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Molecular recognition in neocarzinostatin
complex: how does the apoprotein bind
specifically and stabilize the chromophore?

Masahiro Hirama and Toshiyuki Tanaka

Department of Chemistry, Faculty of Science, Tohoku University, Sendai 980, Japan.

The chromophore-binding structure of the neocarzinostatin complex has been
determined by two-dimensional proton nuclear magnetic resonance method, and
reveals the elements of the specific binding and the stabilization interactions of the
unstable dienediyne chromophore (1) with the apoprotein.

INTRODUCTION

The extremely potent enediyne anticancer antibiotics possess unprecedented and highly unusual structures as
well as intriguing modes of action (ref. 1). These molecules have elicited extensive research in the frontiers
of chemistry, biology, and medicine (refs. 1 & 2). They exert their biological actions mainly by virtue of
their common abilities to generate carbon-diradicals upon suitable activation, leading to DNA cleavage.
Some are very labile and yet are substantially stabilized by noncovalent complexation with a specific protein
secreted simultaneously. These so-called chromoprotein antibiotics include neocarzinostatin (NCS) (ref. 3),
auromomycin (AUR) (ref. 4), actinoxanthin (AXN) (ref. 5), C-1027 (ref. 6), and kedarcidin (ref. 7).
Neither the tertiary structures of these chromophore-apoprotein complexes nor the stabilization interactions
preventing the chromophore from decomposing have been determined, although this information is of great
interest in connection with molecular recognition and protein function (refs. 8-12).
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THREE-DIMENSIONAL STRUCTURE OF NEOCARZINOSTATIN (NCS)

NCS is a 1:1 complex of a nonprotein chromophore (NCS-chr, 1) (ref. 13) and an apoprotein (apo-
NCS, 113 amino acids) (ref. 14) isolated from the culture filtrates of Streptomyces carzinostaticus var. F-
41 (ref. 3). NCS-chr is very labile to heat, light and pH above 6, but is stabilized substantially by the
specific (ref. 15) and tight (ref. 16) binding to apo-NCS. Although the three-dimensional structure of NCS
has been studied by X-ray crystallographic analysis at a resolution of 3.5 A (ref. 8), the precise binding
structure has not been defined because of the instability of NCS-chr. Several groups have recently reported
the results of nuclear magnetic resonance (NMR) studies on free apo-NCS (refs. 9 & 10). Knowledge
concerning all other chromoprotein antibiotics is at a similar status. We previously predicted the three-
dimensional structures of apo-NCS and the complex by computer modeling based on the known X-ray
crystallographic structure of AXN apoprotein, which shows high sequence-homology (ref. 17). Its binding
orientation, however, differed from that which had been deduced semiempirically from the above AXN-
derived apo-NCS structure and the preliminary intermolecular proton nuclear Overhauser effect (NOE) data
between NCS-chr and apo-NCS (ref. 18). Here we report the fully NMR-derived three-dimensional
structure of the NCS complex. This is the first time that the chromophore-binding structure has been
determined in a member of the chromoprotein antibiotic family.

NMR measurements and distance geometry calculation
Homonuclear two-dimensional nuclear Overhauser effect spectroscopy (NOESY) experiments based on

straightforward resonance assignments (refs. 18 & 19) produced 934 interproton distance restraints: 849 for
apo-NCS, 24 for NCS-chr, and 61 intermolecular restraints between apo-NCS and NCS-chr (ref. 20).

Sixty-five torsion angle constraints composed of 55 ¢, 3 y, and 7 1 restraints, 6 constraints for 2 disulfide
bridges, and 68 constraints for 34 backbone NH-CO hydrogen bonds (ref. 21) were also used as
supplement data for calculation. The three-dimensional structure of the NCS complex was calculated in two
steps. The structure of the apo-NCS portion was computed first using the DADAS90 program (MolSkop®
system; JEOL Ltd., Akishima, Japan) (ref. 22) on a TITAN 750 computer and the constraints for apo-NCS.
Starting with 100 randomly generated structures, 15 final structures with the lowest target function values
were obtained. The average of the root-mean-square deviations (RMSDs) of the heavy backbone atoms for
all possible pairs among the 15 structures is 0.60 + 0.18 A. None of the structures have NOE violations
over 0.42 A or van der Waals distance violations larger than 0.40 A. The DGEOM (E. L. du Pont de
Nemours and Co., Wilmington, Delaware) calculation (ref. 23) was then performed to elucidate the
complete structure of the NCS complex on a Power IRIS computer; Ten initial complex structures were
generated by docking NCS-chr onto the best DADAS90 structure with the smallest sum of NOE and van der
Waals violations (14.0 A) so as to minimize the violation of the intermolecular NOE distance constraints as
less as possible. The subsequent minimization of these initial structures was performed with the DGEOM
program to satisfy all the constraints. The average of all 45 pairwise RMSD values of the heavy backbone
atoms among the 10 refined structures is 0.30 £ 0.06 A, and none have NOE and van der Waals distance
violations larger than 0.32 A.

