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Abstract—-A structure of neocarzinostatin, an antitumor chromoprotein antibiotic, has been built using X-ray crystallographic
data and NMR data, particularly NOE data observed between the apoprotein and the chromophore. Chemical shift changes of
protons of the chromophore upon binding to the apoprotein indicated that the aromatic plane of Phe52 has the conformation
almost perpendicular to the C-2-C-3 triple bond of the core of the chromophore while Phe78 takes multiple conformations in

solution although one of the stable conformations has been assigned for Phe78 in a crystal structure.

Introduction

Recent studies on structure analysis of a family of
antitumor chromoprotein antibiotics which consist of
neocarzinostatin (1),! C-1027 (2)* and kedarcidin (3)°
disclosed a unique carbocyclic skeleton of the
chromophores which are noncovalently bound to their
macromolecular apoproteins (Fig. 1). These apo-
proteins  stabilize their photo- and heat-labile
chromophores through complex formation. Among
those chromoprotein antibiotics, the three-dimensional
structure of neocarzinostatin (NCS) has been most
extensively analyzed by spectroscopic*® and
crystallographic methods.”®

The structure of the non-protein chromophore of NCS in
solution was elucidated with NMR spectroscopy.’ The
absolute configuration of this molecule has been
determined by means of chemical synthesis of partial
structures of the degradation product.'

NMR analysis of the three-dimensional structure of the
NCS holoprotein in aqueous solution revealed the
binding mode of the chromophore in the apoprotein* and
suggested a close secondary structure of the apoprotein
to that observed by X-ray crystallographic analysis.” Of
three aromatic residues, Trp39, Phe52 and Phe78 at the
chromophore-binding site, Trp39 and Phe52 formed a
specific binding pocket for the naphthoate of the
chromophore.® The Phe78 residue was located in van
der Waals contact with the carbocyclic core of the
chromophore, suggesting its role for the binding and
stabilization of the labile unsaturated core.

In a recent crystal structure which consisted of a 1:1
mixture of the apo- and holoproteins at 1.8 A
resolution,® the conformation of the Phe78 side chain of
the holoprotein is significantly distinct from that found

in the apoprotein.  Furthermore, another crystal
structure at 1.5 A resolution’ indicates that the aromatic
residue has a different conformation from those of the
crystal reported by Kim ef al® Thus, we investigated
conformations of the Phe78 residue in solution using
NMR data observed for the chromophore at the binding
site. Our modeling study using only NOE data observed
between the chromophore and the apoprotein did not
result in a single conformation, although the
chromophore could be located at almost the same site
in the binding cleft. In addition to the NOE data, we
observed chemical-shift changes of several protons of
the chromophore upon complex formation.” Hence, we
examined possible conformations of aromatic residues
(Phe52, Phe78, and Trp39) located at the binding cleft
to determine whether those conformations explain the
chemical-shift changes.

Complex structures were generated using the NOE data
and the crystal structure at 1.5 A resolution. Through
this study, the Phe52 residue was found to have a single
conformation. This conformation was consistent with
that found in the crystals obtained at both 1.5 A and 1.8
A resolution, in which the aromatic face was oriented
perpendicular to- the C-2-C-3 triple bond of the
chromophore. On the other hand, we concluded that the
Phe78 residue has multiple conformations in solution
since no single conformation could explain all of the
chemical shift changes.

Results and Discussion
Model-building of NCS structure
The three-dimensional structure of the NCS apoprotein

