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Sequential H NMR Assignments and Secondary Structure of Aponeocarzinostatin 
in Solution? 
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ABSTRACT: Sequential assignments and secondary structural analysis have been accomplished for the 
1 13-residue apoprotein of the antitumor drug neocarzinostatin (NCS) from Streptomyces carzinostaticus. 
A total of 98% of the main-chain and 77% of the side-chain resonances have been sequence specifically 
assigned by use of information from coherence transfer experiments and by sequential and interstrand NOES. 
Because of the complexity of the N C S  spectrum, several sequential assignment strategies were employed 
to complete the analysis. Apo-NCS consists of three antiparallel P-sheeted domains by NMR analysis. There 
is an extensive four-strand antiparallel P-sheet, and two two-stranded domains. One of the two-strand domains 
is contiguous, S72-N87, with chain reversal occurring through the region L77-R82. The other two-stranded 
domain has the section G16-A24 antiparallel with respect to the region S62-R70. This secondary structure 
is consistent with the crystal structure of holo-NCS a t  2.8-A resolution. 

Neocarzinostat in  (NCS)' is a protein antitumor drug first 
isolated from Streptomyces carzinostaticus culture medium 
25 years ago (Ishida et al., 1965). NCS is perhaps the best 
studied of the Streptomyces anticancer agents. It has a rel- 
atively low toxicity (LDsO 10-30 mg/kg in mice and dogs) and 
broad in vivo activity against human leukemia, bladder cancer, 
liver metastasis, and sarcoma (Montgomery et al., 1981). 
Although NCS is 10-100 times less toxic than the Strepto- 
myces antitumor antibiotics auromomycin (AUR) and acti- 
noxanthin (AXN), the polypeptide sequence of NCS shows 
marked homologies with those of AUR and AXN suggesting 
that they are somehow related in structure and perhaps 
function (Goldberg et al., 198 1). 
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A detailed molecular basis for the action of NCS is still 
lacking, but the last several years have seen an enormous 
expansion of information on the molecule. Holo-NCS has been 
separated into a polypeptide component (apo-NCS) of MW 
ca. 11 100 and a tightly bound chromophore (Chr, termed 
NCS-Chr) of composition C3sH33NOIZ (MW 659). This 
non-protein chromophore has been found to consist of four 

I Abbreviations: NMR, nuclear magnetic resonance; NCS, neo- 
carzinostatin; Chr, chromophore AUR, auromomycin; AXN, actinox- 
anthin; MCR, macromomycin; FABMS, fast atom bombardment mass 
spectroscopy; GCMS, gas chromatography-mass spectroscopy; MIR, 
multiple isomorphous replacement; 2D, two dimensional;EDTA, ethyl- 
enediaminetetraacetic acid; COSY, 2D correlated spectroscopy; DQF, 
double quantum filtered; TQF, triple quantum filtered; RELAY, 2D 
relayed coherence transfer spectroscopy; TOCSY, 2D total correlattion 
spectroscopy, NOE, nuclear Overhauser enhancement; NOESY, 2D 
NOE spectroscopy; TPPI, time-proportional phase incrementation; ppm, 
parts per million; dAB, the NOE connectivity between protons A and B 
of the same (intraresidue) or different (interresidue) amino acids in a 
polypeptide (protons A and B are designated N for amide protons, a for 
C"H, p for CPH, and 6 for C*H). 
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parts: 2-hydroxy-7-methoxy-5-methyl-l-naphthoate and 
2,6-dideoxy-2-(methylamino)galactose linked to a C15H804 
substituent consisting of an ethylene cyclic carbonate group; 
a highly strained ether epoxide attached to a novel bicyclo- 
[7.3.0]dodecadyne system (Ed0 et al., 1985). 

The antibiotic and antitumor activity of NCS has been the 
subject of an extensive series of biological studies. NCS in- 
hibits cell growth by inhibiting DNA replication, and this 
activity is correlated with DNA cleavage, both in vivo and in 
vitro (Beerman & Goldberg, 1974, 1977). Studies with 
agarose-immobilized NCS (Lazarus et al., 1977), as well as 
studies with resolved chromophore and apoprotein, reveal that 
the DNA-damaging activity resides exclusively in the non- 
protein chromophore (Kappen et a]., 1980a; Suzuki et a]., 
1980); pure chromophore has a t  least as much biological ac- 
tivity toward cell growth and DNA scission as holo-NCS, while 
apo-NCS is without effect (Montgomery et al., 1981; Napier 
et al., 1980). Earlier in vivo studies with high levels of NCS 
suggested that the intact holoprotein penetrates into the interior 
of cells and into cell nuclei (Maeda et al., 1975; Sakamoto et 
al., 1979). A more recent model for the action of intact 
holo-NCS invokes a carrier or transport function for the po- 
lypeptide which stabilizes the labile chromophore, extruding 
it across the cell membrane into the cytoplasm. Such a role 
nicely explains the retained activity of agarose-bound NCS 
(Lazarus et al., 1977), but the earlier evidence of the entry 
of both I4C- and fluorescein-labeled protein into cells cannot 
be dismissed either. It is also known that pure apoprotein 
blocks in vitro DNA cleavage by NCS-bound chromophore 
or pure chromophore in a dose-dependent manner (Napier et 
al., 1980) due to the extremely tight binding of chromophore 
by apoprotein with a Kd of ca. 1 X M (Goldberg et al., 
1981). 

