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Crystal Structure of Neocarzinostatin, an 
Antitumor Protein-Chromophore Complex 

Kyoung-Hee Kim, Byoung-Mog Kwon, Andrew G. Myers,* 
Douglas C. Rees* 

Structures of the protein-chromophore complex and the apoprotein form of neocarzinosta- 
tin were determined at 1.8 angstrom resolution. Neocarzinostatin is composed of a labile 
chromophore with DNA-cleaving activity and a stabilizing protein. The chromophore dis- 
plays marked nonlinearity of the triple bonds and is bound noncovalently in a pocketformed 
by the two protein domains. The chromophore T-face interacts with the phenyl ring edges 
of Phe5* and Phe78. The amino sugar and carbonate groups of the chromophore are 
solvent exposed, whereas the epoxide, acetylene groups, and carbon C-12, the site of 
nucleophilic thiol addition during chromophore activation, are unexposed. The position of 
the amino group of the chromophore carbohydrate relative to C-12 supports the idea that 
the amino group plays a role in thiol activation. 

Neocarzinostatin (NcS) is a natural chro- 
moprotein antibiotic isolated from Strepto- 
myces carzinostaticus and is composed of a 
113-amino acid protein component (apo- 
NCS) and a labile, nonprotein chro- 
mophore component (NCS-chrom) ( I ) .  A 
potent cytotoxic agent, NCS has undergone 
clinical evaluation for antitumor activity 

(2). In the presence of a thiol cofactor, NCS 
induces cleavage of single- and double- 
stranded DNA both in vivo and in vitro. 
The cleavage activity resides exclusively 
within the chromophore component ( I ) ,  
whose structure (3) (Fig. 1) was shown 
previously to include the epoxybicy- 
clol7.3.0ldodecadienedivne structural ele- ' 

ment. ~nv i t ro ,  NCS-chrom undergoes effi- 
Division of Chemistry and Chemical Engineering, Gal- cient thiol addition to form a highly reac- 
iforn~a Institute of Technology, Pasadena, CA 91 125, tive. carbon-centered biradical. which Dro- - -  - -  

*To whom correspondence should be addressed. vides a potential molecular basis for the 
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antitumor and DNA-cleaving properties of 
NCS (4). 

The apoprotein form avidly binds to and 
greatly stabilizes the labile chromophore; in 
the absence of apo-NCS, the chromophore 
degrades rapidly in aqueous solution (I ) . 
Little is known about the binding of chro- 
mophore to protein, although it is frequent- 
ly conjectured to be noncovalent, and the. 
mechanisms of stabilization and release of 
the chromophore are equally obscure. The 
apoproteins of other chromoprotein anti- 
biotics, including actinoxanthin (ACX) 
and auromomycin [whose apoprotein is 
macromomycin (MCM)], share extensive 
(>55%) sequence similarities to NCS (5- 
7), which is reflected in the similarities of 
the threedimensional structures of these 
apoproteins (8-1 0). Computer modeling 
( I  I )  and nuclear magnetic resonance 
(NMR) studies (12, 13) have also been 
used to derive information on chromophore 
binding to apo-NCS. The chromophore 
components of ACX and MCM appear to 
be distinct from NCS-chrom; available ev- 
idence suggests that each apoprotein main- 
tains specificity for its respective chro- 
mophore. To establish the chromophore 
structure and to characterize the protein- 
chromophore interactions, we determined 
the threedimensional structure of both the 
protein-chromophore complex (holo-NCS) 
and apo-NCS by x-ray crystallography at 
1.8 A resolution. 

The crystal structure analysis of NCS 
encom~assed a combination of multi~le 
isomorphous replacement (MIR) , molecu- 
lar replacement, and noncrystallographic 
symmetry averaging methods (14). The 
quality of the final 2Fo-F, map calculated 
at 1.8 A resolution in the vicinity of the 
chromophore is illustrated (Fig. 2A). 
Somewhat surprisingly, although the initial 
crystallization solution contained a 1 : 1 
complex of NCS protein:chromophore, 
only one of the NCS protein molecules in 
the asymmetric unit (designated by residue 

Fig. 1. Structure of the NCS chromophore. The 
position of carbon (2-12, the site of thiol addition 
during activation of the chromophore, is indi- 
cated. 

numbers prefixed with "B) contained the 
chromophore, while the other NCS protein 
molecule (designated by residue numbers 
with the prefix "A") had a 2-methyl-2,4- 
pentanediol (MPD) molecule in place of 
the chromophore. The apparent dissocia- 
tion of chromophore from about half of the 
NCS molecules in crystals grown from the 
low pH, aqueous MPD solution is consis- 
tent with the known dissociative behavior 
of NCS in acidic, organic media. 

