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S U M M A R Y  

The snake venom protein echistatin contains the cell recognition sequence Arg-Gly-Asp and is a potent 
inhibitor of platelet aggregation. The three-dimensional structure of echistatin and the dynamics of the active 
RGD site are presented. A set of structures was determined using the Distance Geometry method and 
subsequently refined by Molecular Dynamics and energy minimization. Disulfide pairings are suggested, 
based on violations of experimental constraints. The structures satisfy 230 interresidue distance constraints, 
derived from nuclear Overhauser effect measurements, five hydrogen-bonding constraints, and 21 torsional 
constraints from vicinal spin-spin coupling constants. The segment from Gly s to Cys 2~ and from Asp ~~ to 
Asn 42 has a well-defined conformation and the Arg-Gly-Asp sequence, which adopts a turn-like structure, is 
located at the apex of a nine-residue loop connecting the two strands of a distorted [3-sheet. The mobility of 
the Arg-Gly-Asp site has been quantitatively characterized by 15N relaxation measurements. The overall 
correlation time of echistatin was determined from fluorescence measurements, and was used in a model-free 
analysis to determine intemal motional parameters. The active site has order parameters of 0.3-0.5, i.e., 
among the smallest values ever observed at the active site of a protein. Correlation of the flexible region of 
the protein as characterized by relaxation experiments and the NMR solution structures was made by 
calculating generalized order parameters from the ensemble of three-dimensional structures. The motion of 
the RGD site detected experimentally is more extensive than a simple RGD loop 'wagging' motional model, 
suggested by an examination of superposed solution structures. 

I N T R O D U C T I O N  

Platelets adhere to one another and to vessel walls by interactions between integrin receptors 
on the cell surface and the Arg-Gly-Asp (RGD) sequence of  extracellular matrix proteins (for 
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reviews, see Ruoslahti and Pierschbacher, 1986, 1987; Hynes, 1987; Hemler, 1990). The glycopro- 
tein IIb/IIIa complex (Gp-IIb/IIIa) is the principal integrin receptor on the platelet surface. The 
extracellular matrix proteins which bind to platelet Gp-IIb/IIIa include fibrinogen, fibronectin, 
von Willebrand factor, and vitronectin. Fibrinogen appears to be the most important of these 
proteins with respect to platelet aggregation in circulation because of its abundance (Plow et al., 
1986). Studies have shown that inhibition of fibrinogen binding to platelets with either antibodies 
(Coller, 1985; Gold et al., 1988; Yasuda et al., 1988; Coller et al., 1989) or RGD-based inhibitors 
(Bush et al., 1989; McGoff et al., 1989; Shebuski et al., 1989a,b) is an effective antithrombotic 
strategy. In addition to platelet aggregation, interactions between RGD-containing proteins and 
integrin receptors play an important role in development (Armant et al., 1986; Duband et al., 
1986), tumor cell metastasis (Humphries et al., 1986), microbial invasion and disease (Ouaissi et 
al., 1986), platelet aggregation (Gardner and Hynes, 1985; Pytela et al., 1986), vascular prolifera- 
tion and wound healing (Cheresh, 1985) and bone resorption (Sato et al., 1990). 

Echistatin is a 49-amino acid protein (ECESGPCCRNCKFLKEGTICKRARGDDMDD- 
YCNGKTCDCPRNPHKGPAT) isolated from the saw-scaled viper Echis carinatus. It is a mem- 
ber of a family of snake venom proteins that inhibit platelet aggregation (Huang et al., 1987; Gan 
et al., 1988; Shebuski et al., 1989a; Dennis et al., 1990). The tripeptide unit Arg-Gly-Asp is found 
in positions 24-26 and the protein contains eight cysteines. Since platelet aggregation is a key step 
in thrombus formation, it is of interest to understand the details of echistatin inhibition on the 
molecular level. 

NMR spectroscopy is playing an increasingly important role in the determination and charac- 
terization of the 3D structure and dynamics of proteins (Wfithrich, 1986; Nirmala and Wagner, 
1988; Kay et al., 1989; Clore et al., 1990b; Clore and Gronenborn, 1991a; Palmer et al., 1991; 
Barbato et al., 1992; Berglund et al., 1992; Kordel et al., 1992; Powers et al., 1992; Redfield et al., 
1992; Schneider et al., 1992; Stone et al., 1992; Wagner et al., 1992). To generate structures of high 
accuracy and precision, it is important to have a large number of experimental constraints, 
including NOEs and torsion angle restraints (Clore and Gronenborn, 1991b). In echistatin, the 
number of NOEs is fewer than might be expected for a 49-residue protein and therefore only 
low-resolution structures can be generated (Chen et al., 1991; Cooke et al., 1991, 1992; Dalvit et 
al., 1991; Saudek et al., 1991a,b). The small number of NOEs is a reflection of the fact that large 
portions of the protein are quite mobile or flexible. In this paper, we present the 3D structure of 
echistatin and relate the motional averaging effects that are implicit in solution structures by 
calculating a theoretical order parameter for recognition-site residues from the ensemble of 
solution structures. The order parameter for the loop region that contains the recognition site 
derived from the solution structures is compared with order parameters derived from ~SN relaxa- 
tion experiments. The internal motion parameters for Ala 23, Gly 25 and Asp 26 are obtained from 
15N relaxation measurements and the overall correlation time of echistatin is derived from fluo- 
rescence measurements. Knowledge of both the structure and dynamics of echistatin is necessary 
in order to determine the role of flexibility in integrin-RGD interaction processes. 