The amino acid sequence of NCS was first reported by 
Meienhofer and co-workers (Meienhofer et a]., 1972; Maeda 
et a]., 1974) using the Edman degradation procedure. The 
sequence was subsequently investigated and revised with the 
methods of FABMS and GCMS (Biemann, 1982; Gibson et 
al., 1984). The most recent revision, again utilizing mass 
spectrometric studies, appeared in 1986 (Hirayama et al., 
1986). That sequence appears in Figure 6. 

Before the application of 2D N M R  to the study of proteins 
and nucleic acids, X-ray crystallography was the only method 
used to obtain detailed structural information on large bio- 
molecules. Solution structures derived from N M R  data offer 
an alternate view of the molecule, expanding the amount of 
information on a molecular system and allowing new insights 
based on comparisons between the structures in crystalline and 
solution states. 

X-ray diffraction data a t  3 . 5 4  resolution indicate that NCS 
is composed of a seven-strand antiparallel @-sandwich. The 
sandwich is formed by a three-strand @-sheet and a four-strand 
@-sheet. A smaller lobe portion of the molecule is composed 
of two loops oriented somewhat perpendicularly to the @- 
sandwich, forming a cleft between the sandwich and lobe 
portion of the molecule (Sieker, 1981). 

The chromophore is located in the distinct cleft between the 
body of the @-sandwich and the lobe portion. This fact is 
verified by diffraction studies of DNA intercalator complexes 
in isomorphous crystals of apo-NCS where the intercalator 
is shown, by electron density difference maps, to reside in the 
putative binding site (Sieker, 1987). 

When we began our N M R  investigation of NCS, inter- 
pretation of the 2.8-A map of holo-NCS was hindered by the 
lack of interpretable electron density in the region of the 
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chromophore and the adjoining space where residues 39-45 
ought to be . Three possible reasons were postulated to account 
for the situation: (a) The binding site may become disordered 
during the long-term crystallization process, possibly due to 
decomposition of the chromophore. As a result, the closely 
associated residue 39-45 segment may also become disordered 
from its response to changes in chromophore structure. (b) 
The cleft region is a binding site for heavy atoms in each of 
the heavy-atom derivatives. This may have caused the region 
to become nonisomorphous with the native crystal resulting 
in poor MIR phasing and indistinct density. (c) It is possible 
that the loop is flexible and has several configurations. One 
motivation for our investigation was the possibility that N M R  
spectroscopy could yield structural information about this 
region of the protein. 

Other proteins derived from Streptomyces cultures are 
known to have antitumor activity and possess non-protein 
chromophores. AXN with 108 residues has about 40% se- 
quence homology with NCS (Khoklov et al., 1976). Macro- 
momycin (MCR) was isolated by Umezawa (Chimura et al., 
1968) and was found later to be the apoprotein of AUR 
(Kappen et al., 1979). With 112 residues AUR has about 50% 
sequence homology with NCS and about 40% sequence hom- 
ology with AXN (Samy et al., 1983). Results of X-ray studies 
confirm that MCR (Van Roey & Beerman, 1989), AXN 
(Pletnev et al., 1982) and NCS (Sieker and Samy, unpublished 
experiments) have similar overall structures, including a 
well-defined binding site cleft, as the degree of sequence 
homology suggests. 

Both NCS-Chr and AUR-Chr act by causing single- or 
double-strand breaks in DNA, but they have key differences 
in the mechanisms of their activity (Kappen et al., 1979; 
Suzuki et a]., 1980). The structure of the NCS-Chr is known 
(Ed0 et al., 1985; Myers et al., 1988), and its interactions with 
DNA have been studied by several research groups. The 
NCS-Chr naphthoic moiety intercalates into DNA via the 
minor groove (Povirk et al., 1981; Dasgupta & Goldberg, 
1985) and causes strand scissions of DNA preferentially a t  
thymidine or adenosine residues (Takeshita, 198 1). The 
composition of the AUR-Chr is only partially elucidated; it 
is similar to but not identical with the chromophore of NCS 
(Kumada et al., 1983), and it exhibits a different site selectivity 
for DNA strand scission (Takeshita et al., 1981; Kappen et 
al., 1979; Suzuki et al., 1980). Despite the sequence homology 
between NCS and AUR, apo-NCS does not bind AUR-Chr 
well (Kappen et al., 1980b), nor does MCR stabilize the 
NCS-Chr properly (Kappen & Goldberg, 1980). Because of 
both the homology in structure and function and the variation 
in Chr structures and binding site composition, this family of 
proteins offers a unique opportunity for studies of structure- 
function relatioships and Chr-protein interactions. Continued 
investigations of these homologous systems are of interest 
because of their DNA-damaging activity. In  particular, in- 
formation about the Chr-protein interactions will advance 
research in the development of improved antitumor agents. 