As with the apoprotein structures of 
ACX, MCM, and NCS (%lo), the NCS 
holoprotein consists primarily of P sheets 
organized into two domains, with overall 
dimensions of -20 A by 25 A by 40 A (Fig. 
2B). The larger domain forms a seven- 
stranded antiparallel barrel that contains 
two sheets: an external sheet consisting of 
strands 1, 2, and 5 (residues 4 to 8, 19 to 
24, and 62 to 66, respectively) and an 
internal sheet formed by strands 4, 3, 6, 

Fig. 2. (A) Stereoview of the electron density map (blue) of the region surrounding NCS-chrom (!ed) 
and neighboring protein (white). The map was calculated with 21FoI - IF,I coefficients for data 
between 5 to 1.8 A resolution and contoured at 1 .b. (B) Stereoview of the polypeptide fold of 
holo-NCS. NCS-chrom and cysteine residues are represented by ball-and-stick models. (C) 
Stereoview of the protein environment of NCS-chrom. Residues within 4 A of the NCS-chrom are 
labeled. Both (8) and (C) were drawn with the program SETOR (33). 
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and 7 (residues 53 to 57,30 to 35,94 to 98, 
and 108 to 110, respectively). The topology 
of this NCS domain is similar to that of 
immunoglobulin (Ig) constant domains 
(15), with the notable exception of the 
strand 4 "sheet switching" also observed in 
the topology of the bacterial chaperonin 
PapD, the D2 domain of CD4, a fibronectin 
type 111 domain, and the extracellular do- 
mains of human growth hormone receptor 
(16). Despite the topological similarity of 
the larger domain of NCS with the Ig 
family, this similarity is not detected by a 
profile-based sequence analysis (17). The 
smaller domain consists of two twisted, 
two-stranded, antiparallel p sheets- 
strands 3a and 3b (residues 36 to 40 and 44 
to 48, respectively) and strands 5a and 5b 
(residues 72 to 75 and 84 to 87, respective- 
ly). These two p sheets are almost perpen- 
dicular to each other. There is a short 
segment of jlO helix between residues Pro* 
and PheS2; in contrast, there are no helical 
segments in the structures of MCM or 
ACX. 

The holo-NCS structure is sufficiently 
well defined to establish that the details of 
the chromophore structure, including ste- 
reochemical assignments, are in complete 
agreement with the structure (Fig. 1) that 
was proposed on the basis of synthesis data 
and 'H NMR spectroscopy (3). The epoxy 
nonadiyne ring of the chromophore is es- 
sentially planar, with a root-mean-square 
(rms) deviation of the nine carbon atoms 
from the least squares plane of only 0.06 A. 
The four bond angles of the two 
acetylene groups in the enediyne ring, 
which were not restrained during refine- 
ment, display marked nonlinearity with an 
average value of 161.5" + 1 2". The carbo- 
hydrate residue of the chromophore adopts 
a chair conformation, with the amino group 
oriented above C-12 (the site of nucleo- 
philic thiol addition during activation of 
the chromophore) at a distance (5 A) 
approximating the van der Waals diameter 
of a sulfur atom. This relation supports the 
proposal that the amino group plays a role 
in thiol activation (1 8). 