Three-dimensional re of apo-NCS

The apo-NCS portion consists of three antiparallel B-sheet domains, an external three-stranded B-sheet
(residues 5-8; 18-24; 62-68), an internal four-stranded B-sheet (residues 44-47, 53-56; 31-40; 93-97; 107-
109), and a small two-stranded B-sheet (residues 72-76; 82-87) (ref. 18). The seven P-strands of the
external and internal B-sheets form a B barrel (Fig. 1). The folding is identical to that of free apo-NCS
(refs. 8 & 9) and very similar to those reported for the related protein antibiotics, AUR (ref. 11), AXN (ref.
12), and C-1027 (ref. 24). The internal B-sheet and loops (residues 77-80; 99-102) form a hydrophobic

cleft with approximate dimensions of 12 x 9 x 9 A. This cleft is the binding site of NCS-chr based on the
intermolecular NOEs with NCS-chr (ref. 18). The architecture of this cleft is characterized by three features

(Fig. 2): First, the bottom of the cleft is formed primarily by the main chains of three strands, Val34-Gly35-
Gln36, Leu97-Gly9%6-Val9, and Gly107-vall08, Second, the cleft contains a Cys37-Cys#7 disulfide bridge.
Third, the side chains of Trp39, Leu#5, Phe52 Phe8 and GIn%4 are aligned to form a hydrophobic wall,
while Ser54, Asp33, and Ser®8 form a hydrophilic small wall.

Chromophore binding structure of NCS complex and elements of the specific binding
The holoprotein structure with the smallest violation is shown in Fig. 3. Apo-NCS accepts the naphthoate

moiety deeply into the cleft. The C5"-C7" site of the naphthoate is in close proximity to the bottom of the
cleft where the backbones of three strands are exposed. The carbocyclic core is located on the Cys37-Cys47
disulfide bridge, and the aminosugar and the carbonate groups are facing outwards. No aromatic stacking
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Fig. 1. Motif of apo-NCS tertiary structure. Fig. 2. Schematic drawing of the residues of the
hydrophobic cleft of apo-NCS.
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Fig. 3. Stereoview of the binding site of the NCS complex.
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interaction with the naphthalene ring, such as that predicted by computer modeling (ref. 17) are observed.
Instead, several other principal interactions are indicated (Fig. 3). The oxygen atoms of C7"-O and C2"-O
of the naphthoate are close enough to OYH of Ser%8 and NetH of Trp39, respectively, to produce a
hydrogen bond. The upfield shift of the C7"-OCHj3 resonance by 1 ppm upon binding to apo-NCS is most
likely due to the diamagnetic anisotropy of the nearby aromatic ring of Phe32, which supports a possible
CH-r interaction (ref. 25). The CH---O type hydrogen bonding (ref. 26) is likely between C6"-H and the
backbone carbonyl of Gly%6, The C5"-methyl is approximately in van der Waals contact with the B-
methylene of GIn94. On the other hand, the C2-C3 triple bond of the core is just above the sulfur atom of
Cys47 (refs. 17 & 18), and its side is covered perpendicularly by the aromatic ring of Phe32. The aromatic
ring of Phe’8 is covering the other side of the core, in van der Waals contact with the C6-C7 triple bond.
One of the Leu#5 methyls is close to the C8-C9 double bond of the core. The core epoxide is facing down
towards the bottom of the cleft. Another key interaction is the salt bridge between the protonated 2'-
NHCHj of the aminosugar and the Asp33 carboxylate. The carbonate carbonyl group appears to interact
with the hydroxyl of Ser33 by hydrogen bonding. The lack of the conservation of the above residues,
except Gly%6, Cys37, and Cys47, in the related chromoproteins, AUR (ref. 4) AXN (ref. 5) and C-1027
(ref. 6), indicates that these residues are crucial for chromophore binding specificity (refs. 11 & 15).