In this paper we report the sequential assignment and de- 
termination of the secondary structure of apo-NCS in solution. 
We compare our findings to the recently completed X-ray 
structure of holo-NCS at 2.8-A resolution (Sieker and Samy, 
unpublished experiments). Our assignment of over 85% of the 
resonance lines in the spectrum of apo-NCS forms a solid basis 
for future N M R  studies of the chromophore-protein inter- 
action and detailed analysis of the solution structure of NCS. 

MATERIALS AND METHODS 
Two apo-NCS preparations were used in our experiments: 
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( I )  Lyophilized apo-NCS was purified from a crude prepa- 
ration of holo-NCS supplied by Kayaku Co., Ltd., of Tokyo 
by a method described elsewhere (Samy et al., 1977). The 
chromophore was extracted by the procedure of Napier et al. 
(1979). (2) Purified lyophilized holo-NCS was a gift from 
Kayaku Co., Ltd. The chromophore was extracted with glacial 
acetic acid (Samy, unpublished experiments). 

Several solution conditions were utilized over the course of 
our investigations. All apo-NCS solutions were brought up 
in 50 mM (monobasic) phosphate buffer and IO mM EDTA. 
Solutions from NCS preparation 1 had a pH of 5.8 and 
concentrations from 1 to 5 mM. Spectra were recorded at 
temperatures at 15, 34, 40, and 52 “C. Solutions from NCS 
preparation 2 had a pH of 6.3 and concentrations of 5-8 mM. 
Spectra were recorded at  40 and 20 “C. 

Solutions of apo-NCS were prepared in four different ways 
to produce protein in various states of proton-deuterium ex- 
change (Redfield & Dobson, 1988). ( I )  Lyophilized protein 
was brought up in 90% H20/10% D 2 0 ,  producing a 
“nonexchanged” protein. Spectra were recorded at the tem- 
peratures given above. (2) Nonexchanged protein was lyo- 
philized and then brought up in 99.98% D 2 0  to produce 
“partially exchanged” protein. Spectra were recorded at 15 
“C. (3) Partially exchanged protein in 99.98% D 2 0  was 
heated to 50 “ C  for 1 h, giving the “fully exchanged” protein. 
Spectra were recorded at 40 and 37 “C. (4) Fully exchanged 
protein was lyophilized and then brought up in 90% H20/10% 
D 2 0  to give the “reverse-exchanged” protein. Spectra were 
recorded at 15 “C.  

All N M R  experiments were performed on either a home- 
built 500-MHz N M R  spectrometer (Gladden and Drobny, 
unpublished results) or a Bruker AM-500 spectrometer. 
Phase-sensitive COSY (Aue et al., 1976), DQF- and TQF- 
COSY (Piantini et al., 1982; Shaka & Freeman, 1983), RE- 
LAY (Eich et al., 1982; Bax & Drobny, 1985), TOCSY 
(Braunschweiler & Ernst, 1983; Bax & Davis, 1985), NOESY 
(Jeener et al., 1979; Ani1 Kumar et al., 1980), and NOESY- 
TOCSY (Kessler et al., 1988; Basus & Scheek, 1988) ex- 
periments were acquired in hypercomplex (States et al., 1982) 
or TPPI (Drobny et al., 1979; Bodenhausen et al., 1980) mode 
with standard phase-cycling schemes. The water resonance 
was presaturated by selective irradiation for between 0.5 and 
1.5 s, and the total relaxation delay was 2 s. 

RELAY spectra were performed with mixing times of 36 
ms (90% H 2 0 )  and 26 and 30 ms (99.98% D20) .  

TOCSY spectra were performed in both H 2 0  and D20,  a 
variety of mixing times (ranging between 42 and 87 ms) being 
utilized to optimize the coherence transfer between spins of 
interest (Remerowski et al., 1989). The MLEV-16 (Levitt 
et al., 1982) isotropic mixing pulse sequence was used with 
a radio-frequency field strength of typically 20 kHz. 

NOESY spectra were recorded for several mixing times 
ranging from 50 to 150 ms, randomly varied by 10% (Macura 
et al., 1981). 

The data were processed with the FTNMR software of Dr. 
Dennis Hare (Hare Research, Woodinville, WA). The spectra 
were apodized in both frequency dimensions by skewed sine- 
bell functions, shifted in the range of 1Oo-4O0 and having a 
skew factor typically of 0.8. The first t ,  experiment was 
multiplied by 0.5 to suppress t l  ridges in the spectra (Otting 
et al., 1985). 

