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ABSTRACT. The natural complex Neocarzinostatin comprises a labile chromophore noncovalently bound
to an 11.2 kDa protein. We present the first high-resolution structure of a novel complex derived from the
recombinant apoprotein bound to a non-natural synthetic chromophore. Fluorescence and nuclear magnetic
resonance spectroscopy were used to probe the strength and location of binding. Binding occurred in a
location similar to that observed for the chromophore in the natural Neocarzinostatin complex, but with

a distinct orientation. These results provide structural evidence that the apoprotein can readily accommodate
small druglike entities, other than the natural chromophore within its binding cleft. The clinical use of the
natural complex described by others, together with the results reported here, suggests potential applications
for small molecule binding by apo-Neocarzinostatin.

The chromoprotein antitumor antibiotic Neocarzinostatin Scheme 1
(NCSY} has elicited immense interest from chemical, biologi-
cal, and medical perspectives, and has found clinical ap-
plication in chemotherapy in Japan against leukemia and OO
cancers of the bladder, stomach, pancreas, liver, and brain o OH

0]

(1—3). NCS comprises a highly reactive chromophore | 9//<0 OO
componentl (Scheme 1) noncovalently bound to an 11 kDa © O"'~ - T ‘|3 OH
protein (apoNCS)4), and is the most extensively studied :;((o 0% SoH
member of a class of natural products that includes, among MeHN © —
others, the homologous Actinoxanthi®),( C-1027 6), HO 1 2
Kedarcidin {7), and Macromomycin§). ©

The cytotoxic activity of NCS results from the Bergman- HO
type cycloaromatization of the strained nine-membered
enediyne ring ofl (9), producing a diradical responsible for
single- and double-stranded DNA cleavage by hydrogen
abstraction from the deoxyribose sugar backboh@). (

However, the exact role of the protein remains unclear.
ApoNCS alone is not cytotoxic, but provides essential
protection for the labile chromophore from heat, UV light,
and attack by nucleophiles. Both apo-NCS and holo-NCS
enter the yeastSaccharomyces cefisiae by unknown
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Scheme 2: Synthesis of Compounds
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a2 Reagents and conditions: (@ans-1,2-cyclopentanediol (10 equiv), DCC, @El,, 0 °C, 16 h, 58%; (b) (COC})(1.0 equiv), catalytic DMF,
CH.Cl, 0 °C to RT, then Hy-TEMPO (1.0 equiv), NE€L.0 equiv), RT, 16 h, 11%; (c) ethylene glycol (10 equiv), DCC (1.1 equiv), 1:3CGTH
THF, 0°C, 16 h, 89%; (d)L0 (1.1 equiv), DCC (1.1 equiv), 1:1 GBI/THF, 0°C, 16 h, 64%; (e) TiGl (2.0 equiv), CHCl,, —40 °C, 15 min,
67%; (f) CeCh-7HO (1.2 equiv), NaBH (1.2 equiv), MeOH, O°C, 45 min, 69%; (g) TiCl (2.0 equiv), CHCI,, RT, 15 min, 50%; (h) Ac@(2.2
equiv), NEg (2.2 equiv), DMAP (0.3 equiv), C¥Cl,, 0°C, 1 h, 97%; (i) CeGF7H.O (1.4 equiv), NaBH (1.4 equiv), CHCI,, 0 °C, 30 min, 45%;
() AcO2 (1.0 equiv), NE$ (1.0 equiv), DMAP (0.15 equiv), C¥l,, 0 °C, 1.5 h, 25%.

molecule drugs may offer opportunities for delivering other of a synthetic chromophore to apoNCS. The structure shows
entities in vivo. However, such applications would depend a discrete binding mode and highlights the importance of
on the ability of apoNCS to accommodate molecules other obtaining detailed structural evidence in this study and similar
than1 within the binding cleft. studies.