Role of the naphthoate moiety of NCS-chr. Since the naphthoate group of NCS-chr (1) is located most
deeply in the cleft, it may be essential for specific and strong binding. This is consistent with the binding of

B-naphthol (ref. 16) and a synthetic compound (2) (ref. 27) to apo-NCS. Naphthoate's role is also
supported by the NCS-chr analogue (3), which exhibits antitumor and DNA-cleaving activities only when
incubated with apo-NCS solution (ref. 28).

Conformation of NCS-chr. The conformation of NCS-chr (1) in the complex shows some interesting
features. The sugar portion hangs over the S-membered ring of the core with the hydrophobic side down,
thus satisfying the exo-anomeric effect (ref. 29) (Fig. 3). The aminomethyl group is forced to come closer
to C12 (4.3 A) due to salt bridge with Asp33 compared with the free form (5.4 A) (zef. 30). The naphthoate
stays away from the core to fit the cleft, thus allowing the core to lie on the disulfide bridge, while in the free
form it lies just below the core to become more compact (ref. 30).

Stabilization interactions

A nucleophile (refs. 1 & 13) or radical (ref. 31) addition to C12 of the core, and a concomitant opening
of the epoxide, initiate the cycloaromatization of NCS-chr (1). The side chains of Ser%8, Asp33, and Phe32,
as well as the protonated methylamino group of the aminosugar, cover the reactive center C12 (Fig. 3).
These steric hindrances may be the major stabilizing element of NCS-chr (1). Moreover, facing down
towards the bottom of the cleft protects the epoxide from an acid catalyst. In addition, the core lies on the
disulfide bridge, which might stabilize the strained unsaturated system of NCS-chr (1) (ref. 17) probably

through their orbital HOMO (the dienediyne m-system) - LUMO (disulfide 6* or vacant d orbital)

interaction. Since the disulfide bridge is conserved in all chromoprotein antibiotics (refs. 4-7), such an
interaction with the strained enediyne chromophore (refs. 6 & 7) may be common in this family (ref. 32).

ACKNOWLEDGMENT

We wish to express our sincere thanks to Drs. M. Ishiguro and S. Imajo (Suntory Co. Ltd.) for DGEOM
calculation, and K. Fujita (JEOL Co. Ltd.) for MolSkop® calculation, and for their valuable discussions.
Thanks are also due to Professors N. Ishida (Emeritus Prof. of Tohoku Univ.) for his encouragement. This
work was supported by the Ministry of Education, Science, and Culture, Japan and also by the Mitsubishi,
CIBA-GEIGY, Shorai, TERUMO, Takeda, and Fujisawa Science Foundations.



W

10.

11.
12.

13.
14.
15.
16.

17.
18.

19.
20.

Molecular recognition in neocarzinostatin complex 795

REFERENCES AND NOTES

I. H. Goldberg, Acc. Chem. Res. 24, 191 (1991); K. C. Nicolaou, W. -M. Dai, Angew. Chem. Int.
Ed. Engl. 30, 1387 (1991).

K. C. Nicolaou, W. -M. Dai, S. -C. Tsay, V. A. Estevez, W. Wrasidlo, Science 256, 1172 (1992);
Y. Kohgo, H. Kondo, J. Kato, K. Sasaki, N. Tsushima, T. Nishisato, M. Hirayama, K. Fujikawa,
N. Shintani, Y. Mogi, Y. Niitsu, Jpn. J. Cancer Res. 81, 91 (1990).

N. Ishida, K. Miyazaki, K. Kumagai, M. Rikimaru, J. Antibiot. 18, 68 (1965).

H. Chimura, M. Ishizuka, M. Hamada, S. Hori, K. Kimura, J. Iwanaga, T. Takeuchi, H. Umezawa,
J. Antibiot. 21, 44 (1968); T. S. A. Samy, K. -S. Hahn, E. J. Modest, G. W. Lampman, H. T.
Keutmann, H. Umezawa, W. C. Herlihy, B. W. Gibson, S. A. Carr, K. Biemann, J. Biol. Chem.
258, 183 (1983).

A. S. Khokhlov, B. Z. Cherches, P. D. Reshetov, G. M. Smirnova, I. B, Sorokina, T. A.
Prokoptzeva, T. A. Koloditskaya, V. V. Smirnov, S. M. Navashin, 1. P. Fomina, J. Antibiot. 22, 541
(1969); A. S. Khokhlov, P. D. Reshetov, L. A. Chupova, B. Z. Cherches, L. S. Zhigis, 1. A.
Stoyachenko, J. Antibiot. 29, 1026 (1976).