Abbreviations: NOE, nuclear Overhauser enhancement; NOESY, nuclear Overhauser effect spectroscopy; TOCSY, total 
correlation spectroscopy; TPPI, time-proportional phase incrementation. 
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MATERIALS AND METHODS 

NOE constraints 
Echistatin was obtained by solid-phase synthesis (Garsky et al., 1989). The purity of the peptide 

was assessed by HPLC and was found to be greater than 95%. NOESY spectra (Anil Kumar et 
al., 1980) or pre-TOCSY NOESY spectra (Otting and Wiithrich, 1987) were recorded with 
echistatin dissolved in either 90% H2O110% D20 or 99.996% D20 at a concentration of approxi- 
mately 2 mM, pH -- 3.1, at 27 ~ NMR experiments were run on a Varian VXR500 spectrometer 
at Rutgers University. Quadrature detection was applied to the t2 dimension and sign discrimina- 
tion in tt was achieved using the time-proportional phase incrementation (TPPI) method 
(Redfield and Kunz, 1975; Marion and Wiithrich, 1983). For each experiment, 2048 data points 
with 512 tl increments were recorded. FIDs were zero-filled to 2048 real data points in both 
dimensions, prior to Fourier transformation. Fourier transformation and integration of cross- 
peak intensities were obtained with the software FELIX (Hare Research, Inc.). 

NOE cross peaks were assigned to specific proton pairs based on our resonance assignments 
(Chert et al., 1991). Other resonance assignments of echistatin were published independently 
and were found to agree with ours (Cooke et al., 1991; Dalvit et al., 1991; Saudek et al., 
1991b). Distance constraints were obtained, based on NOE cross-peak intensities. The ranges 
of the distance constraints were estimated as follows. For the NOE constraints involving 
labile amide protons, cross peaks observed in a 50-ms mixing time pre-TOCSY NOESY ex- 
periment were classified as 'strong' or 'medium', associated with an upper distance limit of 2.7 or 
3.5 A, respectively. Cross peaks observed in a 200-ms pre-TOCSY NOESY spectrum but not in 
the 50-ms pre-TOCSY NOESY spectrum were classified as 'weak', associated with an upper limit 
of 5.0 A. For NOE constraints between nonlabile protons, cross peaks observed in NOESY 
spectra of 80 ms or less were calibrated using the NOE cross peak of a methylene proton pair and 
the upper limit was set at +20% of the calculated distances. An additional 0.5-A correction was 
made to the NOEs involving methyl groups. For overlapping NOE cross peaks or NOE cross 
peaks that were observed in a 200-ms mixing time NOESY spectrum but not in an 80-ms mixing 
time spectrum, the upper limit was set to 5.0 A. The lower limit of the distance constraints was set 
in all cases to the sum of the van der Waals radii, 2.0 •. At the present stage, 230 interresidue 
NOEs have been identified in NOESY spectra with mixing times of up to 200 ms, including 
104 NOEs between sequential residues and 126 NOEs between protons of nonsequential residues. 
Of the 126 nonsequential NOEs, 94 are between resonances that are more than five residues 
apart. 

Torsional constraints and stereospecific assignments 
Twelve backbone q5 angles were constrained based on the measured coupling constants (Chen 

et al., 1991). 3Jc~ n e~n coupling constants were measured using a P.E.COSY experiment (Mueller, 
1987; Marion and Bax, 1988) with echistatin dissolved in 99.996% D20 at a concentration of 2 
mM. The experiment was run at 27 ~ and pH = 3.1, with a 45 ~ mixing pulse. Sign discrimination 
in the tl dimension was achieved by the hypercomplex method (Mueller and Ernst, 1979; States 
et al., 1982). 4096 data points were taken in the t2 dimension and 512 increments were recorded 
in the tl dimension. The FIDs were zero-filled to 4096 real points in the t2 dimension before 
Fourier transformation, resulting in a digital resolution of 1.27 Hz/point. The measured 3Jc~n.c~i~ 
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TABLE 1 
MEASURED C~H-C~H COUPLING CONSTANTS OF C ~ METHYLENE PROTONS 

Residue C~H (+_ 1.27 Hz) C~H (+_ 1.27 Hz) Residue C~H (_+ 1.27 Hz) C~H (_+ 1.27 Hz) 
(higher field) (lower field) (higher field) (lower field) 

Cys 2 6.8 7.1 Tyr 31 9.3 4.0 
Glu 3 8.9 5.1 Cys 32 -12 4,6 
Cys 7 N12 3.0 Asn 33 4.0 3.3 
Arg 9 7.0 7.2 Lys 35 9.5 4.8 
Ash I~ 8.8 5.8 Asp 38 6.9 5.6 
Phe 13 13.7 3.2 Asp 39 4.3 11.3 
Asp 26 7.6 5.6 Pro 4~ overlap 4.2 
Asp 27 5.6 6.3 Asn 42 9.1 5.7 
Met 28 overlap 4.6 Pro 43 4.3 8.6 
Asp 29 3.2 10.3 His 44 8.8 7.8 
Asp ~~ t2.1 3.8 Pro 47 5.1 9.2 

coupling constants are listed in Table 1 and stereospecific assignments (Wagner et al., 1987) of  

~-methylene protons are listed in Table 2. 