The three-dimensional structure of NCS shows the naph-
thoate2 is deeply buried within the binding cleft of the MATERIALS AND METHODS
protein, leading to suggestions tt2as an important element
in the binding of 1 to apoNCS {6—18). Furthermore,
evidence from fluorescence quenching titration experiments ; .
shows that analogues mfcontcz]ainingz b%d to apoNCF:)SI(d ously (19, 22—25). A series of esters were synthesized from
= 104-10"% M), and altering the substituents 2fdimin- 2 and10 (Scheme 2).
ishes the extent of binding.g). However, currently there is Production of Recombinant Apo-Neocarzinostati.
no evidence that these molecules bind within the apoNCS synthetic gene encoding apoNCS was designed taking into
binding cleft, and the additional contacts made by the accountEscherichia colicodon usage and constructed from
remainder of the natural chromophore that strengthenssix overlapping oligonucleotide fragments by PCR in a
binding in the holo complexKy = 108—10"1° M) may method analogous to that recently reported by Heyd et al.
further, or completely, define the specific location of binding (13). The gene was inserted into a modified pPCANTABS
(19, 20). The possibility that the protein is promiscuous in vector ().CANTABB) @6), which appended thac promoter,
its binding to small molecule drugs is supported by the the M13 filamentous phage glll periplasmic leader sequence,
reported binding of ethidium bromide (EtBty = 1076 M) a hexabhistidine tag, and a three-amino acid spacer (LQG) 5
and daunomycin to apoNCZ1). to the apoNCS gene. The recombinant protein was expressed

As part of a program examining the potential of apoNCS N E. coli (HB2151) and purified using affinity chromatog-
as a generic drug delivery system, we examined the inter-raphy for immobilized Ni(ll) ions. Uniforni*N labeling was
action of small molecules containing the naphthdateith achieved by growing the bacteria in M9 minimal medium
apoNCS in depth. To determine2fcould be utilized as a  containing**NH,Cl as the sole nitrogen source.
motif able to specifically anchor conjugated small molecules  Characterization of ApoNCS Reversed phase high-
within the apoNCS binding cleft, we sought evidence for performance liquid chromatography (RP-HPLC) and circular
the location and specificity of binding. This paper presents dichroism (CD) spectroscopy were performed as described
the first high-resolution structural evidence of the binding previously @6, 27). All CD spectra were recorded in 25 mM

Synthetic Compound$he naphthoat@, the este, and
the cyclopentenon&0 were synthesized as described previ-
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phosphate (pH 7.0). Proteolysis experiments were conductedooints and 48 scans). Two-dimensioftd-N HSQC (36)

by incubating 1 mg/mL calf thymus histone H1 with 0.5 mg/

mL apoNC® in 50 mM Tris (pH 7.5) at 35°C, with

proteolysis being monitored by SBRAGE analysis 13).
Fluorescence Spectroscoplluorescence spectra were

experiments required 10@M uniformly labeled [5N]-
apoNC$ with 200uM naphthoate estes, 5, 7, or 9 or 2.0
mM acetate estet1, 12, or 14 and took 49 min to record
(128* x 1200* points and eight scans).

recorded on a Varian Cary Eclipse fluorescence spectropho- All spectra were processed with the program NMRPipe

tometer fitted with a Peltier temperature control device.

(37) and analyzed on screen with the program XEAS®)(

Fluorescence quenching titration experiments were conductedApodization functions and zero filling to the nearest ap-
using the constant dilution method described by Kondo et propriate 2 data points were applied to the free inductive

al. (28) at 25+ 0.5 °C. Titration experiments used /vl
naphthoate este-5, 7, and9 with 0—150uM apoNCXK

or 10 uM apoNCS with 0—5.0 mM acetate esterkl, 12,
and14in 100 mM sodium acetate buffer (pH 5.0) with 10%
(v/v) MeOH. Titration experiments with ethidium bromide
(EtBr) used 5uM EtBr with 0—150 uM apoNCZ in 100
mM ammonium acetate (pH 5.0). Dissociation constaigh (

decays prior to Fourier transformation. A2 shifted sine-
bell squared function was used in the direct dimension, and
a /2 shifted sine-bell squared function with a first point
multiplier of 0.5 was used in the indirect dimension(s). The
perturbation of backbone amide chemical shifts in the
presence of small molecule analogues in 10% (&4/sleOH

was calculated relative to apoN€gecorded in 10% (v/v)

were calculated as the average value of three separate titrationl,-MeOH via *H—'*N HSQC spectra using the minimum

experiments analyzed using both a linear (eq2B) énd a
nonlinear method (eq 2)18).

