.

Methods and Results

Modeling of C-1027 Apoprotein. By using Poly-
gen’s QUANTA/CHARMm13 software, a model for the
3D structure of Apo-C1027 was obtained in the following
manner. Into the atomic coordinates of AXN deposited
in the Brookhaven protein data bank,”4 the side chains
for seven amino acid residues were replaced and two
amino acids were inserted by the Protein Design mod-
ule. The main chain atom coordinate of the loop
containing the inserted residues was copied from the
NCS X-ray structure.!% To avoid the generation of an
excessive compact structure by energy minimization, the
steepest descent method!® was used. The preliminary
structure was optimized until an RMS gradient force
of less than 0.1 kcal/(moVA) was reached. The refined
Apo-C1027 model ws remarkably similar to the struc-
ture of Apo-AXN as expected from its high homology
(93%).

The 3D structure of Apo-C1027 consisted of two
structural units of different size which form the chro-
mophore binding pocket (Figure 3). A large, flattened
cylinder-shape unit contains two groups of antiparallel
B-sheets. The external group is composed of three
B-strands, S1 (Serd-Pro8), S2 (Ser17-Val22), and S5
(Phe63-Arg68). The internal group forms the floor of
the pocket and is composed of four strands, S3 (Thr30-
Val39), S4 (Ser52-Asp56), S6 (Asn92-Asn97), and S7
(His104-Alal06). On the other hand, a small unit of
three antiparallel 3-strands makes up the sides of the
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NCS  Ala-
C1027

- Thr - Ala - Thr- Val-Thr-Pro-

| Ala~Pro - Ala+ Phe - Ser - Val - Ser - Pro - Ala - Ser - Gly | Leu 1 Ser - Asp - Gly - Gin.- Ser - Val - Ser 1
AXN Ala - Pro - Ala - Phe - Ser - Val - Ser - Pro - Ala - Ser - Gly|- Ala |- Ser - Asp - Gly - Gin - Ser - Val - Se]
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110 ‘a. a. residues
108 a. a. residues

Figure 1. Amino acid sequences of apoproteins of C1027, NCS, and AXN. Homology alignment between Apo-C1027 and Apo-
AXN is indicated by a box. The lines of Cys-Cys show the disulfide bond common in three apoproteins.
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Figure 2. Chemical structure of the C-1027 chromophore
(C1027-Chr). The stereochemistry shown is predicted from
this study.

pocket, s1 (Cys36-Pro47), s2 (Ser70-Ser74), and s3
(Gly82-Asp85). The pocket is lined with amino acid
residues of Tyr32-Ser52, Thr72-Pro80, and Ala89-
Alal06 (Figures 4 and 5), which can interact with
C1027-Chr. It is important to note that five (Thr72,
Ser74, Glu77, Ala89, and Asp101) residues of the seven
replacements are among the amino acid residues form-
ing the pocket. The five residues are characteristic of
Apo-C1027 and hence may play an essential role for the
binding specificity of its chromophore. Hydrophobic
amino acid residues, Ile33-Ala34, Leu93-Gly96, and
Leul02-Gly103, located in the bottom of this pocket,
probably take part in hydrophobic interactions with
C1027-Chr (Figures 4 and 5).7

Modeling of C-1027 Chromophore. C1027-Chr
possesses a macrocyclic structure which consists of a
9-membered 1,5-diyn-3-ene core and a 16-membered
cyclic bridge, together with benzoxazine and amino
sugar moieties as side chains (Figure 2).56 However,
its absolute stereochemistry except for that of the amino
sugar moiety®® and the apoprotein-bound conformation
of C1027-Chr have not been determined. In order to
decrease the complexity of the conformational search,

Small unit

External group

Figure 3. Ribbon presentation of Apo-C1027. The letters
(S3,54,56,57) and (S1,52,55) surrounded by squares and
circles show internal sheet and external sheet, respectively.
The other sheets constitue the small unit.

the chromophore was first divided into the macrocyclic
enediyne core 1, substituent 2 (the benzoxazine), and
substituent 3 (the amino sugar), and then the conforma-
tion of each fragment was investigated.