Hydrogen-bonding constraints 
Hydrogen bonds were included as distance constraints. The secondary structure of  echistatin 

has been identified f rom N O E  data, deuter ium-hydrogen exchange rates, as well as J-coupling 
constant measurements,  as described in a previous paper  (Chen et al., 1991). The distances 

between the corresponding amide nitrogen and carbonyl oxygen pairs were constrained within 
the limit of  2.9 + 0.2 A. Eight slowly exchanging amide protons were observed in the antiparallel 
sheet and the 13-hairpin region. However, only five hydrogen-bonding constraints are included in 

the distance constraints, because the other three are in regions where the regular secondary 
structure appears to be distorted, based on the absence of interchain NOEs  and small coupling 

constants. The identified C O - N H  hydrogen-bonding pairs are 5CO to 8NH, 9CO to 12NH, 

12CO to 9NH, 30CO to 20NH and 18CO to 32NH. 

Computational methods 
Echistatin contains eight cysteines, i.e., residues 2, 7, 8, 11, 20, 32, 37 and 39, comprising four 

disulfide bonds. For  two of  the disulfide bonds, 2-11 and 20-39, strong evidence was found in the 
NOESY spectra (Chen et al., 1991). The NOEs between the C a proton of  C y s  37 and the two C ~ 
protons of  Cys 8 were identified. The NOEs between the N H  of C y s  7 and the C~H of C y s  32 w e r e  

also observed. However, it is difficult to assign disulfide pairings involving residues C y s  7 and Cys 8 

f rom NOESY spectra, because they are next to each other in the pr imary sequence. Therefore, 

two sets of  disulfide pairings were used in the calculation in the DSPACE program (Hare 
Research, Inc.): (1) 2-11, 20-39, 7-32, 8-37; and (2) 2-11, 20-39, 8-32, 7-37. The disulfide 
bonds were introduced as chemical bonds in both  the I M P A C T  (Levy et al., 1989; Kitchen et al., 

1990) and the DSPACE program. 
The input for the DSPACE program consisted of  N O E  constraints, hydrogen-bonding con- 
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STEREOSPECIFIC RESONANCE ASSIGNMENTS OF SOME ~-METHYLENE PROTONS 
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Residue H~R (ppm) H~S (ppm) ?~1 (_+ 30 o) 

Asp 29 2.56 2.48 

Tyr ~a 2.56 2.64 
Cys 39 2.64 2.93 

Pro 6 1.92 2.63 
Pro 4~ 1.82 2.22 
Pro 4~ 2.22 1.86 
Pro 47 1.97 2.27 

300 
300 
180 

straints, bond lengths and bond angles inherent in the covalent structure of the primary sequence, 
and the disulfide bonds of echistatin. All distance constraints were incorporated as square-well 
biharmonic potential terms in both the penalty function of the DSPACE program and in the 
molecular mechanics potential function of the IMPACT program. The methylene protons which 
had not been stereospecifically assigned were specified, so that protons could float between pro-R 
and pro-S positions. Thirty-five structures for each set of disulfide pairings were embedded and 
refined in DSPACE with 194 NOE constraints, identified at the first stage, and five hydrogen- 
bonding constraints. Once one of the disulfide pairings was chosen, based on violations of the 
covalent structure and experimental constraints, new NOEs were found, based on the initial 
structures, and the final number of NOEs used for further structure generation and refinement 
was 230. New structures were embedded and refined in DSPACE with 230 NOE constraints and 
five hydrogen-bonding constraints. 

Twenty new structures calculated in DSPACE with 230 NOE constraints and five hydrogen- 
bonding constraints were further refined in the program IMPACT, using the molecular mechan- 
ics potential energy function with an additional 21 torsional constraints. Distances involving 
methyl protons, methylene protons or symmetric protons on aromatic rings were evaluated as 
intensity-weighted averages (Levy et al., 1989). The refinement with the IMPACT program 
consisted of two stages: molecular dynamics (MD) simulation and energy minimization. During 
the dynamics calculation, the electrostatic, hydrogen-bonding and the 1-4 interaction terms were 
turned off. The system was heated to 500 K over 0.25 ps, equilibrated for 2 ps and then cooled 
down to 0.1 K for 0.5 ps. The cutoff distance for the van der Waals interaction evaluation was 6.0 
~. The force constant for NOE constraints was 30 kcal/mol A 2. In order to better satisfy the 
torsional constraints, particularly at higher temperatures, a large force constant was chosen for 
this term, i.e., 100 kcal/mol rad 2. This is consistent with previously reported values of torsional 
force constants, typically varying between 40 and 200 kcal/mol tad 2 (Clore et al., 1986; Holak et 
al., 1989). Molecular dynamics simulation was then followed by conjugate gradient minimization 
to an rms gradient of 0.1 ,~, with all the molecular mechanics potential terms including electro- 
static, hydrogen-bonding and 1-4 interactions. The cutoff distance for van der Waals interactions 
was 7.5 A. The dielectric function used for the electrostatic interactions was distance dependent, 