1 Ky o1 1
AF T oS T ols] M
AE = AF [LT] - [ST](AF/AFmaQ (2)

made + [LT] - [ST](AF/AFmaQ

where [S] and [Ly] are the total concentrations of substrate
and ligand, respectivelyy is a constantAF is the change
in fluorescence, andFnax is the change in fluorescence at
saturation.

Nuclear Magnetic Resonance Spectroscdpyclear mag-

chemical shift procedure (eq 339, 40).

3)

wheretNApm andNApom are theHyy and Ny chemical
shift changes, respectively, and, is a scaling factor to
account for the difference in the spectral width of backbone
5N relative to'H. An oy value of/7 is used for all residues
except glycine ¢y = s).

Structure CalculationStructurally significant intra- and
interresidue NOEs were identified in the three-dimensional
IN—1H NOESY-HSQC and two-dimension&dH NOESY
spectrum of apoNCS The relationship between NOE
intensity and interproton distance was calibrated using NOEs
corresponding to known distances in regiflasheet regions

min A6 = min[(™NA )2 + (MA o) 12

netic resonance (NMR) spectroscopy was performed on aof apoNCS. Using this calibration, the NOE intensities were

Varian Inova 600 MHz or Varian Uniplus 500 MHz
spectrometer equipped with pulse-field-gradient triple-

resonance probes. All data were collected in the phase-

sensitive mode using the method of States et28)) at an
operating temperature of 3%C, with water suppression
achieved using the pulsed field gradient based WATER-
GATE method 80). Samples of apoNCSwvere freshly made
from lyophilized apoNC8&in either 100% RO or a 10%
D,0/90% HO mixture with 25 mM phosphate (pH 5.0), 100
uM TSP, and 0.005% (w/v) sodium azide, to give samples
with protein concentrations between 1001 and 2.2 mM.
For samples containing small molecules, additiakdyleOH
was added to give a final concentration of 10% (W)
MeOH.

The three-dimensionaH—1°N experiments were carried
out with 2400* (H) x 128* (HN) x 48* (N) complex (*)
points, four scans, and a mixing time of 70 ms (TOCSY-
HSQC) @1), 1800* (H) x 130* (HN) x 50* (N) points,
four scans, and a mixing time of 100 ms (NOESY-HSQC)
(32), 1600* (H) x 84* (HN) x 40* (N) points and eight
scans (HNHA) 83), and 2000* (H)x 60* (HN) x 28* (N)
points and eight scans (HNHB)34). Two-dimensional
NOESY spectra were acquired with 409&*500* points,

converted to upper distance constraints using the program
CALIBA (41) with the maximum upper distance limit set
to 6 A. Where appropriate, structural distance corrections
were applied to constraints involving methyl and aromatic
ring protons 42, 43). In addition, when spectral overlap
hindered the determination of volumes for NOE cross-peaks,
the distance constraints were set to the upper limit (6 A).
The ratio of diagonal to cross-peak volume in the HNHA
spectrum allowedJ(HNH®) coupling constants#1 Hz) to

be determined, which were used to generate backlgone
torsional angle constraints.

The high-resolution structures were calculated with the
program DYANA, which uses simulated annealing combined
with torsional angle dynamic44). To maximize the number
of converged structures obtained from an initial set of 100
random starting coordinates, each stage of the calculations
included five cycles of the REDAC proceduréy]. In the
final stage of the structure refinement, additional distance
constraints were included in the calculation corresponding
to NMR-determined hydrogen bonds. The constraints for the
two disulfide bonds were progressively included as it became
clear that only one possible linkage of a pair of Cys residues
was consistent with the structures that were obtained.