determined at 1.5 A resolution” was available and was
used as a template for the apoprotein structure in this
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Figure 2. Stereoview of the 100 structures of NCS chromophore in the holoprotein generated on the basis of the constraints from NOE. These
structures were superimposed in the binding cleft of the apoprotein.
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Table 1. Intermolecular (A) and intramolecular (B) distance constraints used for the DGEOM calculations
A
No Chromophore Apoprotein Intensity® Limit® No Chromophore Apoprotein Intensity®  Limit”
1 H3" Trp39 COUH m 40 2 H4" Leud5 CH3 w 74
3 5"-Me Leud5 COH3 w 84 4 5"-Me GIn94 CoH w 60
5 5"-Me Gln94 CBH s/s 49 6 5"-Me Val95 CoH w 60
7 5"-Me Gly96 CoH wiw 70 8 5"-Me Glyl07 CoH w/m 70
9 H6" GIn36 CoH w 50 10 H6" Val95 CaH w 50
11 H6" Gly9% NH m 40 12 H6" Gly96 CoH w 6.0
13 7"-OMe Asp33 CBH m/s 60 4 7"-OMe Phe52 C8l2H w 80
15 7"-OMe Phe52 Cel2H w 80 16 7"-OMe Phe52 CCH w 60
17 7"-OMe Leu97 CoH w 60 18 7"-OMe Ser98 CBH m 60
19 H8" Ser98 CBH m 50 20 H4 Phe78 CBH w/m 60
21 H4 Phe78 arom w 74 2 HY Leud5 COIB w 74
23 HS Phe78 CpH wis 60 24 HS Phe78 arom wiw 74
25 H6 Trp39 CL3H w 60 2% He6 Trp39 Cn2H s 39
21 H6 Leud5 CBH w 70 28 He Leud5 C5H3 m 74
29 2-NMe Phe78 arom wiw 84 0 2'NMe - Alal0l CoH w 60
31 2'-NMe Gly102 CoH wiw 70 32 B Phe76 CPH wiw 60
B B Phe76  arom w 74 H B Leud5 CpH wiw 60
33 H Leud5 COIB w/m 74 % 1 Phe78 CPH wiw 60
37 K Phe78 arom wiw 74 38 HI10 Leud$s CoH3 m 64
¥ HI12 Ser98 CBH w 60 4 HI3 Phe52 Cel2H w 70
B
No Chromophore Intensity®  Limit® No Chromophore Intensity” Limit”
4] 7"-OMe H8" s 39 9] 7"-OMe H12 m 42
43 H8" Hi2 m 32 4 HI' H2 m 32
45 HI' 2'-NMe m 42 46 HI' H10 m 32
47 H1' H11 s 29 48 H2 2'-NMe m 42
29 H3' H4' m 32 50 H3 H5' m 32
51 H3' He6' w 45 2 H3' 2'-NMe w 45
53 H3' HB w 35 L7 H4' HS' s 29
55 H4' H6' s 39 56 HS' Hé' S 39
57 HS' 3] m 32 3 H6' H m 42
9 2'-NMe Hi1 m 42

*s: strong; m: medium: w: weak; "A: The upper-limit atomic distances derived from the observed NOEs (s < 2.9, m < 4.0, and w < 5.0 A).
Pseudoatom correction was made for the constraints involving methylene, methyl, or aromatic ring protons. B; Intramolecular distance
constraints used for the DGEOM calculations. *s: strong; m: medium; w: weak. *The upper-limit atomic distances derived from the observed
NOEs (s 2.9, m 3.2, and w < 3.5 A). Pseudoatom correction was made for the constraints involving methyl protons.

model-building study. NOE data which we used here
are listed in the Table 1. 1In the modeling, the
coordinates of the apoprotein were, at first, entirely
fixed during the distance geometry calculation using
DGEOM"' while those of the chromophore structure
were made as flexible as possible. However, we could
not generate any complex structures (holoproteins) with
parameters, maxchi (A% and maxdist (A) at 05
(default value, see Experimental Section) respectively
within one hundred trials in the distance geometry
calculation. =~ A complex structure was, however,
obtained using an unusually large value of the
parameters of 0.8. As expected, the chromophore
obtained through this modeling had an apparently
distorted structure, particularly in the carbocyclic core.
Inspection of the van der Waals (vdw) contacts
between the chromophore and amino acid residues at
the binding site revealed that the aromatic residue
Phe78 had many unreasonably short vdw contacts.

Table 2 (entry 1) shows averaged distances between
the chromophore and the amino acid residues in the 100
conformations generated by this calculation. Hence,
the distortion of the carbocycle appeared mainly due to
the wrong conformation of Phe78 of the apoprotein, one
not optimal for binding of the chromophore. When the
conformation of Phe78 was unlocked, we obtained 100
holoprotein structures with parameters of 0.3 or less.
The generated complex structures showed no
unreasonable conformational distortion in the
carbocyclic core and a nice agreement with the NOE
data except a slight deviation in the distance between
Trp39 and C3" of the chromophore (see Table 2: entry
2, No. 23). This deviation was avoided with a minor
conformational change of Trp39.