RESULTS A N D  DISCUSSION 
Spin Resonance Assignments. Neocarzinostatin is a rela- 

tively large protein to assign by homonuclear 2D NMR.  
Because of its spectral complexity, we used the two-step se- 
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quential assignment method described by Wuthrich (1976), 
in which the J-correlated networks of cross-peaks are first 
assigned according to amino acid spin type. Several spin types 
can be uniquely assigned from the distinctive cross-peak 
patterns formed by their scalar-coupled spins, while others can 
only be assigned to more general classes by through-bond 
connectivities (Wiithrich, 1976). Sequential assignment 
methods utilize primarily the NH-CaH, NH-CPH, and 
C”H-C@H cross-peaks; therefore, some investigators (En- 
glander & Wand, 1987) have sequentially assigned proteins 
without first doing spin-type assignments, an approach that 
was not feasible in this case. 

A total of 58% of NCS is composed of uniquely identifiable 
amino acid spin systems, alanine (1 8), threonine (1 3), glycine 
( 1 9 ,  valine (12), leucine ( 6 ) ,  lysine ( l ) ,  and isoleucine ( I ) .  
Approximately 85% of those proton resonances were identified 
before the sequential assignment began. 

Of the uniquely identifiable spin systems, alanine (1 6 /  18), 
threonine (1 O /  13), and glycine (14/ 15) were completely 
identified before sequential assignment by use of data from 
RELAY, COSY, and TQF-COSY experiments. 

Distinguishing valine, leucine, and isoleucine spin systems 
can be difficult because of their structural similarities. In- 
formation from TOCSY experiments, in conjunction with 
COSY and RELAY data, can facilitate the conclusive iden- 
tification of these residues. Weber et al. (1 987) demonstrated 
a leucine resonance assignment method that relied on TOCSY 
data to assign the six leucine residue of apo-NCS. The utility 
of TOCSY data depends in part on the appearance of a-proton 
to &methyl proton cross-peaks in the spectrum. In the 
TOCSY spectrum alone, both C”H-CYH3 cross-peaks from 
valine and CaH-C*H3 cross-peaks from leucine can appear. 
One distinguishing characteristic is that the valine CaH-CYH3 
cross-peaks can also appear in RELAY spectra. In our D 2 0  
RELAY spectra we found a cross-peak pair (at o1 = 4.25 ppm, 
w2 = 0.12 and -0.49 ppm) which had been identified by Weber 
et al. as leucine CaH-C6H3 cross-peaks. Nine valines and five 
leucines were partially or wholly assigned before the sequential 
assignment was begun. 

We made tentative assignments to the categories of serine, 
AMQX (aromatics, Asx, Cys), Glx (glutamine and glutamic 
acid), proline, or arginine using COSY, RELAY, and TOCSY 
data. AMQX-type spin systems were differentiated from 
serine on the basis of coupling pattern and chemical shift 
(Gross & Kalbitzer, 1988). We identified 10 of 11 serines 
before beginning the sequential assignment. TOCSY data 
were instrumental in the initial tentative identification sepa- 
rating AMQX-type and long side chain spin systems. TOCSY 
experiments were also extremely helpful in tracing entire spin 
systems at a later stage to confirm assignments made on the 
basis of sequential connectivities, as shown by the traced 
networks of long side chain spin systems in Figure I .  

Sequential Assignment Strategy. The next step in the se- 
quential assignment process is the identification of COSY 
cross-peaks that have been assigned by spin type to a specific 
amino acid residue in the protein. This is accomplished by 
finding sequential daN, dNN, and dPN connectivities in the 
NOESY spectrum correlating protons on adjacent residues 
in the protein. Sequential connectivities are defined as NOE 
cross-peaks correlating protons on adjacent amino acid residues 
on the polypeptide or between protons on amino acids sepa- 
rated by as many as three residues in the primary sequence 
(Billeter et al., 1982; Wiithrich, 1986). 

In order to sequentially assign a protein of this size, one must 
employ techniques that will resolve the many ambiguities 
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FIGURE 1: TOCSY spectrum of apo-NCS in 99.98% D20, with a 
mixing time of 70 ms, showing examples of long side chain spin systems 
fully assigned from the cross-peaks resulting from long-range coherence 
transfer. Residues P9 (below the diagonal) and K20 (above the 
diagonal) are traced out. 

which arise from chemical shift redundancies among the 
cross-peaks. We used the following four techniques to aid the 
sequential assignment: (1) temperature variation, ( 2 )  NOE- 
TOCSY experiment (Kessler et al., 1988; Basus & Scheek, 
1988), (3) solvent exchange (Redfield & Dobson, 1988), and 
(4) main chain directed methods (Englander & Wand, 1987). 