64 scans, and a mixing time of 100 ms. The one-dimensionalHydrogen bonds were included only for residues where an

titration experiments used 250M apoNCS in 100 mM
sodium acetate (pH 5.0) and—-@.5 mM EtBr, with no
dilution of >5% over the course of the titration. DQF-COSY

amide proton was detectable afte h in D,O, and where
the distance between the hydrogen acceptor and donor atoms
was <2.5 A and the N-H—O bond angle>135°. Hydrogen

(35) experiments with and without the paramagnetic species bonds were included in the calculation using upper and lower

were conducted using identical conditions (3200*350*

distance limits to constrain the separation of the appropriate
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NH and_ O to between 1.8 and 2.3 A, and the N and O Table 1: NMR Constraints and Structural Statistics
separation to between 2.4 and 3.3 A.
parameter apoNCs apoNCSE—9 complex

Structure AnalysisAnalysis of the ensemble of solution o, of restraints for
structures was carried out using the programs MOLMOL  structure calculation

. intraresidue NOEs 194 173

(46) and DYANA (44). In addition, M(_)LMOL was used to sequential NOEs (i + 1) 206 997

prepare all of the protein structure figures. medium-range NOES (i < 4) 129 115

long-range NOEsi(i > 5) 303 295

RESULTS ¢ angle restraints 56 39

hydrogen bonds 52 74

Characterization of Recombinant Apo-Neocarzinostatin. S!S;J”'de bO“dtS Vol 12 12

. . . IStance constraint violations

R_ecomblnant apo-Neocarz_ln_os_tatln (apoN&as produced maximum 045:003A 0424+ 0.04 A
with an N-terminal hexahistidine tag followed by a three- iotal 27.4+1.80 A 205+ 1.21 A

amino acid spacer (LQG). However, for ease of comparison, Ramachandran plot analysis

the residue numbering used here is identical to that of the Z'O'Icc’i‘i’ri%?]a” Alowed 534;& 6333’@
wild-type protein. After purification on an immobilized Ni(ll) generous|§/a||owed 10% 2%
column, RP-HPLC showed a single species and MALDI- disallowed 3% 2%

TOF MS indicated the correct mature protein product; the EOOka:)'nate lif?glsslon (rmsd) 0854010 A 0.73L0.25 A

: H H ackbone ato . . . .
high pun_ty of Fh.e sam_ple was conﬂrmeq by the absence of heavy atons 150% 025 A 156+ 0.27 A
proteolytic activity against calf thymus histone H13J. The all backbone atoms 154029 A 1.38+0.27A
unusual shape of the CD spectrum of apoN@&s in good all heavy atoms N 2.020.27A 2.03+0.30A
i ild- _ comparison to crystal structifre
agreement with that reported for wild-type apoNCS (apoNC st of backbons atoms 187 A 143 Al

SWT) (47). ApoNCSR reversibly unfolded with a midpoint

i o ; _ a Calculated on secondary structural elements: A (residu€?),4
of unfolding (T,) of 67 °C, as monitored by CD spectros B (17-24). C1 (31-36), C2 (37-39). D (45-47). E (53-56), F (62

copy, in good agreement with thig, of 68 °C reported for  goy " (7277 1 (82-87), | (94-98), J (108 and 109} Using the
apoNC8'T determined using differential scanning calorim-  mean NMR structure Compared to apoNCS6). ¢ Compared to NCS
etery (3. 7).