NCS-chrom is bound in the hydropho- 
bic pocket formed by the internal sheet of 
the larger domain and the smaller domain 
(Fig. 2C). The two T-faces of the nine- 
membered enediyne ring are sandwiched 
between the PheB7' benzene ring on one 
side and the PheB52 benzene ring and the 
disulfide bond Cysm7-Cysw7 on the other. 
The PheBS2 and PheB7' side chains are 
perpendicular to the enediyne ring (Fig. 3), 
which is a favorable orientation often ex- 
hibited by aromatic systems (1 9). The po- 
sitioning of the PheB7' side chain, in par- 
ticular, should stabilize the chromophore by 
precluding attack of nucleophiles at C-12. 
The naphthoate group is at the bottom of 

Fig. 3. Space-filling model illustrating the pack- 
ing of NCSchrom between the side chains of 
Phe52 (bottom) and Phe7a (top). The carbonate, 
amino sugar, naphthoate, and enediyne groups 
of NCS-chrom are to the left, top, right, and 
center of the figure, respectively. This figure 
was prepared with the program MacroModel 
(34), with a coloring scheme of black, white, 
red, and blue for carbon, hydrogen, oxygen, 
and nitrogen atoms, respectively. 

the pocket and forms two distorted intra- 
molecular hydrogen bonds to the protein- 
one between the carbonyl oxygen atom and 
the Oy of S e P ,  and the other between 
the methoxyl oxygen atom and the NH of 
Glym5. There is another hydrogen bond at 
a lattice contact between the naphthoate 
hydroxyl oxygen atom and the NH of 
AlaA1, the amino terminus of the other 

protein molecule in the asymmetric unit. 
The sugar methylamino group stacks 
against the PheB7' ring in holo-NCS, 
which suggests that the amino group in the 
crystal is protonated. The favorable inter- 
action between a (presumed) positively 
charged group and the d a c e  of an aromat- 
ic system has been observed in a variety of 
proteins and model systems (20). The 
enediyne and naphthoate groups of NCS- 
chrom form van der Waals contacts with 
many apolar residues (GlyB35, Leuw5, 
Prow9, Glym, GlyB%, 
AlaB'O', and GlyBlo2) and several aromatic 
residues (Trpm9, PheBS2, PheB76, and 
PheB7') in the binding pocket. The only 
polar side chains around the chromophore 
are G l P 4  and SeP8. The bound chro- 
mophore exposes -169 A2 of accessible 
surface area [as defined by Lee and Richards 

Tabk 1. Data collection and phasing statistics. The native I data set was used for calculation of MIR 
phases, averaging, and solvent flattening and in the first stage of model building and refinement. 
The native II data set was 94.6% complete to 1.8 A resolution and was used for the final refinement. 
The samarium and iridium compounds were only used for phasing to 5.0 A resolution. 

Parameter Native I Native ll (CHJ,Pb(OAc) (CHJ,PbCI Sm(OAc), l&lrCI, 

Collected 31,730 146,707 20,021 18,553 24,770 19,985 
reflections (no.) 

Unique 9,024 23,556 5.883 5,678 5.865 6,280 
reflections (no.) 

Resolution (A) 2.40 1.70 2.77 2.79 2.78 2.68 
Completeness (%) 92.7 87.8 94.6 91.1 94.3 91.5 
Rmew* 0.071 0.077 0.072 0.104 0.091 0.047 
R,t (50.0 to 3.0 A) 11.9 11.1 12.6 13.0 
Soaking concen- 10 14 10 Saturated 

tration (mM) 
Soaking time (hours) 24 48 24 24 
Bindina sites (no.) 1 1 1 1 
~ i n d i G  locations' 

Phasing powe a (10.0 to 3.0 ) 

*- = L,Z,ll(h), - (I(h))lfi,P, I(h),, where I(h) is the intensity of reflection h P, is the sum over all reflections, 
and L, 1s the sum over the imeasurements of reflection h. tR, = PJF, - FpIfi,,Fp, where Fp and FpH are the 
native and derivatii shrcture factor amplitudes, respectively. . #Phasng power = FH(calc)/E, where FH is the 
average heavy atom structure amplitude, and E is the estimated lack of closure error. 
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(21)] to the solvent, or about 18% of the 
total accessible area of the free NCS- 
chrom. The solvent-exposed regions of 
NCS-chrom are provided primarily by the 
amino sugar, carbonate, and naphthoate 
hydroxyl groups. 