Since the chemical shifts of the exchangeable backbone 
amide protons change with temperature, we collected matched 
COSY and NOESY data sets a t  four temperatures (52, 40, 
34, and 15 "C) over a range of 37 deg. Relative changes in 
the fingerprint cross-peak positions over that temperature range 
eliminated a great number of ambiguities in the assignment 
of dNN and daN connectivities. Cross-peaks are also lost a t  
the water resonance frequency in the w 2  dimension from 
bleaching and from the baseline perturbation caused by the 
large water signal. Cross-peaks lost at one temperature would 
appear at another temperature because of the shift in the water 
resonance. This was especially important to the success of the 
sequential assignment of this heavily @-sheeted protein, since 
most of the sequential connectivities are of the daN type and 
therefore appear in that section of the spectrum. 

Another way to eliminate ambiguities is through use of a 
relayed NOESY type experiment (Wagner, 1984), where the 
mixing process consists of both an incoherent and a coherent 
step of magnetization transfer, resulting in cross-peaks from 
a two-step magnetization transfer from NH, and NH,,. We 
accomplished the coherent transfer step by isotropic mixing, 
which yields in-phase NOE-TOCSY cross-peaks, in order to 
increase the sensitivity of this experiment as independently 
described elsewhere (Kessler et al., 1988; Basus & Scheek, 
1988). Because of its heavily 0-sheeted structure, d" con- 
nectivities are sparse in the NCS spectrum; therefore the 
NHi-NH,, NOE-TOCSY cross-peaks appear in a less densely 
populated portion of the spectrum. Our NOE-TOCSY ex- 
periments yielded 13 strong NOE-TOCSY peaks as shown 
in Figure 2. 

In addition to providing information about possible hydrogen 
bonding, D,O-H,O solvent exchange spectra provide spectral 
simplification in the amide cross-peak regions. We recorded 
matched COSY and NOESY spectra for the exchanged and 
reverse-exchanged cases (cf. Materials and Methods) of amide 
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FIGURE 2: NOESY-TOCSY spectrum of a 3 mM solution of apo- 
NCS in 90% H20/10% D20 at 40 O C .  The water resonance was 
presaturated by selective irradiation for 1 s prior to the first 90' pulse 
and during the NOE mixing time of 150 ms. The isotropic mixing 
time was 45 ms, corresponding to 58 MLEV-16 cycles with an rf field 
strength of 20.8 kHz. 

proton exchange. The exchanged COSY spectrum recorded 
in D,O showed 35 residual C*H-NH cross-peaks, most with 
persistent sequential daN connectivities appearing in the com- 
panion NOESY spectrum. The residues with strong cross- 
peaks in the exchanged spectrum are defined as having slowly 
exchanging amides. Residues with cross-peaks that did not 
appear (or appeared weakly) in the reverse-exchanged spec- 
trum and also did not appear (or appeared weakly) in the 
exchanged spectrum are defined as having an intermediate rate 
of amide exchange. This distinction is made in Figure 6, but 
not in Figure 3 .  

Main chain directed patterns of NOEs showing interstrand 
connectivities between strands of antiparallel @-sheet (En- 
glander & Wand, 1987) were used to both extend and confirm 
sequential assignments, and also as evidence of extended 0- 
sheet secondary structure. Figure 3 illustrates all the in- 
terstrand connectivities found with this method. 

Sequential Assignment. All fingerprint cross-peaks with 
the exceptions of AI ,  A2, and D15 appeared in one or more 
of our spectra, a t  one or more of the temperatures used in 
recording the spectra, thereby facilitating the sequential as- 
signment. Figure 4 shows the fingerprint section of a COSY 
spectrum of NCS recorded a t  40 O C .  

Despite the absence of their fingerprint cross-peaks, we were 
able to obtain sequential connectivities and resonance as- 
signments for D15 and tentatively for A2. Tentative assign- 
ments of the a-protons and the @-methyl protons of A2 were 
made, on the basis of a-6 proton NOEs connecting the 6- 
protons of P3 to a COSY cross-peak having typical intensity 
and chemical shift of an alanine CaH-CpH, cross-peaks. The 
a- and @-protons of D 1 5 were discovered from a main chain 
directed connectivity pattern. These resonance assignments 
and all others for NCS are available as supplementary material 
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FIGURE 3: The three antiparallel P-sheet domains of apo-NCS seen by 2D NMR.  Interstrand d", d,,, and dUN NOES are indicated by solid 
lines. Amide protons with a slow or intermediate hydrogen exchange rate (see text) are circled. (A) Two strands of a three-strand &sheet 
face of the seven-strand P-sandwich seen by X-ray crystallography. (B) One loop of the lobe portion of apo-NCS. (C) The four-strand face 
of the @-sandwich forming one side of the cleft and the residues 38-46, the other loop of the lobe portion of apo-NCS, which forms the other 
side of the cleft. The framed residues are considered possible candidates for association with the chromophore. 
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FIGURE 4: COSY fingerprint region of apo-NCS recorded at 40 OC. Cross-peaks represented by circles appear a t  lower contour levels than 
shown in this figure. The R71 fingerprint cross-peak is not seen here since the C"H of R71 is upfield of the range shown in this figure. The 
fingerprint cross-peaks of (396, (335, G43, A28, and N41 do not appear in this spectrum, but all have appeared in other COSY and/or RELAY 
spectra. The N H - P H  cross-peaks for A l ,  A2, and D15 appeared in no spectrum. See text for details. 
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FIGURE 5 :  NOESY diagram showing the connections of the Asn(60) 
amide side-chain resonances to its CQ, protons. Similar connectivities 
are seen for residue 103, tentatively identifying it as an Asn, not Asp 
as given in the primary sequence. 
(see paragraph at  end of paper regarding supplementary 
material). 