The two substituents, 2 (C12”-OH) and 3 (C1’-OH)
(Figure 2), were constructed by the 3D construction tool
of QUANTA.® These models were minimized to an RMS
gradient force of <0.001 with the steepest descent
method followed by ABNR (Adopted-Basis Newton-
Raphson) methods.!* On the other hand, the enediyne
core 1 (1:C9-OH, C13-OH) has four asymmetric centers
of unknown absolute stereochemistry at C8, C9, C13,
and C17. The relative stereochemistry at C8 and C9
was reported as trans by the NMR data.®2 The macro-
cyclic structure produces two planes of asymmetry, i.e.,
one for the benzene ring and another for the 9-mem-
bered enediyne moiety. The stereochemistry of C8
dominates the rotation of the chiral enediyne plane
around the C4—C3 axis. We chose two stereoisomers
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Figure 4. Stereoview of binding pocket of Apo-C1027 for C1027-Chr. One letter codes indicate the residues forming the hydrophobic

bottom.

Figure 5. Stereoview of binding pocket of Apo-C1027 for C1027-Chr. This point of view differs from that of Figure 4.

among the all possible 32 (=2%) isomers as follows.
Since the conformation of the macrocyclic core 1 ap-
peared to be influenced significantly by altering the
stereochemistry of C8 and C9, we decided to examine
the two stereoisomers concerning C8 and C9 (8R,9S and
8S,9R), and the stereochemistry of C13 and C17 was
tentatively fixed as 13R,17R for the initial calculation.
Since the labile enediyne moiety of the chromophore is
stabilized by the apoprotein, the adequate conformation
of the enediyne core 1 in the pocket must have the
lowest energy.!® In order to overcome the local minima
problem in locating the lowest energy conformation, the
simulated annealingl? tool, Grid Scan Search, in
QUANTA was used. This is the full conformational
search tool of C1027-Chr that generates 1296 (=64)
conformers by the rotation of the bonds C4—C13,
C14—0, C15—C16, and C21—0 in 60° intervals using
CHARMm parameters. Through this search, the most
stable conformer was selected among several ones. In
the insertion of these two steeocisomeric enediyne core
1 models into the pocket of the apoprotein, favored
configuration at C8, C9, C13, and C17 and the asym-
metry of the benzene ring plane were searched by
considering contacts between the enediyne core 1 and
the amino acid residues of Apo-C1027 as described in
the following sections. Finally, the substituents 2 and

3 were connected to the enediyne core 1 in the pocket
of C1027-Chr by exploration of their favored binding
sites and orientations.

Binding-Site Exploration. In order to search the
favored binding site for C1027-Chr in the pocket of Apo-
C1027, van der Waals and electrostatic potential ener-
gies were computed by Probe Interaction Calculation
in QUANTA on an IRIS 4D/35TG graphic workstation.
The switch function was used in this calculation for the
van der Waals and electrostatic interactions between
11.0 and 14.0 A with a 15.0-A cut list. The carbon atom
of C11 (or C12) and the chloro group of the core 1, and
also the ring oxygen, the ring nitrogen, and the meth-
oxyl carbon atoms in the substituent 2 were seleted as
probes to search the potential enviroment in the pocket.
No atoms of the amino sugar were selected, because the
amino sugar of C1027-Chr is not expected to interact
with Apo-C1027 just as that of NCS-Chr located out of
the pocket.1%»18 The atomic charges of C11 or C12
carbon, the chlorine, the ring oxygen, the ring nitrogen,
and the methoxyl carbon screened to 0, —0.2, —0.37,
—0.35, and +0.15, respectively. This calculation gave
the empirical energy (the sum of both van der Waals
and electrostatic energies) between the probes and the
Apo-C1027 pocket. The lowest energy, attractive, re-
gions of the probes in the pocket were displayed as
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Table 1. Favored Binding Sites and Empirical Energy Values
for Each Probe Atom of C1027-Chr

energy residues (forming
probe (kcal/mol) favored binding sites)
Core 1
Cllor C12 -3 Asn46 Pro47 Pro76 Glu77
-3 Ala34 Leu93 Gly94
chloro group 42 Tyr32 Ala34 Ala50 Gly94