The crystallographically observed bind- 
ing interactions between the chromophore 
and NCS protein differ in several important 
respects from models proposed on the basis 
of computer modeling ( I  I )  and NMR stud- 
ies (12, 13). These differences are most 
notably reflected in the orientation of 
NCS-chrom in the binding pocket between 
the two domains of the NCS protein. In the 
computer model, the NCS-chrom appears 
rotated by -180' relative to the crystallo- 
graphically determined orientation, thus 
exchanging the naphthoate and enediyne 
ring positions. Although the NCS-chrom 
orientation in the NMR structures more 
closely resembles the crystallographic struc- 
ture, many features of the protein-chro- 
mophore binding, such as the T interac- 
tions between the side chains of Phe5' and 
Phe78 and the chromophore enediyne and 
amino sugar groups, were not observed. 

The structures of apo-NCS and holo- 
NCS are similar, with rms deviations of 
0.59 A for 113 C a  atoms and 0.31 A for 35 
C a  atoms in the seven-stranded P barrel of 
the larger domain. Only Glya4, Thra5, 
Alalol, and the two terminal residues have 
differences greater than 1.0 A in C a  posi- 
tions between holo- and apo-NCS. The 
most noteworthy change between holo- 
NCS and apo-NCS is the position of the 
Phe78 ring (Fig. 4). This side chain rotates 
from a position over the enediyne ring in 
holo-NCS to a solvent-exposed position in 
apo-NCS, where it abuts the side chain of 
AspA79. This amino acid interaction may 
underlie the pH-sensitive dissociation of 
chromophore from NCS. Differences be- 
tween apo-NCS and holo-NCS in strands 
5a and 5b, and in the loops between strands 
5a and 5b, 3a and 3b, and 6 and 7, increase 
the width of the binding pocket to about 10 
A so as to accommodate the chromophore. 
In the absence of NCS-chrom, a hydrogen 
bond in the crystal between MPD and the 
Oy of SerA98 of apo-NCS replaces the 
distorted hydrogen bond between the chro- 
mophore and Oy of SerB98 in holo-NCS. 

The NCS, MCM, and ACX proteins 
share the same basic structural architecture. 
The common core of these proteins (22) 
contains 90 residues (80% of the total). 
The rms deviations for the common core 
are 0.76 A between holo-NCS and MCM, 
1.27 A between holo-NCS and ACX, and 
1.17 A between MCM and ACX. The 
regions outside the common core (residues 
26 to 30, 41 to 44, 78 to 79, and 99 to 107) 
are less conserved and, except for Phe78 and 
Asp79, correspond to the complementarity- 

determining regions in the Ig variable do- 
mains. The most conserved seauence re- 
gion in the structure is strand 3a, which 
connects the larger and smaller domains. 
The binding pockets of NCS, ACX, and 
MCM have similar overall shapes, but the 
locations of side chains around the binding 
pockets are quite different. Among 18 res- 
idues close to NCS-chrom, only four- 
Cys37, Cy~47,  GlyaO, and Gly96-are con- 
served. The binding selectivity between a 
protein and its respective chromophore 
must therefore be the result of interactions 
between the chromophore and specific side 
chains, such as Phe78 of NCS, that repre- 
sent variable elements within the protein 
structures. 
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An Archimedian Spiral: The Basal Disk of the 
Wolinella Flagellar Motor 

Harald Engelhardt, Stephan C. Schuster,* Edmund Baeuerlein? 
The motor that powers the rotation of the bacterial flagellum reaches through both mem- 
branes into the cytoplasm of Gram-negative bacteria. The flagellum is connected by a 
flexible link (hook) to the motor axis, which passes through the center of a structure called 
the basal disk. The basal disk functions with the L-P ring complex as a bushing, enabling 
the rotation of the motor in the cell wall. The protein subunits of the basal disk of Wolinella 
succinogenesform an Archimedian spiral. The polymerization of subunitsfrom a nucleation 
point at the motor in the form of a spiral allows constant growth of the basal disk. The disk 
is thought to provide a reinforcement at the flagellar insertion at the cell pole and to disperse 
forces that are generated by the momentum of the flagellar rotation. 

Flagellar motors (1 -3) of many bacteria are 
inserted exclusively at cell poles rather than 
distributed over the cell body. These mo- 
tors display a structural element called a 
basal disk. Basal disks (4, 5) are attached to 
the inner side of the outer membrane and 
contain the L-P ring complex (3), a bush- 
ing of the flagellar motor. Both elements 
form part of the stator, anchoring the motor 
axis and other rotating parts of the motor to 
the cell wall (Fig. 1) (6). 