J. Huy, Y. -C. Xue, M. -Y. Xie, R. Zhang, T. Otani, Y. Minami, Y. Yamada, T. Marunaka, J.
Antibiot. 41, 1575 (1988); T. Otani, Y. Minami, T. Marunaka, R. Zhang, M. -Y. Xie, J. Antibiot. 41,
1580 (1988); T. Otani, T. Yasuhara, Y. Minami, T. Shimazu, R. Zhang, M. -Y. Xie, Agric. Biol.
Chem. 55, 407 (1991); The structure of C-1027 chromophore has recently been determined: K.
Yoshida, Y. Minami, R. Azuma, M. Saeki, T. Otani, Tetrahedron Lett. 34, 2637 (1993).

K. S. Lam, G. A. Hesler, D. R. Gustavson, A. R, Crosswell, J. M. Veitch, S. Forenza, K. Tomita, J.
Antibiot. 44, 472 (1991); S. J. Hofstead, J. A. Matson, A. R. Malacko, H. Marquardt, J. Antibiot.
45, 1250 (1992); J. E. Leet, D. R. Schroeder, S. J. Hofstead, J. Golik, K. L. Colson, S. Huang, S.
E. Klohr, T. W. Doyle, J. A. Matson, J. Am. Chem. Soc. 114, 7946 (1992).

L. C. Sieker, L. H. Jensen, T. S. A. Samy, Biochem. Biophys. Res. Commun. 68, 358 (1976); L. C.
Sieker, thesis, University of Washington (1981). Very recently, the crystal structure of apo-NCS at
1.5 A resolution has been reported: A. Teplyakov, G. Obmolova, K. Wilson, K. Kuromizu, Eur. J.
Biochem. 213, 737 (1993).

M. L. Remerowski, S. J. Glaser, L. C. Sieker, T. S. A. Samy, G. P. Drobny, Biochemistry 29, 8401
(1990); E. Adjadj, J. Mispelter, E. Quiniou, J. -L. Dimicoli, V. Favaudon, J. -M. Lhoste, Eur. J.
Biochem. 190, 263 (1990); X. Gao, W. Burkhart, Biochemistry 30, 7730 (1991); X. Gao, J. Mol.
Biol. 228, 125 (1992); E. Adjadj, E. Quiniou, J. Mispelter, V. Favaudon, J. -M. Lhoste, Eur. J.
Biochem. 203, 505 (1992).

Binding site of NCS has been indicated: H. Takashima, S. Amiya, Y. Kobayashi, J. Biochem. 109,
807 (1991).

P. V. Roey, T. A, Beerman, Proc. Natl. Acad. Sci. USA 86, 6587 (1989).

V. Z. Pletnev, A, P. Kuzin, S. D. Trakhanov, P. V. Kostetsky, Biopolymers 21, 287 (1982); V., Z.
Pletnev, A. P. Kuzin, L. V. Malinina, Sov. J. Bioorg. Chem. 8, 854 (1982).

K. Edo, M. Mizugaki, Y. Koide, H. Seto, K. Furihata, N. Otake, N. Ishida, Tetrahedron Lett. 26,
331 (1985); A. G. Myers, P. J. Proteau, T. M. Handel, J. Am. Chem. Soc. 110, 7212 (1988).

K. Kuromizu, S. Tsunasawa, H. Maeda, O. Abe, F. Sakiyvama, Arch. Biochem. Biophys. 246, 199
(1986); K. Hirayama, T. Ando, R. Takahashi, A, Murai, Bull. Chem. Soc. Jpn. 89, 1371 (1986).

L. S. Kappen, M. A. Napier, 1. H. Goldberg, T. S. A. Samy, Biochemistry 19, 4780 (1980); L. S.
Kappen, 1. H. Goldberg, Biochemistry 19, 4786 (1980).

K. Edo, K. Saito, Y. Akiyama-Murai, M. Mizugaki, Y. Koide, N. Ishida, J. Antibiot. 41, 554
(1988).

M. Ishiguro, S. Imajo, M. Hirama, J. Med. Chem. 34, 2366 (1991).

T. Tanaka, M. Hirama, M. Ueno, S. Imajo, M. Ishiguro, M. Mizugaki, K. Edo, H. Komatsu,
Tetrahedron Lert. 32, 3175 (1991).