Substituent 2

ring oxygen 35 Asn92 His104 Vall05 Alal06

ring nitrogen 35 Asn92 His104 Vall05 Alal06

methoxyl carbon —-28 Cys36 Asp43 Asn92 His104
-28 Gly94 Ala95 Asp101 His104

energy contours maps, e.g., the pink brick regions in
Figure 6a. Table 1 summarizes the obtained lowest
empirical energy values for each probe atom of C1027-
Chr, together with the favored binding residues. For
example, the chloro group of the core 1 was placed near
the phenolic alcohol of the core 1 situated out of the
hydrophobic pocket. The rotating angle of the chiral
plane of the benzene ring was thus optimized. The ring
oxygen and nitrogen atoms of the substituent 2 are able
to form hydrogen bonds with Asn92 and His104 resi-
dues. The C11 (or C12) and methoxyl carbon atoms
presented two possible binding sites. These more favor-
able sites, (Asn46 Pro47 Pro76 Glu77) for C11 (or C12)
and (Gly94 Ala95 Aspl01 His104) for the methoxyl
carbon, were determined by electrostatic potential field
calculation as follows.

In order to clarify the orientations of the fragments 1
and 2 in the pocket, the electrostatic potentials (maxi-
mum 16.78 kcal/mol; minimum —45.42 kcal/mol) at van
der Waals surface of the Apo-C1027 pocket were calcu-
lated by using Solvent Surface Calculation in QUANTA.
The electron distribution used in this calculation was
obtained by CHARMm empirical calculation. The ob-
tained potential field gave a clear picture for the
distribution of molecular electrostatic potential of Apo-
C1027 pocket (Figure 6a). The binding pocket consisted
mainly of a negative potential region (n3) and a positive
potential region (p3). Outside these regions, there were
a small positive potential region (p4) formed by Asn92,
Vall05, and Alal06, and a small negative potential
region (n4) formed by Pro76 and Glu77. In a similar
manner, electrostatic potential surfaces of the macro-
cyclic enediyne core 1 nd the substituent 2 were
estimated (Figure 6b). The core 1 and the substituent
2 showed the potential values of maximum 18.97 and
minimum —19.47 kcal/mol, and maximum 14.75 and
minimum —11.40 kcal/mol, respectively. The substitu-
ent 2 was divided into positive (p2) and negative (n2)
potential regions by a imaginary plane that is perpen-
dicular to the benzoxazine ring and crosses C5” and
C12”. The core 1 was also separated into positive (pl)
and negative (nl) potential regions by a imaginary plane
that is nearly perpendicular to 16-membered ring and
contains C13 and C18. As to binding of two molecules,
the electrostatic potential pattern of the interfacial
surface should ideally be complementary with adjacent
areas of positive and negative potential, reflecting an
attractive electrostatic forces. Therefore, the pattern
matching of the electrostatic fields of the binding
surfaces of the two molecules, Apo-C1027 and the
chromophore, was investigated from the favored binding
residues in the previous calculation. The positive (p2)
and the negative (n2) potential regions of the substitu-

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 15 2269

ent 2 corresponded well to the negative (n3) and the
small positive (p4) potential regions of the Apo-C1027
pocket. In addition, the positive (p1) and the negative
(nl) potential regions of the core 1 matched the negative
(n3) and the positive (p3) regions of the pocket.

Model Building of C-1027 Apoprotein—Chro-
mophore Complex. On the basis of the above-
mentioned results, the enediyne core 1 and the substit-
uent 2 of C1027-Chr docked into the protein. In the
course of locating the enediyne core 1 in the pocket, the
stereochemistries of C8, C9, C13, and C17 and rota-
tional asymmetry of the benzene plane were defined as
follows. Two stereoisomers of the core 1 (8R,9S and
8S5,9R) were respectively located in the pocket. The
88,9R isomer points the hydroxyl group at C9, which
has to hold the amino sugar 3 toward the bottom of the
pocket (8S9R isomer). Namely, there was no space to
accommodate the amino sugar moiety 3. Only in the
case of the 8R,9S isomer could an agreeable orientation
of the C9 hydroxyl be obtained. By considering the
spatial relationship of the core 1 and the substituent 2,
the stereochemistry at C13 was defined as R. The
amino group on the C17 was pointed outward to avoid
a bad contact with the apoprotein, and hence the
configuration of C17 was determined as R. Therefore,
the most probable stereochemistry of C1027-Chr was
deduced to be 8R,98,13R,17R. The rotational geometry
of the benzene ring plane was obtained so as to make
the hydrophilic phenolic hydroxyl group away from the
pocket as described in the previous section.