The functionality of the chromophore in all the 100
generated structures is located at similar positions in
the binding site (as shown in Fig. 2). The carbocycle
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Table 2. Unreasonable short distances between the chromophore and the apoprotein residues in the 100 conformations generated by the
DGEOM calculation

Entryl Entry2

No® Chromophore Apoprotein Limit® Ave. SD Ave. SD

1 5"-Me Gly35 O 3.05 298 (0.02) 3.31 0.12)
2 Epox O Phe52 Ce2 3.05 284 (0.03) 4.12 0.21)
3 C10 Phe78 Cg 3.30 323 (0.08) 481 (0.95)
4 (of) Phe78 Cel 3.30 3.08 (0.02) 5.18 (0.59)
5 Cc8 Phe78 CC 330 3.15 (0.03) 5.10 (0.38)
6 Cc4' Phe78 Ce2 3.30 3.09 0.02) 571 (1.29)
7 (oY Phe78 Cel 3.30 3.18 (0.08) 454 (0.97)
8 8 Phe78 C81 330 325 0.07) 4.15 (0.65)
9 C3' Phe78 Ce2 330 290 (0.03) 482 (1.03)
10 Cs5' Phe78 Ce2 330 3.18 0.04) 5.96 (1.06)
11 8 Phe78 Cel 330 255 (0.01) 482 (0.58)
12 Cs Phe78 Ct 330 3.17 (0.02) 6.05 (0.69)
13 c4" GIn94 Ne2 320 3.04 (0.02) 3.10 (0.06)
4 5"-Me Gly96 N 320 3.13 (0.03) 3.4 (0.06)
15 Ester O Ser98 g 305 299 (0.03) 422 (0.42)
16 Cl12 Ser98 Oy 305 2.87 (0.01) 4.18 (0.18)
17 Ci1 Ser98 Oy 3.05 2.88 0.01) 438 (0.25)
18 Ccr Gly102 Ca 3.30 312 (0.01) 471 (0.31)
19 Ester Carbonyl O  Glyl02 (0] 2.80 2.66 0.67) 361 (1.41)
2 Ci1 Gly102 Co 330 3.19 (0.02) 391 (0.42)
21 C6 Phe78 Ca 3.30 5.07 (0.08) 325 (0.08)
2 5"-Me Gly%6 N 3.20 3.13 (0.03) 3.04 (0.06)
» H3" Tp39  CLH 40 410  (0.01) 404 (0.06)
p. 5"-Me GIn94 CfH 49 5.06 (0.02) 4.89 (0.07)
25 H4' Phe78 CpH 60 6.14 (0.03) 532 0.47)
2 HS' Phe78 CBH 60 6.07 (0.08) 5.02 (0.36)
2] H6' Trp39 Cn2H 39 401 (0.08) 345 (0.28)
28 H5 Phe76 arom 74 7.62 (0.01) 721 (0.27)

*Nos 1-22 : atom pairs below from vdw contacts. Nos 23-28: atom pairs far from NOE distance constraints. ®The lower-limit
of atomic distances derived from the vdw radii used in the program DGEOM (C 1.65, N 1.55, O 1.40 A). Ave: Average value,

SD: standard deviation values.

and the naphthoate group are located at limited sites
with a limited conformation. The sugar moiety also has
basically one conformation while the conformation of
the carbonate side chain could not be localized to a
confined one with the constraint used in the distance
geometry calculation. Since the NOE was observed
between H-13 and an aromatic proton of Phe52, we
chose the conformation in which H-13 is in proximity to
Phe52. Hence, we could define an apoprotein-bound
structure of the chromophore.

We observed characteristic shifts of several proton
signals of the chromophore upon binding to the
apoprotein in its NMR spectrum (Tables 3 and 4). H-13
showed a large downfield shift (+0.43 ppm) which can
be interpreted by a deshielding effect of the proximal
phenyl ring of Phe52."> Another large upfield shift (—
1.03 ppm) of the methoxy protons is due to a close
proximity to a face of the aromatic ring of Phe52 and to
two main-chain amide carbonyls of Asp33 and Val34.
The effect of Phe52 on the shift of the methoxy protons
was calculated to be -049 ppm. Thus, the amide
carbonyls would affect the chemical shift in a range of
—-0.4 to -0.5 ppm. This type of effect would also explain
the upfield shift (—0.42 ppm) of the methyl group (5"-

Me) of the naphthoate caused by the amide carbonyls
of GIn94 and Val95 and H5 (-0.56 ppm) by the
carbonyls of Leu77 and Phe78. Table 3 shows
calculated chemical-shift changes of the protons of the
chromophore by influences of the aromatic groups,
Phe52, Trp39 and the naphthoate.