= 2.5 Ri; During this stage of refinement, a force constant of 20 kcal/mol A2 was used for the 
NOE constraints. The molecular mechanics potential terms and violations of the experimental 
distance constraints for the 10 best structures are given in Table 3. 
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Fluorescence measurements 

Tyrosine fluorescence anisotropy was measured with an SLM 8000 photon-counting fluorome- 
ter operated in the T-format. An excitation wavelength of 280 nm (bandpass = 4 nm) was 
employed and sample emission was passed through a Schott WG320 filter (allowing transmission 
above 320 nm) to eliminate Raman scatter. Glan Thompson prism polarizers were used to 
polarize exciting light and monitor polarized components of emission. A sample of echistatin at 
pH 3.2 was prepared in 5 mM sodium acetate-acetic acid buffer. Echistatin concentration was 
determined from an ultraviolet spectrum of this sample, employing an extinction coefficient of 
1480 M -~ cm -~ for tyrosine at 280 nm (Mach et al., 1992). Fluorescence from the sample was 
corrected for background signal from buffer alone. The sample temperature was controlled with 
a circulating Neslab RTE-100 water bath and measured with a Fluke 51 K/J thermometer. 
Viscosities of water at different temperatures were obtained from a National Bureau of Standards 
table (Weast, 1975). 

The tyrosine fuorescence lifetime (x) of echistatin was measured at pH 3.2 and ambient temper- 
ature with an ISS K2 multifrequency phase-modulation fluorometer, equipped with a digital filter 
for data acquisition through a Fast Fourier Transform routine. Modulation frequencies ranging from 
20 to 200 MHz, and a cross-correlation frequency of 80 Hz were employed. Tyrosine fluorescence of 
echistatin was excited at 280 nm and a Schott glass WG320 filter was placed in the emission path. 
p-Terphenyl (x = 1.05 ns) was used as the lifetime reference. Phase shifts and demodulation ratios 
were analyzed by multiexponential least-squares analysis (Lakowicz et al., 1984). 

The echistatin concentration for both anisotropy and lifetime measurements was 1. t mg/ml. An 
optical pathlength of 4 mm was used for absorption and the absorption of the sample was 0.12. 
Thus, inner filter effect was not significant. 

15N relaxation measurements 

Echistatin with ~SN-labeled Ala 23, Gly 25 and A s p  26 w a s  obtained by solid-phase synthesis, using 

TABLE 3 

MOLECULAR MECHANICS POTENTIAL ENERGIES (kcal/mol) OF THE TEN BEST STRUCTURES, RE- 
FINED WITH IMPACT 

Structure Bond Angle Dihedral LJ 1 4  EL 1-4 LJ 6-12 EL HB ~]dvio~ (•) >0.1 ~ >0.5 

echs144m 16 182 178 161 255 -99 -352 -7.0 2.9 6 0 
echs145m 10 166 173 122 255 -144 -327 -7.0 2.3 4 0 
echs147m 11 185 173 121 262 -147 -365 -7.0 2.2 7 0 
echsl51m 21 292 234 147 249 -37 -301 -0.2 4.3 13 0 
echs154m 18 216 211 125 247 -97 -316 -5.9 3.2 10 0 
echs155m 20 312 224 149 256 -59 -333 13.3 4.4 14 0 
echs157m 12 167 192 137 264 -86 -366 -7.3 2.5 6 0 
echsl60m 18 279 231 211 250 -86 -331 -3.7 2.0 4 0 
echsl61m 16 249 207 130 254 -105 -329 -0.2 3.8 9 0 
echs166m 10 182 199 130 254 -105 -357 -4.7 3.5 13 0 

Average 15 223 202 143 255 -97 -391 -3.0 3.1 9 0 

SD 4 56 23 27 5 34 15 6.2 0.9 4 0 
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labeled amino acid residues (Garsky et al., 1989). The sample was prepared by dissolving echis- 
tatin in 90% H2O110% D20 at a concentration of about 2 mM, pH = 3.0. NMR experiments were 
carried out on a Bruker AMX 600 spectrometer, equipped for multichannel operation at 27 ~ at 
the Scripps Research Institute. 

~SN T~ and T2 times and NOEs of the three ~SN-labeled residues were measured using the 1D 
version of published pulse sequences (Stone et al., 1992). T~ values were measured from eight time 
delays of 2.0, 33.1, 95.3, 157.6, 250.9, 406.5, 593.2 and 779.9 m s .  T 2 values were also measured 
from eight time delays, i.e., 4.0, 52.0, 102.0, 154.0, 202.0, 252.0, 302.0 and 408.0 ms. For each time 
delay in both T1 and T2 experiments, 256 scans were acquired. The steady-state NOEs were 
measured as the ratios of peak heights in the spectrum recorded with proton saturation to those 
in the spectrum recorded without saturation. A proton saturation of 3.96 ms was obtained using 
GARP-1. The recycle delay for all T1, T2 and NOE experiments was 4.0 s, which is longer than 
five times the proton T~ relaxation time. 