The connective operation of the enediyne core 1 with
the substituent 2 was determined by placing the two
fragments in positions where the interaction energy
between fragments 1 and 2 and the apoprotein became
as small as possible by using the continuous energy
facility in QUANTA. The enediyne core 1 and the
substituent 2 were successively connected in the pocket.
The substituent 3, just as the amino sugar of NCS,10b,18
is situated out of the pocket of Apo-C1027. After the
connection to the core 1 in the pocket, the substituent
3 was located at an appropriate position by using the
Spin tool in QUANTA. This tool was used to automati-
cally rotate the bonds, C9—0 and O—C1’, to search for
a conformation in which the amino sugar contacts
against the core 1 and the apoprotein were minimized.
The unrefined chromophore structure had a few im-
proper bond lengths and bond angles at the connecting
site. The whole structure of C-1027 including the
apoprotein and the unrefined chromophore was then
subjected to minimization by CHARMm until the RMS
gradient force became less than 0.1 kecal/(moV/A) using
the steepest descent method followed by the conjugate
gradient method. Main chain atomic coordinates of the
apoprotein in the optimized complex retained their
original positions for the most part and only the
conformations of several side chains in the binding site
underwent any significate changed. The conformation
of the chromophore also changed slightly. Figures 7 and
8 show the refined structure for the chromophore—
apoprotein complex of C-1027.

Molecular Dynamics of Apoprotein-Free Chro-
mophore. In order to compare the conformation of
C1027-Chr in the bound and unbound states, the
behavior of the chromophore was simulated using
CHARMm molecular dynamics (MD). The conformation
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Table 2. Characteristic Interatomic Distance between the
Chromophore and the Apoprotein in the C-1027 Complex Model

distance
chromophore apoprotein (A)
Core 1
C2 Pro76 Ca 3.419
Cys45 Sy 3.839
C3 Pro76 Cy 3.453
Cys45 Sy 3.669
Cé Cys36 Sy 3.066
Cys45 Sy 3.509
Cc7 Ala34 CS 3.237
Cys36 Sy 3.853
hydrogen of amino group Tyr32 O(—H) 3.075
Asp101 06 4.925
chlorine Ile33 Ca 3.876
center of endiyne-moiety plane benzene ring® 3.916

Substituent 2
Asn92H(—N¢) 2.966
His104H(—Nw) 2.942

oxygen of C3"—0

C2"=0 Pro38 CS 3.228

Asn92 H(—N©¢) 3.285
hydrogen of methoxyl group Gly94Ca 3.490
carbon of N1”"—H Asp43046 2.784

Substituent 3
nitrogen of dimethylamino group  Glu77 Oe 7.775

@ Distance between the centers of the endiyne-moiety plane and
the benzene ring of C1027-Chr.

of the chromophore taken from the apoprotein—complex
was used as the starting structure of MD simulation.
The following CHARMm detailed dynamics simulation
was performed throughout this study. In a 3.0-ps
heating phase, the temperature was raised to 300 K in
steps of 0.05 ps. This was followed by an equilibration
phase in which the velocities were allowed to rescale
over the next 7.0 ps in steps of 0.05 ps to stabilize the
system within 300 = 10 K. The simulation phase was
continued for another 20 ps where the velocities were
allowed to rescale every 0.05 ps. Nonbonded inter-
actions (van der Waals and electrostatic interactions)
were computed with a switch truncation between 11.0
and 14.0 A with a cutoff distance of 15.0 A. Figure 9
shows a plot of the interatomic distance for the Bergman
reaction centers as a function of the simulation time.
The MD simulation yielded an average distance of 3.10
A between the reactive centers, C2—C7. The distance
was evidently shorter than that of the apoprotein-bound
chromophore (3.16 A).19