T. Tanaka, M. Hirama, K. Fujita, S. Imajo, M. Ishiguro, manuscript in preparation.

Relative peak intensities were evaluated by integrating the volume of cross peaks in NOESY spectra
with a mixing time of 50 ms, which was sufficiently short to avoid significant spin diffusion. Upper
bounds for the sequential and intraresidue restraints were determined by calibrating volumes against

known distances in regular B-sheets, and were divided into three classes. The resulting upper bounds

were 2.5, 2.8, and 3.2 A for constraints among NH, oH, and BH, and 2.5, 3.0, and 4.0 A for the
remaining intraresidue constraints, The upper limit for medium-range and long-range backbone proton
constraints was set at 4.0 A, and that for interresidue NOEs with side chain protons at 5.0 A, regardless
of the peak intensity. The intramolecular constraints in NCS-chr were set at 2.9 and 3.2 A for the
relatively strong and medium NOEs, respectively, while the respective intermolecular constraints were
setat 3.0 and 4.0 A. Upper limits for distances involving methyl and methylene protons were corrected
appropriately for center averaging [K. Wiithrich, M. Billeter, W. Braun, J. Mol. Biol. 169, 949
(1983)). Throughout, the lower bounds were taken as the sum of the van der Waals radii.



796

21,

22,

23.
24,
25.
26.

27.
28.

29.
30.

31.
32.

M. HIRAMA AND T. TANAKA

Restraints on ¢ and %1 were derived from 3Jygng coupling constants and stereospecific assignments of

B-methylene protons, respectively [A. Pardi, M. Billeter, K. Wiithrich, J. Mol. Biol. 180, 741 (1984);
G. Wagner, W. Braun, T. F. Havel, T. Schaumann, N. Go, K. Wiithrich, J. Mol. Biol. 196, 611

(1987)]. Constraints on the torsion angle y were obtained for X-Pro dipeptide segments [A. Arseniev,
P. Schultze, E. Worgotter, W. Braun, G. Wagner, M. Vasdk, J. H. R. Kigi, K. Wiithrich, J. Mol.

Biol. 201, 637 (1988)]. Each disulfide bridge was constrained by three distances: I'sy(i)-sy(j) = 2.04

A TCB(i)-Sy() = 3.05 A, and rCB({z'S ) = 3.05 A. The backbone hydrogen bond constraints were
derived from slowly exchanging acLbone amide resonances and patterns of interstrand backbone-

backbone NOEs within B-sheet regions [K. Wiithrich, NMR of Proteins and Nucleic Acids (Wiley,

New York, 1986)]: INHG)-0() = 1.6 to 2.3 A and Ing)-0) =2.6 t0 3.3 A.

S. Endo, H. Wako, K. Nagayama, N. Go, in Computational Aspects of the Study of Biological
Macromolecules by Nuclear Magnetic Resonance Spectroscopy, J. C. Hoch, F. M. Poulsen, C.
Redfield, Eds. (Plenum Press, New York, 1991), pp. 233-251.

J. M. Blaney, G. M. Crippen, A. Dearing, J. S. Dixon, DGEOM, QCPE#590 (1990).

T. Tanaka, M. Hirama, T. Otani, manuscript in preparation.

M. Nishio, M. Hirota, Tetrahedron 45, 7201 (1989).

K. A. Thomas, G. M. Smith, T. B. Thomas, R. J. Feldmann, Proc. Natl. Acad. Sci. USA 79, 4843
(1982).

K. Takahashi, T. Tanaka, M. Hirama, manuscript in preparation.

M. Hirama, T. Gomibuchi, K. Fujiwara, Y. Sugiura, M. Uesugi, J. Am. Chem. Soc. 113, 9851
(1991).

P. Deslongchamps, Stereoelectronic Effects in Organic Chemistry (Pergamon Press, Oxford, 1983).
The solution structure of free NCS-chr (1) in water was elucidated by DGEOM calculation using 19
useful NOE constraints which were obtained through one-dimensional NOE experiments performed at
-15°C in CD30D/D20 = 2/1 (T. Tanaka, M. Hirama, S. Imajo, M. Ishiguro, manuscript in
preparation).

T. Tanaka, K. Fujiwara, M. Hirama, Tetrahedron Lett. 31, 5947 (1990).

Origin of the photo-lability of NCS-chr (1) and mechanism of its stabilization due to the association to
the apo-NCS have been discussed recently, see: T. Gomibuchi, K. Fujiwara, T. Nehira, M. Hirama,
Tetrahedron Lett., in press.