Fourier transformation of the spectra, baseline correction and peak height measurements were 
performed using the software FELIX 2.05 (Hare Research, Inc.). Both T1 and T2 values were 
obtained by fitting the experimental decay of peak height with time to a single exponential decay. 
T1 was obtained by least-square fitting of the three-parameter equation: 

I(T) = I= - [I~ - Io]exp(-T/T,) 

T2 was obtained by least-square fitting of the two-parameter equation: 

I(T) = I0 exp(-T/T2) 

Uncertainties in peak height measurements for TI and T 2 w e r e  estimated by repeating the first and 
the last time points (2 and 779.9 ms for T1, 4 and 408 ms for T2). For the determination of NOEs, 
average values and standard deviations from four separate measurements were calculated (Palm- 
er et al., 1991; Stone et al., 1992). 

RESULTS AND DISCUSSION 

Analysis of structures 
Echistatin contains eight cysteine residues at positions 2, 7, 8, 11, 20, 32, 37 and 39. Disulfide 

bonds between CysZ-Cys 11 and Cys2~ are suggested by the NMR  data (Chen et al., 1991). 
The remaining disulfide pairings could be residues 7-32/8-37 (set I) or 8-3217-37 (set II). Struc- 
tures, embedded and refined with simulated annealing and minimization in DSPACE, with each 
possible set of disulfide pairings were analyzed in terms of the violations of experimental con- 
straints, and violations derived from the covalent structure of the primary sequence of echistatin. 
Analysis of known crystal structures suggests that the torsional angles of the disulfide bonds have 
a strong preference for values of + 90 ~ (Kominos et al., 1990). We tried to use this as a criterion 
for the identification of the correct disulfide pairing. However, after embedding and refinement 
with the DSPACE program, the disulfide torsion angles were not close to _+ 90 ~ in either set of 
structures. Apparently, the NOE distance constraints alone are not sufficiently restrictive to 
establish the correct conformational preference of the disulfide bond. The analysis of the five 
lowest energy structures for each disulfide pairing is summarized in Table 4. The structures 
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Fig. 1. Stereoview of a superposition of 10 structures of echistatin. The structures were superimposed to minimize the rmsd 
of backbone atoms of residues 8-20 and 30-40. The conformations of the N- and C-termini and the loop containing the 
RGD site are poorly defined relative to the core of the protein. 

generated with set I disulfide pairings clearly show fewer violations of the covalent structure and 
experimental constraints than the structures generated with set II disulfide pairings. These results 
prompted us to choose the set I disulfide pairings as being correct, Similar results were found by 
Cooke et al. (1991), who determined the disulfide pairing in echistatin by a statistical analysis of 
the simulated annealing structures using XPLOR. More recent work by Calvete et al. (1992) 
suggested the same disulfide pairing by chemical means. A new, more sensitive chemical method 
was used by Gray (1993) to unambiguously confirm the pairing. 

Once set I disulfide pairings were chosen, new NOEs were found based on these initial struc- 
tures. The family of echistatin structures shown in Fig. 1 satisfies 230 interresidue distance 
constraints, five hydrogen-bonding constraints, and 21 torsional constraints. Figure 1 shows the 
superposition for the polypeptide backbone of the 10 lowest energy echistatin structures, refined 
with the IMPACT program following embedding and refinement in the DSPACE program. The 

TABLE 4 
STATISTICS FOR THE BEST FIVE STRUCTURES FROM DSPACE OF THE TWO SETS OF DISULFIDE 
PAIRING 

Disulfide pairing Average total Standard deviation Average no. of distance violation b 
distance of total distance 
violation a ( / ~ )  violation (A) >1.0 A >0.5 A >0.1 ]k 

Set 1 21.5 4.9 0 0 0.8 
Set 2 38.5 3.4 0 0.2 4.2 

a The average is the sum of violation of the covalent structure, derived from the primary sequence and the violation of total 
experimental distance constraints. All violations have been converted to distance. 

b The violation only refers to experimental distance violation. 
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Fig. 2. The overall fold of echistatin. I~-strands are shown as ribbons, and the two short 13-sheets are colored in red and 
blue, respectively. Heavy atoms of cysteine residues and disulfide bonds shown in yellow indicate the positions of the 
disulfide pairing. The model was generated on an SGI IRIS 4D workstation with the program MOLSCRIPT (Kraulis, 
1991). 

10 structures do not have violations of  the NOE constraints greater than 0.5 ]~. The backbone 
fold of the protein is well defined only for regions containing approximately residues 8-20 and 
30-40. After the best fit superposition of  the backbone atoms for residues 8-20 and 30-40, the 
average rms deviation of backbone atoms (C, C a, N) for these residues is 1.7 + 0.3 A and the 
average rms deviation of all atoms for the same region is 2.8 + 0.4 A. 