Discussion

Interaction between Chromophore and Apo-
protein. Table 2 shows the characteristic contacts
between amino acid residues of the protein and func-
tional groups of the chromophore. The benzoxazine
moiety 2 is located in a deep pocket consisting of Pro38,
Asp43, Asn92, Gly94, and His104 (Figures 7 and 8).
Hydrogen bonds mainly contribute to these interactions.
The ring oxygen atom (C3”-O) of the substituent 2 forms
a hydrogen bond with His104 and Asn92 side chains.
The H(—N1”) atom and the O(=C2") atom are also close
to the oxygen atom of Asp43 side chain and the
hydrogen atom of Asn92 side chain, respectively, and
are capable of forming hydrogen bonds. The methoxyl
groups is in van der Waals contact with the a-carbon
atom of Gly94, suggesting that the hydrogen bonds
formed by the benzoxazine moiety 2 play an important
role for complex formation of C1027-Chr and Apo-C1027.
In addition, the release of C1027-Chr from Apo-C1027
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is predicted to depend on pH analogous to the release
of NCS-Chr from Apo-NCS.20

Of special interest is the fact that the enediyne core
1 enjoys a good fit in the center of the pocket. The
carbon atom of C7 and the chlorine atom are located in
the vicinity of Ala34 and Ile 33 residue. The enediyne
and benzene moieties are likely to face down toward the
hydrophobic bottom of the pocket. Presumably, these
moieties of the core 1 form hydrophobic interactions
with the hydrophobic bottom of the pocket. Indeed,
C1027-Chr is extractable from Apo-C1027 by organic
solvents.> In addition to such hydrophobic interactions,
the benzene moiety also forms an aromatic stacking
interaction with Tyr32 residue, shown by the distance
of 3.916 A between benzene rings of the core 1 and
Tyr32.7 The C6—C7 acetylenic bond of the core 1 is
situate in van der Waals contact with the sulfur atoms
of Cys36-Cys45. This disulfide bond probably contrib-
utes to stabilize the acetylenic bond of C1027-Chr.” The
5-membered ring of Pro76 surrounds the other side of
the enediyne core and is in van der Waals contact with
the C2—C3 acetylenic bond. An additional salt bridge
interaction is observed between the protonated amino
group (C17-NHy) of the chromophore and the oxygen
atoms of Asp101 and Tyr32. The amino sugar moiety 3
shows no clear interactions with the apoprotein except
for the dimethylamino group (C4’-N(CHj3)2). The pro-
tonated dimethylamine group can form a salt bridge
with the carboxylate group of Glu77. The hydrophilic
amino sugar may contribute to the chromophore—DNA
binding rather than apoprotein binding and also may
play an essential role as a trigger for release of the
chromophore from the apoprotein to DNA. In summary,
the core 1 appears to provide a driving force to insert
the chromophore into the apoprotein and to release the
chromophore from the apoprotein. The benzoxazine
moiety 2 contributes to formation and stabilization of
the chromophore—apoprotein complex mainly through
hydrogen bonds. The amino sugar moiety 3 may play
a part as a trigger for the transfer of the chromophore
from the apoprotein to DNA.

Previously, we observed that C-1027 is much more
reactive in the presence of DNA than in the absence of
DNA.2 On the basis of these observations, we propose
a mechanism of C1027-Chr release from Apo-C1027 on
DNA binding and cleavage in vitro. When DNA ap-
proaches to holo-C1027 (complexed form) in which the
chromophore is stabilized by hydrogen bonds and hy-
drophobic interactions, the hydrophilic amino sugar first
interacts to DNA. Next, the regular hydration core of
the DNA?2! changes the structure of water on the
peripheral part of the pocket, and this affects the
structural situation of the apoprotein pocket. The
alterations of the hydrophobic surroundings and the
local pH in the pocket lead to release of the chromophore
from the apoprotein. Since the chromophores of NCS622
and kedarcidin,! as well as C1027-Chr, have amino
sugars, the same mechanism for the chromophore
release may be common to the chromoprotein family. A
specific interaction between C-1027 and DNA is now
under investigation.