Structure Determination for ApoNESSequence specific
'H and**N assignments for 105 of 113 residues of apoRCS  formed by two antiparallg-strands (strands C2 and D and
were made using standard procedur8),(and have been  strands G and H) (Figure 1B). The apoNCS binding site is
deposited in the BioMagResBank under accession numbetfgrmed by the cleft between strands C1, C2, D, I, and J and
5343 @9). The four Pro residues at positions 3, 9, 49, and enclosed by loops L3 (residues-484), L7 (78-81), and
105 were not unambiguously identified from the two- |9 (99-107). The positions of loops L3, L7, and L9 were
dimensional'H NMR spectra. The remaining unassigned the primary differences between the two structures; consistent
resonances for residues Ala 1, Ala 2, Ala 15, and Arg 82 yjth this, these loops had a high local (three-residue) rmsd
were not found at previously reported proton shife- in the ensemble of NMR structures and higHactors in
52), nor were they identified elsewhere in the spectra. The the crystal structure5) (Figure 2). It has been proposed
nine residues in the apoNE€$I-terminal hexahistidine tag  that these loops have an enhanced flexibility on the basis of
and spacer, which are likely to be disordered in solution, NMR-derived relaxation parametes8( 59). However, the
were not identified. Otherwise, thel assignments were in  rejaxation parameters do not show enhanced flexibility for
good agreement with values reported by others for apoNC-|oop L1 (residues 917), which had a high local (three-
ST (50-52). residue) rmsd in our structure.

Solution structures for apoNCSvere determined from Determination of Dissociation ConstantBluorescence
distance and torsional angle restraints listed in Table 1. guenching titration experiments were used to determine the
Coordinates of the final ensemble have been deposited indissociation constant&g) for the apoNC8—small molecule
the Protein Data Bank as entry 1J568). An overlay of  complexes. Initially, two compounds known to bind to
the 44 structures showed that the residues withsheet ~ apoNCS'T were studied to validate the method. Hirama et
regions were well defined (Figure 1A), with an average root- al. (19) report that both enantiomers of compouidind to
mean-square deviation (rmsd) of 0:8%.19 A for backbone apoNC8'T with K4 values of 66 and 7ZM for the (S9
atoms and 1.5 0.25 A for heavy atoms. Comparison with  and ®R) enantiomers, respectively. Our measurement of a
the solution structures of apoNCS from other groups was K, of 50 & 4 uM for the binding of racemi@® to apoNC$8
not possible as the atomic coordinates are not publicly was in good agreement. However, we obtaind¢; af 140
available b4, 55). + 22 uM for the binding of ethidium bromide (EtBr) to

Comparison of the mean NMR structure with the apoNC- apoNC$, which differed significantly from the literature
SWT crystal structure§6) showed good agreement, with an  values ofKy of 1-2 uM (13, 21). Mohanty et al. 21) report
rmsd of 1.87 A for backbone atoms in secondary structural that binding of EtBr causes perturbation of the chemical shift
elements. The NMR structure comprises primarily 11 of the 6-Me protons of Leu 45 visible in one-dimensional
pB-strands: strands A (residues-4), B (17-24), C1 (3+ H NMR spectroscopy, which presents an alternative method
36), C2 (3739), D (45-47), E (53-56), F (62-69), G (72~ for determining the, of the EtBr-apoNC$ complex. Our
77), H (82-87), | (94-98), and J (108 and 1095h7). A NMR titration of apoNCS8 with EtBr gave aKy of 300 &
seven-stranded antiparalf@isandwich is formed by a three- 70 uM, which was in reasonable agreement with the value
stranded3-sheet (strands A, B, and F) and a four-stranded we obtained by fluorescence considering the difference in
pB-sheet (strands C1, E, I, and J), with a smaller domain the concentrations that were employed.




Apo-NeocarzinostatinSmall Molecule Complexes Biochemistry, Vol. 41, No. 39, 200241735

A B

Ficure 1: Solution structures of apoNEand the9—apoNCS complex. (A) Stereoview of the 44 lowest-energy structures of apéNCS
(B) Ribbon representation of apoNCS with strands labek8). (C) Stereoview of the 44 lowest-energy structures of 3h@poNCS
complex. (D) Ribbon representation of tBe-apoNC$ complex.5-Strands are colored cyan and loops colored gray, &iglcolored
orange.

A2, Table 2: Dissociation Constants
compd Kg@M) compd Kg(uM) compd Kg (uM)
" 3 46+41 5 260433 9 230+ 60

4 870+ 120 7 1154+ 10 11 11000+ 3300

[=]
[
N

intrinsic fluorescence of the corresponding acetate esters
required an alternative approach. Instead, changes to the
fluorescence properties of apoN®Bere used as molecules
occupying the binding site of apoNCS perturb Trp 39 on
strand C2 {7, 21), whereas the second Trp contributes little
NI A S . o/ A S | to the fluorescence of the proteir6(d). However, any

0 10 20 30 40 50 60 70 80 90 100 110 120 interactions remote from Trp 39 could not be detected.