Earlier reports described basal disk struc- 
tures associated with the flagellar apparatus 
in various species of proteobacteria (7-1 1) 
and more recently one (12) in members of 
the Comamonadaceae and disk-like septa 
occurring between cells of some archaebac- 
teria (13). It was assumed that these basal 
disks were an assembly of concentric rings 
(5, 7, 8). We used electron microscopy to 
investigate basal disks from W. succimgenes 
(5, 14), a Gram-negative uniflagellated 
bacterium that features a disk of an average 
diameter of 170 nm. Disks were isolated 
either with basal bodies or, after disruption 
of the motor axis, as basal disks with an 
integrated L-P ring complex in their center 
(Fig. 2) (1 5). Basal disks from a stationary 
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grown culture display roughly the same 
diameter, whereas disks isolated from early 
logarithmic cultures show a large deviation 
from the average 170-nm diameter toward 
smaller diameters (Fig. 3) (16). This sug- 
gests that the disks are assembled by the 
addition of subunits in a way that does not 
disturb the preexisting structure. Subunits 
of the basal disks are assembled in a radial 
geometry around the central ring structure 
(L-P ring), as seen by visual inspection. 
This suggests two possible geometric forms 
for the underlying construction: a set of 
concentric rings or a spiral. 

We describe here a procedure that al- 
lowed us to distinguish concentric rings 
from spirals by the analysis of their Fourier 
transforms (1 7, 18). This differentiation is 
not possible by investigating the optical 
diffractograms of electron micrographs 
alone. In the Fourier transforms, concentric 
rings possess information exclusively in the 
real part, representing the symmetric struc- 
tural information. Spirals, however, show 
symmetric and asymmetric contributions, 
with the odd-numbered diffraction orders 
occurring in the imaginary part and the 
even-numbered diffraction orders in the 
real part of the Fourier transform. For the 
disks of W. succimgenes, the significant 
first-order ring is in the imaginary part (Fig. 
4D) and consists of fringes that are arcs of a 
spiral. This proves that the basal disk is a 
spiral (Fig. 4B). The spiral line can be 
observed clearly in the filtered image of a 
small disk (Fig. 4B), and the end of the 
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' structure ring complex 
Motor axis 

Flg. 1. Schematic illustration of the bacterial 
flagellar motor of W succinogenes. The flagel- 
lar motor is composed of a filament, hook, 
motor axis, basal disk, L ring, P ring, proximal 
ring complex, cytoplasmic structure, and the 
MotA and Mot6 proteins. The motor penetrates 
the outer membrane, the peptidoglycan layer, 
and the inner membrane. 

spiral band is even visible in the original 
micrograph (Fig. 4A). 

The individual subunits along one whorl 
of the spiral also contribute to the Fourier 
transform. Their Fourier coefficients are 
included in the real part as well as in the 
imaginary part of the transform. Model 
calculations have shown that their contri- 
butions are less ~rominent than the s~i ra l  
information. i he corresponding diffraction 
"rings" formed by radially and spatially 
distributed diffraction spots are weak (Fig. 
4C). The filtered image (Fig. 4B) suggests 
that the s~at ia l  distance between the mol- 
ecules along the spiral line is about equal to 
the radial distance between neiehborine - - 
parts of the spiral. Thus, the spatial contri- 
butions of subunits along one whorl and 
between whorls overlap in the Fourier 
transform (Fig. 4C). The disk has the fea- 
tures of an Archimedian s~iral .  which is . , 
described in polar coordinates by 

Fig. 2. Basal disks of the flagellar motor from 
the Gram-negative bacterium W. succino- 
genes. The disk on the left has the hook-basal 
body complex in place, whereas the disk on the 
right lost the complex by a short ultrasonic 
treatment. Disintegration of the motor axis was 
necessary to obtain free basal disks. The cen- 
tral hole is visible with a diameter of 11 nm, 
which is close to the diameter of the motor axis. 
The central ring of the basal disk is part of the 
L-P ring complex, a bearing of the motor. 
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