Stabilization of Chromophore by Apoprotein.
On the basis of the C2—C7 distance from the MD
simulation it is predicted that the chromophore should
be more stable in the apoprotein complex when free in
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Figure 6. (a) Molecular electrostatic potential at van der Waals surface of binding pocket of Apo-C1027 and the faborable sites
of the methoxyl carbon of C1027-Chr. The potential values are represented by colors, stepwise, from red (maximum 16.78 kecal/
mol) to blue (minimum —45.42 kcal/mol). This pocket contains mainly two positive regions (p3, p4) and two negative regions (n3,
n4). The orientation of the binding pocket is the same as that of Figure 4. The pink arrows show the pink brick regions, the
favored binding sites of the methoxyl carbon atom. (b) Molecular electrostatic potential at van der Waals surface of the core 1
(bottom) and the substituent 2 (top). The potential values of the core 1 and the substituent 2 are represented by colors, stepwise,
from red (maximum 18.97 and 14.75 kcal/mol) to blue (minimum —19.47 and —11.40 kcal/mol). Both molecules contain positive
(p1, p2) and negative (nl, n2) regions, respectively.

Figure 7. Stereoview of binding site in apoprotein—chromophore complex of C-1027. C1027-Chr and Apo-C1027 are shown in
red and blue, respectively. The orientation of the apoprotein is the same as that of Figure 4.

solution, consistent with the fact that C-1027 plays an suggests that the remarkable stabilization of the apo-
important role to stabilize the chromophore.” The model protein-bound chromophore may be due to the following
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Figure 8. Stereoview of whole structure in apoprotein-chromophore complex of C-1027. C1027-Chr and Apo-C1027 are shown
in red and blue, respectively. The orientation of the apoprotein is the same as that of Figure 5.
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Figure 9. Plot of interatomic distance for Bergman reaction

centers (C2—C7) as a function of the simulation time for
C1027-Chr.

interactions (Figures 10 and 11): (1) The hydrophobic
interactions between the enediyne moiety and the
bottom of the pocket of Apo-C1027,” (2) The C6—C7
acetylenic bond of the core 1 is located on the disulfide
bond (Cys36-Cys45),” which probably stabilizes the
acetylenic system of C1027-Chr through their orbital
HOMO (the enediyne z-system)—LUMO (disulfide ¢*
or vacant d orbital) interaction,!®® (3) The 5-membered
ring of Pro76 is in van der Waals contact with the other
acetylenic bond (C2—C3), and (4) The enediyne plane
formed by the acetylenic bonds of C2—C3 and C6—C7
is approximately parallel to the intramolecular benzene
ring plane, and hence 7z—x stacking interaction is
expected between both the planes.

In conclusion, the most probable stereochemistry of
C1027-Chr is 8R,95,13R,17R. The rotational geometry
of the benzene ring plane makes the hydrophilic phe-
nolic hydroxyl group away from the hydrophobic pocket.
The amino group on the C17 is pointed outward to avoid

Asn92
\‘2.5?
3.28 ,.

Pro38 A
2.78

Asp43 A S
| Coret )
\\-\._ “/

Figure 10. Specific interaction of benzoxazine moiety 2 of
C1027-Chr with characteristic residues of Apo-C1027. The
dashed line shows hydrogen bond and the number of the line
presents its interatomic distance (A). Large and small closed
circles indicate oxygen and carbon (or nitrogen) atoms, respec-

tively.
i ?m/

Figure 11. Specific interaction of endiyne core 1 of C1027-
Chr with amino acid residues of Apo-C1027. The dashed line
shows the important interaction of the core 1 and the number
on the line presents its interatomic distance (A). Large and
small closed circles indicate oxygen and carbon (or nitrogen)
atoms, respectively.

Cys36 Ala34

a bad contact with apoprotein. The acetylene bond
distance (C2—C7) differs between C-1027 and C1027-
Chr. The present study provides valuable information
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for specific interactions of the apoprotein with the
chromophore in C-1027 antitumor antibiotic.
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