Local RMSD / A
o
[=2]

Residue No. Dissociation constants determined for the compounds under
B35 - | the standard conditions used in this study are reported in

Table 2. Of the acetate esters that were tested, afly
produced a change in the fluorescence of apdN«ficient

for aKy value to be determined, and displayed significantly
weaker binding than the naphthoate esters.

Obsewation of Complex Formation by NMR Spectroscopy.
The use of a spin-labeled ligand allows the residues of a
protein that are in the proximity of the ligand-binding site
to be identified by increased line widths induced in NMR
spectra. Phase sensitive DQF-COSY experiments are par-
_ ticularly suited to observing such increases in line width, as
0 10 20 30 40 S50 60 70 80 90 100 110 120 antiphase multiplets are severely attenuated even by modest

Residue No. line broadening&l). To assess the specificity of binding of
FiGURe 2: Local (three-residue) rmsd for NMR solution structures Sp'n'label_ed ligand to apoNCS, DQF-COSY SpeCtrfa were
and crystal structur® values. (A) Local (three-residue) rmsd for ~ recorded in the presence and absencé @fata acquisition
backbone atoms in the ensemble of solution structures. (B) Crystaland spectral processing using identical parameters produced
structureB values for backbone atoms7, 56). spectra that were clearly distinguishable (Figure 3). No

Changes in the fluorescence of the naphthoate were usedhanges to the apoNESpectrum were noted upon addition
to follow the binding of the naphthoate esters, but the low of an equivalent quantity of the spin-label hy-TEMPO alone

30 4

25 4

B - value / A
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A These strands form the base and two sides of the binding
] ‘ - - - - site, and are in close contact with the naphthoate moiety in
o Leu 45 8CH,'s L - the natural holo complexi{). Strand D and loops L3, L7,

and L9 that surround the apoNCS binding site showed slight
to moderate shifts that varied with the nature of the ester
group present, and were consistent with the ester moiety
occupying the top of the binding site. Despite the clear utility
of the method, measurement of the minimum perturbation
of chemical shifts provided insufficient evidence to define
the orientation in which the naphthoate esters bind.

Structure Determination for the ApoN&S ComplexTo
define the orientation of binding unambiguously, we deter-
mined solution structures for an apoNESaphthoate ester
complex; the meso compound9 was selected for this
experiment. Sequence specffit and'®N assignments were
made for all apoNCSresidues in the complex, excluding
residues +3, 9, 15, 49, 82, and 105, and have been deposited
in the BioMagResBank under accession number 5381 (
The backbone NH assignments agreed with those obtained
using the minA¢é technique, confirming the validity of the
use of the minAJ technique in our study. A large number
of significant chemical shift perturbations occurred upon
complex formation, including for Phe 78 (HNokland H5),
which is believed to be important in chromophore binding
and release due to the benzyl side chain adopting different
conformations in apo- and holo-NC83).

The solution structures for the apoN€ED complex were
determined from the distance and torsional angle restraints
listed in Table 1. Coordinates of the final ensemble have
been deposited in the Protein Data Bank as entry BBl (
FiGURE 3: Phase sensitive DQF-COSY spectra of (A) apoNCS and No structurally significant intramolecular constraints were
(B) apoNCS with 1 equiv 0. identified for9, and all of the observed intermolecular NOEs