The backbone fold of  echistatin and disulfide pairings are shown in Fig. 2. F rom the N- 
terminus, the structurally defined regions begin with a Type 113-turn in residues 5-8 (Chert et al., 
1991). Following the turn is a ~-hairpin in residues 8-14, with hydrogen bonding between resi- 
dues 9 and 12. In addition, we have identified a tight turn in residues 9-12 as a Type I' 13-turn 
(Chen et al., 1991). Residues 16 and 17 form a turn in our structures; the turn might be a half turn, 
based on the strong C~H-to-NH NOE between residues 16 and 17, the N H - N H  NOE between 
residues 17 and 18 and the C~H-to-NH NOE between residues 16 and 18 (Wfithrich, 1986). Since 
no coupling constants are available for residues 16 and 17, this turn cannot be uniquely identified 
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and structural calculations do not give any conclusive answer. Residues 18-20 and 30-32 form a 
short antiparallel ~-sheet (Chen et al., 1991). The short sheet is apparently distorted. Residues 
21-29 form a loop, containing the RGD binding site. Following the sheet, residues 33-36 
form a turn, as numerous short-range i to i + 2 and i to i + 3 NOEs are observed in this region. 
Residues 37-42, which comprise a second binding site (Pro4~ 43) (Gould et al., 1990), form 
another loop. From residue 42 on, the structure is not very well defined. 

The global fold of echistatin and its 3D structure have been reported earlier by us (Chen et al., 
1991), by Saudek et al. (1991a,b) and by Cooke et al. (1991,1992). The overall conformation of 
our structures is similar to that of the reported structures. The disulfide pairings that are selected 
in our structures and in those of Cooke et al. (1992) are the same, whereas Saudek et al. (1991a) 
were unable to distinguish between set I and set II disulfide pairings. Small differences in second- 
ary structure exist between our structures and reported structures (Chen et al., 1991; Dalvit et al., 
1991; Cooke et al., 1991,1992; Saudek et al., 1991a). All the reported structures agree in that the 
RGD binding site is in a loop connecting residues 21-29. Conformational studies have been 
reported on a number of other peptides and proteins that are active in the inhibition of platelet 
aggregation (Reed et al., 1988; Genest et al., 1989; Negre et al., 1989; Mickos et al., 1990; 
Aumailley et al., 1991; Bogusky et al., 1992,1993; McDowell and Gadek, 1992; Mizutani et al., 
1992; Peishoff et al., 1992; Siahaan et al., 1992). In these short RGD-containing peptides, the 
RGD sites tend to form turn-like structures. In addition, the RGD binding site in the protein 
kistrin is located at the apex of a turn (Adler et al., 1991). The turn-like structure of the RGD site 
might be important for the cell-binding activity. 

As seen in Fig. 1, certain regions of the protein are relatively well defined, whereas other 
regions, such as the loop region and the terminal ends, are not. This is further observed in Table 
5. The average rms deviation among backbone atoms of all residues is approximately 4/k between 
structures before and after the MD refinements. However, the average rms deviation among 
backbone atoms of the structured regions (residues 8-20 and 30-40) is only 1.6 /k between 

TABLE 5 
COMPARISON OF THE RMSD OF BACKBONE ATOMS BETWEEN STRUCTURES BEFORE AND AFTER 
DYNAMICS REFINEMENT USING IMPACT 

Structure Backbone rmsd (•) 

Residues 8-20, 30-40 All residues 

echs144 1.56 3.66 
echs145 1.74 5.97 
echs147 1.95 4.39 
echs151 1.68 3.00 
echs154 1.48 5.68 
echs155 1.76 4.37 
echs157 1.18 4.50 
echsl60 1.17 1.55 
echs161 1.74 4.56 
echs166 1.68 3.47 

Mean 1.59 4.12 
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Fig. 3. Plot of total number of nonsequential, interresidue NOEs identified for each residue from NOESY spectra obtained 
at 200 ms or less. Structured regions of the protein are characterized by large numbers of NOEs. The nine-residue loop 
containing the RGD moiety is found at residues 21-29 and exhibits few nonsequential NOEs. 

structures before and after the dynamics refinement. The much smaller changes in the structured 
regions during the MD refinement are probably due to the presence of conformational con- 
straints in the structured regions. The N- and C-terminal regions and the loop connecting the two 
strands of the antiparalM ~-sheet are poorly defined, as would be expected from the fact that 
these regions lack nonsequential NOE constraints (Chen et al., 1991). Therefore, these regions 
change considerably during the MD calculation. After MD refinement with IMPACT, the disul- 
fide torsion angles lie within the appropriate range 190~ + 10 ~ The large variation of the N- and 
C-terminal regions and the nine-residue loop containing the RGD sequence suggests that the 
computational methods that were used to generate and refine the structures performed a reasona- 
bly good sampling of the conformational space. 

Dynamics of  the active site 
Determining the mobility of the active site is a key issue in order to better characterize those 

features of the Arg-Gly-Asp unit that are compatible with receptor binding. Numerous interre- 
sidue NOEs are observed for the structured regions of the protein, while very few interresidue 
NOEs are observed for the termini and the loop containing the Arg-Gly-Asp sequence (Fig. 3). 
These data, as well as coupling constants of approximately 6 Hz in the RGD region, are consistent 
with the view that the loop containing the active site is conformationally mobile (Chert et al., 1991). 