One result of the sequential assignment was the discovery 
of a possible error in the primary sequence. The primary 
sequence of NCS has been revised twice since its first pub- 
lication in 1972 by Meienhofer and co-workers. The most 
recent revision (Hirayama et al., 1986) changed Asp(60) to 
Asn(60), a finding which is corroborated by our data showing 
N O E  connectivities between an amide proton pair and the 
0-protons of residue 60 (Figure 5). Figure 5 shows similar 
amide to 0-proton NOEs for residue 103, which is still iden- 
tified as an aspartate residue in the primary sequence. Tertiary 
structural information from X-ray analysis and secondary 
structural evidence from N M R  show that residue 103 is not 
in the vicinity of any residues identified as having amide- 
containing side chains. These data suggest the possibility that 
Asp(l03) could be Asn( 103). 

The determination of polypeptide secondary structure by 
NMR is based on characteristic types of NOE connectivities 
correlating the amide protons, @-protons, and 0-protons of the 
polypeptide (Wiithrich et al., 1984; Wiithrich, 1986). The 
sequential assignment of apo-NCS, summarized in Figure 6, 
shows several stretches in the primary sequence connected by 
sequential daN connectivities indicative of an extensively @- 
sheeted secondary structure. The daN connectivities are broken 
by single or small stretches of d” and d,, NOEs indicating 
light turns or bends. These turn regions do not manifest the 
medium-range (protons within one or two residues of each 
other) daN and d ,  connectivities which are characteristic of 
helices. Only the region from P9 to D15 deviates from regular 
secondary structural features, perhaps indicating a small 
“bubble” or wide looping turn. 

There are only three breaks in the sequential assignment, 
giving four unbroken stretches of connectivity ranging in length 
from 13 to 64 residues. The first break in sequential con- 
nectivities occurs between residues S 14 and D 15. Although 
no amide resonance was assigned for D15, there is no NOE 
with either the amide proton (in a,) or a-proton (in w 2 )  
chemical shift of S14 to suggest a daN or dNN connection to 

c ;fa A c Q v G L s D ’ [ A  G D G P E G v A’\’s F N 
NH e.... e o e 
d a * l  -8 
dw. - 
d Dn I I 

FIGURE 6:  Amino acid sequence of ap-NCS with a summary of amide 
proton exchange rates and NOE connectivities found by sequential 
assignment procedures. Filled circles beneath sequence elements 
indicate slowly exchanging amide protons for those residues; open 
circles indicate an intermediate exchange rate (see text). The thin 
bars labeled a-cy and c y 4  refer to d,, and dud connectivities, re- 
spectively, which sequentially connect Pro residues to their nearest 
(N-terminal side) neighbors. 

any amide proton. There is another break between residues 
G29 and T30. Their amide chemical shifts are redundant 
except at 15 “C. At that temperature, a daN connectivity could 
be visible, but none appears in that spectrum. A dNN con- 
nectivity would still be lost in the diagonal. The last break 
occurs at P49, for which we have not yet confidently assigned 
either resonances or sequential connectivities. 

NCS Has Three Structural Domains As Seen by NMR.  
Holo-NCS and the homologous proteins macromomycin 
(MCR) and actinoxanthin (AXN) have all been studied by 
X-ray crystallography. NCS and MCR have refined crystal 
structures of 2.8 A (Sieker and Samy, unpublished experi- 
ments) and 1.6 A (Van Roey & Beerman, 1989), respectively, 
and the AXN crystal structure has been partially refined to 
2.5 A (Pletnev et al., 1982). The tertiary structures of all three 
proteins are essentially the same. That structure is shown in 
the schematic “ribbon” representation of apo-NCS in Figure 
7 (Sieker and Ramanadham, unpublished experiments). The 
major portion of these proteins is composed of a well-defined 
seven-stranded antiparallel 0-sheet structure that forms a 
@-sandwich where one &face” is a three-strand @-sheet and the 
other is a four-strand @-sheet. The rest of the protein is a lobe 
composed of two loops, one consisting of residues 37-47 and 
the other consisting of residues 72-87. The two loops partially 
overlap at the base of the U-shaped cleft where the chromo- 
phore resides (Sieker and Samy, unpublished experiments). 
The cleft is formed by the lobe on one side and the four-strand 
“face” of the @-sandwich on the other as seen in Figure 7. 