There are several conformations for the aromatic
residue Phe78 in the generated structures. These can
be classified into two major groups (A and B in Table
4) based on values of a dihedral angle Y%, of the side
chain of Phe78. The phenyl residue in group A locates
over the carbocycle (x, = 206° £ 7) while that in group
B contacts at a side wall of the cleft, consisted of
Gly43, Vald44, and Leud5 and away from the core with
ay, value (19° £ 7). Two typical conformations which
exemplify those found in group A and B are shown in

Figure 3.

The influence of the aromatic residue Phe78 on the
chemical-shifts of proton signals of the chromophore in
conformations of group A and B (), and Y, values are
listed in Table 3) was estimated'? and is shown in
Table 4. These data suggest that conformations in
which a face of the aromatic ring is parallel to a face of
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Figure 3. Stereoview of NCS chromophore (red) and the representative conformation of Phe78 in group A (conformation No. 6 sited in Table 4,
green) and B (conformation No. 15, blue). Conformation No. 6 is similar to that of holoprotein in crystal and conformation No. 15 is the most
stable conformer in group B. Only the side-chains located at chromophore binding cleft are shown for clarity.

the carbocycle in group A contribute to the chemical
shifts of the protons at H-10 and H-11 while those of H-
3' and 2'-NMe are affected by conformations in which
an edge of the aromatic ring faces to the carbocycle.
The influence of conformations in group B on the
chemical shifts of H-4' may also be significant.
However, no single conformation is able to explain all
of the obseved changes of the chemical shifts. Figure 4
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shows a contour map of conformational energies
calculated with AMBER" for the residue Phe78 in a
model structure of the holoprotein.  Since energy
barriers between the conformers in group A and B are
less than 8 kcal mol™, the phenylalanine residue can
equilibrate within these conformers. Thus, these results
suggest that the residue Phe78 does not reside in one
conformation in the solution.

0§ 60
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Figure 4. Contour map of the potential energy surface of Phe78 side chain (horizontal and vertical lines show the value of torsion angles ¥, and
%4, respectively) in NCS complex. Energy contour is shown in every 1 kcal mol™ up to 10 kcal mol~' from the global minimum. Filled circles
indicate the position of Conformation Nos. 6 and 15 in Table 4 (see Fig. 3).
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Figure 5. Conformational difference of Phe78 in holo NCS and apo NCS. Green : holoprotein,® blue:apoprotein,® red : apoprotein,” black:NCS
chromophore.

The conformation of the residue Phe78 (y, = 190° and
X, = 64°) in the recent crystal structure of the
holoprotein® is close to conformation No.6 (x, = 183°
and ¥, = 65°) in group A and that of Phe78 (¥, = 76" and
X2 = 117°) of the apoprotein is within group B (No.15:
X, = 31" and y, = 77°. Hence, we conclude that Phe78
in the crystal structure of the holoprotein resides in one
of the stable conformers, whereas Phe78 adopts
multiple conformations in solution. The aromatic—
amino group interaction might explain the stability of
the conformation in the crystal. However, such an
interaction should not be enough to fix the phenyl
residue into a sole conformation in solution. An
observation that the holoprotein readily released the
chromophore to form a mixture of the holoprotein and
the apoprotein during crystallization® appears to be
consistent with the observation that the original
conformation of Phe78 (), = 289° and y, = 164°) in the
crystal structure,” which was used in this study,
apparently differs from those reported for the holo- and
apoproteins by Kim et al.,® as shown in Figure 5. This
indicates that Phe78 is also able to have a different
conformation in solid-phase state depending on the
crystallization conditions. On the other hand, Phe52
has a single conformation which is appropriate for the
interaction similar to the aromatic edge to face
interaction.'” The steric hindrance due to Phe52 and
Phe78 should be important for the protection of the
reactive unsaturated core in NCS rather than for the
specific binding of the chromophore itself, since the
naphthoate moiety is a major driving force for binding
between the chromophore and the apoprotein.'®
Furthermore, it might not be irrational to assume that
the tyrosine and azatyrosine unit in the chromophore of
C-1027 and kedarcidin, respectively, have a similar
assembly of aromatic moieties instead of Phe78 or
Phe52 to stabilize the enediyne core. As we described
previously,* the close proximity of the carbocycle to the
disulfide of Cys37 and Cys47 is also likely to stabilize
the chromophore in the holoprotein. Because this
disulfide linkage is conserved in all apoproteins in this
family, such a disulfide-core interaction would be
another common factor in the family of the
chromoprotein antibiotics. ~ Thus, we conclude that
among those residues mentioned above, the mobile

Phe78 residue dramatically changes its conformation
upon binding of the chromophore and forms a
hydrophobic pocket with the disulfide bond and the
aromatic moieties such as the Phe52 residue and the
naphthoate group to protect the bound unsaturated core.