) o were between apoNCS and the four aromatic ring protons
to t_he protein (data not show_n), !ndlcatlng that t_he naphthoate ¢ 9, leaving thetranstrans-3,4,5-trihydroxycyclopentene
moiety was responsible for binding to the protein. Dh€H; moiety (Cp) unrestrained. An overlay of the 44 structures
protons of Leu 45 at-0.23 and—0.13 ppm were clearly  {hat were produced showed that the residues wjhimeet
attenuated in the presenceldf with similar effects observed regions were well-defined (Figure 1C), with an average rmsd
for Leu 45 H32, Trp 39 K1, and Trp 39 K1 that all form 49 73+ 0.25 A for backbone atoms and 1.360.27 A
close contact with in the natural holo complexl{)). Other o heavy atoms. Despite the small number of intermolecular
resonances attenuated upon binding1df could not be  constraints, the orientation of the naphthoate was unambigu-
identified unambiguously as the naphthoate moiety caused0u5|y defined at the bottom of the apoNTBinding site
chemical shift perturbation that was sufficient to hinder \yitn an rmsd of 0.54- 0.36 A for all heavy atoms 9.
assignment of crowded regions of the spectrum. The mean NMR structures for apoNE&nd the complex

Thus, a more general approach to pinpointing small were in good agreement with an rmsd of 1.78 A for backbone
molecule binding to the protein using NMR spectroscopy atoms inS-sheet regions. The local (three-residue) rmsd of
was sought. Minimum chemical shift perturbation (nig) the ensemble was lower in the complex than in apoRICS
analyses otH—'*N HSQC spectra have been used in other for loops L3 and L7, though loops L1 and L9 showed little
systems to follow changes in backbone amide resonancesmprovement (Figure 2A). A similar reduction in the
upon complex formation by protein3g, 40). Such chemical  flexibility of the loop regions that surround the binding sight
shift perturbations can be attributed to the proximity of small js reported for NCS 47, 56) and C-1027 3) upon
molecule binding provided that the protein does not undergo chromophore binding (Figure 2B). Loop L9 was closer to
significant structural rearrangement upon complex formation. strand A in our complex, while loop L7 was drawn closer
The location of chemical shift perturbations was visualized to strand D, bringing the side chain of Phe 78 further over
by using the minA¢d values of backbone amide resonances the top of the cleft.
to determine the width of the ribbon in a ribbon representa-  The mean NMR structure of tfe-apoNC% complex and
tion of NCS. Similar perturbations were observed with the crystal structure of NCY7) showed excellent agreement
naphthoate este 5, 7, and9 at 2 molar equiv (Figure 4),  between the structures of the proteins with an rmsd of 1.43
whereas no significant perturbations were observed with the A for backbone atoms ifi-sheet regions. The binding cleft
acetate esters even at 200-fold excess over the protein.  was narrower and shallower in the NMR structure, with the

The interactions were clearly localized to the apoNCS separation between Gly 104 (loop L9) and Ala 38 (strand
binding cleft, with resonances from residues in strands C1, C2) decreased from 15.5 to 10.8 A, and loops L3 and L7
C2, and | being the most strongly perturbed in each complex. displaced to form closer contacts wigh The location ofl
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FicUrRE 4: Binding of naphthoate esters to apoNC$A) 5, (B) 3, (C) 7, and (D)9. (1) Backbone NH mim\¢ analysis vs residue number.
(2) Backbone NH mim\6 values mapped onto apoNC87). The thickness of the ribbon corresponds to four group8:1 ppm, “highly
shifted” as 1.6 A thick; 0.4£0.06 ppm, “moderately shifted” as 1.1 A thick; 0:66.04 ppm, “slightly shifted” as 0.6 A thick; and0.04
ppm, “unshifted” 0.2 A thick. The position of the NCS chromophore (light gray) is shown to aid identification of the binding site.

and9 within the apoNCS binding pocket, although similar, 7'-OMe group and the NH group of Gly 35 seen in the
was distinct in the two structures, with the naphthoate portion natural complex. The hydrogen bond between the naphthoate
of 9 displaced relative to the naphthoate portiord ¢d adopt carbonyl and Ser 980H (3.1 A O-0 separation) seen in

a more central position in the binding site (Figure 5). The the natural complex was replaced with a hydrogen bond
naphthoate 09 had rotated such that th&@Me group was  between the '20H group and Ser 9§OH (3.5 A O-0
close to the position occupied by th&Q@QH group of the separation). The Cys 37Cys 47 disulfide bond was in closer
naphthoate of, destroying the hydrogen bond between the contact with the naphthoate 8tthan in the natural complex,
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Ficure 5: Overlay of the9—apoNC% NMR solution structure
with the crystal structure of NCSL7). NCS is light gray, and the
9—apoNCS complex is dark gray: top right, Phe 78; bottom left,
Ser 98; and bottom right, Cys 37 and Cys 47.