On the basis of our data, NCS can be divided into the three 
antiparallel @-sheeted structural domains depicted in Figure 
3. These structural domains and the additional information 
from sequential assignment in Figure 6 correspond to the 
three-dimensional crystallographic interpretation. 

Three-Strand Antiparallel 0-Sheet. In the crystal structure 
of NCS there is a triple-stranded antiparallel @-sheet as seen 
in Figure 7. Two of the strands are the same as those seen 
in Figure 3A. The third strand is composed of residues T4-T8, 
which run antiparallel to residues K20-A24. We found no 
interstrand NOEs between those two strands, but the se- 
quential connectivities of the T4-T8 stretch indicate a @-sheet 
secondary structure. Also, the amide protons of residues 20 
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FIGURE 7:  Stereo ribbon picture of the holo-NCS backbone by X-ray crystallography (Sieker and Ramanadham, unpublished experiments). 
N and C indicate the amino and carboxyl termini, respectively. 

and 22, which would be oriented toward the T4-T8 strand, 
are persistent in DzO, indicating the possibility of H-bonding 
to atoms of @-strand T4-T8. 

The @-sheet structure of T4-T8 is then interrupted by P9, 
which has a cis conformation on the basis of both the evidence 
of the crystal structure (Sieker and Samy, unpublished ex- 
periments) and the d,, type of sequential connectivity between 
T8 and P9 (Wiithrich, 1986). X-ray analysis shows that region 
S10-S14 forms a wide loop to bring the backbone around so 
that section K20-A24 runs antiparallel to section T4-T8 as 
mentioned earlier. That looping structure appears as the 
irregular pattern of daN, dSN,  and d,, connectivities seen in 
the sequential assignment of those residues. The irregularity 
is illustrated in Figure 3A by the pattern of connectivities of 
G I 6  to T17 and R70, at the end of the loop. 

The middle strand of the three-strand @-sheet seen by X-ray, 
approximately T17-A24, forms an antiparallel @-sheet with 
strand three, residues S62-V69. These two strands are de- 
picted in Figure 3A. The secondary @-sheet character of the 
protein continues beyond A24; residues G25-V40 extend in 
a virtually unbroken stretch of @-sheet secondary structure as 
defined by the daN type of sequential connectivity. In the 
crystal structure the region from G25 to T30 is seen to be going 
through a gradual chain reversal; the turning is not tight 
enough to cause many breaks in the @-sheet secondary 
structure, but there is one break in daN connectivities between 
G29 and T30. Residues G25 and Q27-A31 also exhibit in- 
traresidue daN NOES, which can indicate a gentle twist or turn 
of the @-sheet that brings the amide protons and a-protons of 
the same residue close enough to manifest an NOE cross-peak 
(Klevit et al., 1986). 

Four-Strand Antiparallel @-Sheet. Most of the residues 
that make up the four-stranded @-sheet, illustrated in Figure 
3C, form the cleft of the molecule where the chromophore 
resides. The tertiary backbone structure schematically de- 
picted in Figure 7 shows the U-shaped conformation of the 
cleft region. Residues that are considered possible candidates 
for association with the chromophore are framed in Figure 3C. 
This NMR-defined domain contains the four-strand @-sheet 
which forms one side of the U-shaped chromophore binding 
cleft, as well as one of the loops, residues 37-47, involved in 
formation of the other side of the cleft. The second loop of 
the lobe portion of NCS is detailed in Figure 3B. 

Regions C47-N51 and (3104-E106 do not appear in the 
four-strand @-sheet section depicted in Figure 3C because we 
found no interstrand NOES to place them relative to the other 
residues. Both sequences contain proline residues, which often 
result in secondary structural kinks because of the constraints 

they place on backbone flexibility. Region G104-El06 
manifests @-sheet daN connectivities, except for the G104-P105 
da6 connectivity indicating a trans conformation for that 
proline, so the structure in that stretch is essentially @-sheet. 
The region from C47 to N51 is a “kink” in the crystal 
structure; it is clear from the schematic representation in 
Figure 3 that five residues could not form a regular antiparallel 
@-sheet in a space that is opposite one occupied by only two 
residues on the adjacent strand. Our sequential assignments 
do not define the proline conformation, but dNN and dsN NOES 
indicate the presence of a turn or bend in residues A50-F52. 
The crystal structure shows a very sharp kink at that proline, 
as shown in Figure 7 near residue 50. 