Experimental
NMR measurement

Solutions of NCS complex at a concentration of 5 mM
in either 99.85% D,0 or 9% H,0/10% D,0 (pH 4.0)
were prepared and degassed prior to NMR
measurement. NOESY"" spectra were recorded at 30° C
on a Bruker AM600 spectrometer in the pure-phase
absorption mode.'® In the case of experiments carried
out in H,0, solvent suppression was achieved by using
continuous low-power irradiation during the relaxation
delay (1.5 s). The carrier frequency was placed at the
center of the peak of the H,0 or HOD resonance. The
sweep width was 10,000 Hz. Typical sizes of data in
time domains were 2,048 points for t, and 512 points for
t, dimension. Prior to Fourier transformation, the data
were zero-field in the t, dimension and multiplied by a
window function (sine bell squared) in both the t, and t,
dimensions. The final digital resolutions were 4.9 Hz
per point in the ®, and 9.8 Hz per point in the o,
dimension.

To assess the effects of spin diffusion in the NOESY
spectra of the NCS complex, a series of spectra with
variable mixing times (50, 80, 100, and 200 ms) was
run in D,0 and H,0. Examination of the t,, dependency
of crosspeak volumes revealed that spin diffusion may
not be a major factor for 50-ms NOESY spectra. Then,
the relative peak intensities were evaluated by
integrating the volume of crosspeaks in NOESY spectra
with a mixing time of 50 ms. Upper bounds for
intramolecular constraints in the NCS chromophore
were set at 2.9, 3.2, and 3.5 A according to the
relatively  strong, medium, and weak NOE;s,
respectively, and those for intermolecular constraints at
2.9, 4.0, and 5.0 A. Pseudoatoms were used where no
specific assignments had been made, the necessary
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correction being added to the distance range."”
Throughout, the lower bounds were taken as the sum of
the vdw radii.

Complex structure modeling of NCS

A distance geometry program DGEOM"' generated trial
complex structures randomly and optimized the
structures to minimize an error function until 100
complex structures which satisfy the distance
constraints were obtained. The error function is
designated as sum of the distance constraint violation
and the deviations of bond length and angle from input
structure. The distance constraints listed in Table 1 and
those for the related atoms of Phe78 side chain (Phe78
HN-Phe78 HCB: 5.0 A, Phe78 HCo~Phe78HCB: 4.0 A,
Phe78 HCa~Phe78 aromatic H: 7.4 A and Phe78HCP-
Asp79HN: 6.0 A) were used. Maxima of the distance
violation (maxdist) and chiral error (maxchi) which is
the difference of volume made by any four atoms, were
restricted to be under default values (0.5 A and 0.5 A%,
respectively) for the calculation.

The coordinates of only 45 amino acids (Tyr32-Ser54,
Gly75-Asp79, and Cys93-Alal09) which constitute the
chromophore binding site were used for the distance
geometry calculation. The only side-chain of Phe78
was made flexible and the other amino acid residues
were kept being rigid in the calculation.

The structures obtained by this method were minimized
with AMBER (steepest descent method, 300 iterations)
to remove small distortions in the aromatic ring of
Phe78 since a pseudoatom for the aromatic ring and a
smaller vdw radii for the aromatic ring were used in
the DGEOM calculation.

Energy map calculation for the conformation of the side
chain of Phe78

The residues (Cys37-Vald0, Gly43—Cys47, Phe52,
Phe76-Thr81, and Ser98-Glyl102) surrounding Phe78
and the chromophore were used for the conformational
energy calculation of the Phe78 side-chain. The grid
was scanned from 0 to 360° for torsion angle %, and
from O to 180° for x, of the Phe78 side-chain in 5°
increments. At each point of the grid, conformation
energy was calculated (not minimized) using AMBER
force field as implemented by MACROMODEL.?

(Received in U.S.A. 6 June 1994; accepted 19 January 1995)
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