A manifestation of the lack of NOE constraints in the loop region (Fig. 3) is that the backbone 
fold, in the ensemble of Solution structures shown in Fig. 1, is not well defined for this region 
of the protein. While the standard approach to measuring motional parameters in macro- 
molecules is via N M R  relaxation experiments, motional averaging effects are implicit in the 
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Fig. 4. Superposition of the ]3-sheet and the loop containing the RGD site of 20 structures. The structures were superim- 
posed to minimize the rmsd of backbone atoms of residues 18-20 and 30-32. The flexibility of the loop is mainly lateral 
and within a range of approximately 60-70 ~ . 

ensemble of  structures, generated during the determination of a protein structure from N M R  
data. The lack of well-defined structure is often ascribed to the presence of mobility. We can 
attempt to quantify these motional effects in solution structures by calculating a theoretical order 
parameter from a set of solution structures which satisfy the NOE and torsional constraints. 
When considering an ensemble of protein structures which satisfy NMR-derived constraints (the 
'solution structure' of  the protein), it is almost a matter of definition that regions of the protein 
which are very well determined are said to be more rigid, whereas the lack of resolution of other 
regions is often ascribed to the presence of mobility. To date there has been no attempt to make 
this qualitative description more precise. It is possible to calculate generalized order parameters 
from the coordinates of the ensemble of structures which satisfy the NMR-derived constraints. 
Under the assumption that the protein is able to interconvert between the various structures in the 
ensemble on the same time scale as that probed in the N M R  relaxation experiment, the general- 
ized order parameters calculated from the 'solution structure' may be compared with those cal- 
culated from T1, T2 relaxation experiments. We have carried out such an analysis for echistatin. 

To calculate a theoretical order parameter, a motional model for the loop region is chosen, 
based on the structures. The loop containing the active site R G D  is anchored on a well-structured 
~-sheet and has a flexible orientation, as shown in Fig. 4. The orientational flexibility in the 
ensemble of 'solution structures' indicates that the local motions of  the loop are mainly lateral 
and are within a range of approximately 60-70 ~ A generalized order parameter for the N H  
vectors of the R G D  site was calculated, assuming a 'wagging' motion of  the loop within an arc of 
60-70 ~ as shown in Fig. 4, using the following function (Levy et al., 1981): 

2 2 $2 4n 
= -5  n = -2 [ (Y~(Om~176 

where the Y~ are second-order spherical harmonics, 0 and ~ are polar angles of the internuclear 
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Fig. 5. Plots of peak intensity versus relaxation time for (A) T1 and (B) T2 measurements. The three residues are 
represented by (+) for glycine, (x) for alanine and ( �9 ) for aspartic acid. 

vector with respect to a fixed molecule axis, and the angular brackets represent a correlation 
function. All orientations of the loop are assumed to be equally likely, so that 0 is allowed to vary 
between 0 and 60 ~ The calculated order parameter from this 'wagging' model, based on the 
solution structures, is about 0.7. 

To correlate flexible regions of the 'solution structure' with experimental relaxation data, order 
parameters for the loop region, calculated from the ensemble of structures shown in Fig. 1, were 
compared with order parameters from 15N relaxation data obtained for Ala 2~, Gly 25 and A s p  26. 

The 15N T 1 and T 2 relaxation data are shown in Fig. 5 and the T1, T2 and NOE values are listed 
in Table 6. The MD information contained in T1 and T2 relaxation measurements is obtained 
using the model-free analysis of Lipari and Szabo (1982a,b). In the model-free formalism, the 
spectral density function for a molecule undergoing isotropic tumbling is given by: 
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J ( o ~ )  - - -  

S2z~ (1- S2)~ 
+ 

1+0~ 2~ 1+~02~2 

where S 2 is the generalized order parameter for the motional averaging of the 1H-15N internuclear 
vector, % is the tumbling time and ~ = "cc%/(~ c + Ze), where "c~ is the effective correlation time 
describing the internal motions. 

In the analysis of the relaxation data, the overall correlation time of the protein, % is usually 
estimated by averaging the values of the TilT 2 ratios that are obtained for the individual residues 
(Kay et al., 1989). In our case, "co was not obtained from the TilT2 ratios, as the small number of 
residues studied would not provide an accurate estimate of the overall correlation time. Instead, 
an external measure of the overall correlation time was obtained from fluorescence measure- 
ments. We note that the tumbling time % probed in NMR relaxation and fluorescence anisotropy 
measurements, is determined by the second-order spherical harmonics correlation functions, so 
that zc determined by the two methods will be equivalent for an isotropically rotating body. 

Fluorescence measurements in echistatin were performed on the single tyrosine residue. Upon 
excitation at 280 nm, a typical tyrosine fluorescence spectrum with a maximum at 305 nm was 
obtained. Steady-state tyrosine fluorescence anisotropy of echistatin was measured at nine differ- 
ent temperatures between 4 and 49 ~ Circular dichroism measurements indicated that there was 
no change in secondary structure over this temperature range (data not shown). Fluorescence 
anisotropy varied from 0.184 at 4.4 ~ to 0.144 at 48.8 ~ (standard deviation = 0.001 anisotropy 
units for 10 or more measurements at each temperature). A perrin plot of l/anisotropy versus 
temperature/viscosity was linear (correlation coefficient = 0.996) and the apparent limiting ani- 
sotropy, extrapolated from this plot, is 0.212. 