Loop C37-C47. This loop was of interest because initial 
X-ray studies of holo-NCS at 3.5-A resolution (Sieker, 1981) 
found poor density in that region of the protein. One possible 
condition that could account for those data is that the protein 
is flexible in that portion of the molecule to accommodate the 
chromophore; therefore, crystals form with a variety of con- 
formational states, producing disorder in the electron density 
map for the loop (Sieker and Samy, unpublished experiments). 

Our 2D N M R  studies have shown the region to be very 
well-defined on the N M R  time scale. All of the side-chain 
as well as the main-chain resonances of those residues have 
been assigned. Additionally, the secondary structural and 
interstrand connectivities indicate a well-defined contiguous 
antiparallel @-sheet formed by the residues between C37 and 
C47 (which form a disulfide bridge). The presence of a tight 
turn is manifested by a single d” NOE connecting G43 and 
v44. 

Our results were corroborated by the eventual resolution 
of this area as the X-ray interpretation progressed; the initial 
problem of a lack of interpretable density in that region was 
probably not due to the presence of multiple conformations 
of that loop in the crystal (Sieker and Ramanadham, un- 
published experiments). 

The aromatic side group of Trp(39) extends toward the cleft, 
as evidenced by a strong NOE connecting H7 of the Trp(39) 
indole ring to the backbone amide of Va1(44), suggesting that 
this side group could be important in the chromophore binding. 

Loop S72-N87. This loop domain defined by N M R  is 
detailed in Figure 3B; it forms part of the lobe portion of the 
molecule. NOE connectivities shown in Figures 3B and 6 
indicate the presence of a contiguous antiparallel @-sheet with 
chain reversal occurring in the region F78-T8 1 .  There is one 
irregularity occurring at W83; a @-bulge (Richardson et al., 
1978) places the bulky aromatic moiety of the tryptophan away 
from the lobe. Biochemical studies (Samy et al., 1974) indicate 
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that this moiety is solvent exposed and not critical for biological 
activity of the chromophore. Side chains of residues L77 and 
F78 in this loop extend into the cleft and may be involved with 
the chromophore (Sieker and Samy, unpublished experiments). 
There is evidence of contacts between the two loops of the lobe 
from both NMR and crystallography, which may be expanded 
as the respective investigations progress. By N M R  a dNN 
NOE connects Cys(47) to Phe(76), and X-ray evidence shows 
association of Phe(73) to the disulfide bridge between Cys(37) 
and Cys(47). 

Conclusions. The sequential assignment of apo-NCS has 
progressed to the point where 85% of the proton resonances 
have been identified; they are available as supplementary 
material. Only residues A1 and P49 have no resonance as- 
signments or sequential connectivities. The secondary structure 
of NCS is virtually all P-sheet with several turn regions, but 
no helical structure. Three antiparallel @-sheeted structural 
domains are seen by NMR,  and our secondary structure in 
solution is consistent with the X-ray crystal structure of 
holo-NCS at 2.8-A resolution. The loop consisting of residues 
C37-C47, which is probably involved in chromophore binding, 
has a well-defined antiparallel @-sheet secondary structure as 
characterized by the sequential daN connectivities, interstrand 
NOE connectivities, and slowly exchanging amide protons. 
There is a tight turn from residues D41 to V44 indicated by 
a d N N  connecting G43 to V44. 

Many questions concerning the structure of the holo-NCS 
and the interactions between the protein and its chromophore 
remain. How NCS-Chr is stabilized by the protein is un- 
known. Even when bound to the protein, the chromophore 
is sensitive to heat, oxygen, and visible and ultraviolet radiation; 
the extent to which the Chr is stabilized by the polypeptide 
under various conditions is unexplored. The possibility remains 
that the reason for the ill-defined electron density in the region 
of the cleft of holo-NCS is that the labile chromophore has 
degraded as the result of either the crystallization procedure 
or the data collection procedure, which would prevent detailed 
study of the protein-chromophore interaction by X-ray 
crystallography. NMR studies of the holoprotein could yield 
specific interactions of protein residues involved in chromo- 
phore binding and information on conditions required for the 
stability of the bound chromophore in solution. 

Our sequential assignment of apo-NCS and assignment of 
the majority of the proton resonances are the foundation for 
our continued study of this protein-chromophore system. 
Future plans include determination of the solution structures 
of apo- and holo-NCS and a comparative study of bound 
chromophore to that of the free chromophore determined by 
Edo et al. ( 1  985) and Myers et al. (1988). 

ACKNOWLEDGMENTS 
We thank Dr. M. Ramanadham and Prof. Rachel Klevit 

for helpful discussions, Dr. Paul Weber for some early data 
collection, and Kayaku Co., Ltd., of Tokyo for providing us 
with holo-NCS. 

SUPPLEMENTARY MATERIAL AVAILABLE 
Table I listing the aponeocarzinostatin 'H NMR resonance 

assignments at 40 OC and pH 5.3 (10 pages). Ordering in-  
formation is given on any current masthead page. 
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