and the Phe 78 side chain was displaced to fit over the Cp
portion of 9. The side chain of Trp 39 and Phe 52 did not
lie across either end of the binding pocket as seen in the
natural complex, although their positions were consistent with
those seen in the apoN€SIMR structures. Many common

Urbaniak et al.

defined, the first high-resolution structure of a synthetic
chromophore bound to apoNCS. The differences observed
between the position of the naphthoate in our NMR structure
and the natural complex showed that not all interactions were
conserved: the naphthoate portion ®fadopted a more
central position in the binding site. Thus, the naphth@ate
should be considered more as a general locator than as an
anchor able to confer specific binding to the apoNCS binding
cleft.

The naphthoat@ plays a dual role in the natural complex;
not only doe< bind deeply within the apoNCS binding cleft
(17), but it also intercalates with DNA2(Q). It can be
postulated that due to this dual rdenay not be optimized
for binding to apoNCS, and therefore, synthetic molecules
may be found that are able to perform effectively as specific
anchors into apoNCS The discrepancy in binding that we
observed also highlights the importance of detailed structural
studies as a basis for rational drug design; a parsed down

hydrophobic contacts were seen in both the natural complexligand should not be expected simply to bind in the same

and our apoNC%-9 complex, including Gly 35, Leu 45,
Phe 78, Val 95, Gly 96, and Gly 102.

DISCUSSION

The recombinant apoNCS produced for this study was
isolated in a pure, fully folded form free from contaminating

proteases. There was excellent agreement between ou

ensemble of solution structures determined by NMR spec-
troscopy and the previously reported crystal structure of
apoNC38'T (56).

A Kqg of 220 + 80 uM for the EtBr—apoNCS complex

was determined using NMR and fluorescence spectroscopy,

which is in poor agreement with literature values determined
by fluorescence aloneK§ = 1-2 uM) (21). Since the
perturbation of a specific binding site residue in the NMR
spectra of apoNCS was used to confirm our value, we are
confident that the value that was obtained relates specifically
to formation of the EtBrapoNCS complex. It may be
possible that the tighter binding observed by others is due
to contamination of their protein preparations by DNA, which
is known to strongly affect the fluorescence of EtBr.

Ky values of 104—10"5 M were obtained for the naph-
thoate esters binding to apoN&Swhile the ester groups
alone interacted with the protein only very weakly. Thus, it
was the naphthoat2 that conferred most of the binding to
apoNCS. However, as binding is only moderate (submil-
limolar) in comparison to that in the natural ligand (nano-
molar), our results confirm, as expected, that the binding
stability of the natural complex is not determined by the
naphthoate alone.

Our NMR spectroscopic studies indicated that binding
occurred within the apoNCS binding site at the same location
as occupied by the natural chromophore. Analysis of min
A¢ values identified regions of perturbation consistent
between the different compounds, corresponding closely to
the position of the naphthoate in the holo complex. However,
this analysis was insufficient to orient the analogues within
the binding site. This could only be obtained by determining
a solution structure of the complex. The determination of
structures involving weakly bound small molecules is non-
trivial. Nonetheless, we report here a structure of the
apoNCS$—9 complex in which the position d was well-

manner as seen in the natural complex.

The promiscuity of interactions within the apoNCS binding
cleft holds promise for its application as a generic drug
delivery vehicle in that the protein may be able to accom-
modate a variety of non-natural ligands and thus improve
their tumor targeting in vivo. The use of a protein-based
delivery system has advantages over the use of synthetic
[)olymer-based formulations as interactions within the protein
are well-defined and amenable to structural studies and may
be tailored by protein redesign or mutagenesis to modulate
the affinity of binding.
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