The average tyrosine fluorescence lifetime (Za~) of echistatin was determined to be 1.14 ns (SD 
= 0.05 ns), based on measurements at 12 modulation frequencies ranging from 30 to 200 MHz. 
The apparent correlation time for the overall rotational rate of echistatin was calculated for 25 ~ 
from the Perrin equation (Lakowicz, 1983) to be 4.1 + 0.5 ns, using a limiting anisotropy of 0.212 
and a "Cav of 1.14 ns, and allowing for an error of _+ 0.002 and + 0.1 ns in anisotropy and lifetime 
measurements, respectively. An overall correlation time of 4.1 ns for echistatin appears to be 
somewhat large, considering that larger proteins have correlation times that are smaller or equal 
in size to that of echistatin. For example, the correlation times for ubiquitin and eglin c, which 
contain 76 and 70 residues respectively, are both 4.1 ns (Peng and Wagner, 1992; Schneider et al., 
1992). However, based on the data for thioredoxin and glucose permease IIA domain, there 
appears to be no exact relationship between protein size and overall correlation time. Although 
thioredoxin and glucose permease IIA domain are quite different in size (108 and 164 residues, 
respectively), both have similar correlation times of 6.4 and 6.24 ns, respectively (Stone et al., 
1992,1993). 

The spectral density function for the analysis of the relaxation data was determined from the 
magnitude of the NOEs, and from a comparison of the experimental T1/T2 ratio of individual 
residues to the ratio calculated from the % obtained from fluorescence measurements. The 
experimental TJT2 ratios of the three labeled residues are not equal to the calculated ratio of 2.75, 
based on fluorescence measurements (Table 6). This result indicates that "co is not negligible 
and/or a chemical exchange term contributes significantly to T2. In addition, the NOE term is 
very sensitive to the effective correlation time x,. When x, is negligible (< 20 ps), the maximum 
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T/1 (s -1) T21 (s -1) NOE S 2 % (ns) Rex (s -x) 

Ala 23 2 .56+0 .08  11.11 +4.08 0 .54+0.01  0 .29+0.01  2.66_+0.14 6 .58+0 .37  

Gly 25 2.44 + 1.27 9.06 + 1.58 0.35 _+ 0.02 0.50 + 0.02 1.19 -+ '0.05 4.44 + 0.15 

Asp 26 2.86 + 1.01 5.88 + 1.40 0.46 + 0.02 0.46 + 0.02 1.67 • 0.08 1.17 + 0.13 

possible 1H-15N NOE is calculated to be 0.77 for an overall correlation time of 4.1 ns at 600 MHz. 
The observed NOEs are much smaller than this value, again indicating that "c~ is significant. 

Internal motional parameters (Table 6) which include the generalized order parameter S 2, the 
effective correlation time % and the chemical exchange term Rex, that best fit the T~, T 2 and NOE 
values were obtained by minimization of the target function (Palmer et al., 1991; Stone et al., 
1992): 

n E ( t l~  -- i lcal)2 ( i2~ -- i2cal)2 -[- (NOg~ 2 N O E c a l ) 2 1  - -  / 
22 

i=* (~12 "[- 0 "2 O'2NOE J 

where Rou S represents the measured relaxation values and Roa I the calculated values for T1, T 2 and 
NOE, the ci's are the standard deviations obtained from repeated independent measurements, 
and the sum runs over the three labeled resonances in echistatin. The overall correlation time was 
4.1 ns, based on the fluorescence measurement. The uncertainties were estimated by using 
the method of Palmer et al. (1991). The )~2 values for the three residues are very small (0.00, 0.02 
and 0.20), indicating good agreement between the calculated and experimental relaxation param- 
eters. 

We have obtained an experimental measure of the mobility of the residues in the active site by 
lSN relaxation measurements (Table 6). In previous dynamics studies of proteins (Kay et al., 
1989; Clore et al., 1990a,b; Kordel et al., 1992; Stone et al., 1992), residues that exhibit a slow 
motion component with ze > 50 ps, 1H-lSN NOE values significantly less than the theoretical 
maximum value, TI/T2 ratios not close to the mean TJT2 ratio of the whole molecule, and small 
S 2 values (0.05 to 0.75) are usually found in structurally highly mobile regions of a protein. The 
relaxation measurements for echistatin with S 2 values of 0.3-0.5 indicate that the three residues 
are highly mobile. This is consistent with the observed absence of long-range NOE constraints 
and averaged coupling constants. Comparison of the order parameter deduced from the family of 
solution structures and the experimental order parameter indicates that the motion detected in the 
relaxation experiments is more extensive than the idealized (one-dimensional) model of the RGD 
loop 'wagging' motion suggested by the picture of the superposed solution structures (Fig. 4). 
Thus, in addition to the overall reorientation of the loop other motions are contributing to the 
relaxation detected in the ~5N relaxation experiments. Two approaches to developing a more 
detailed picture of the motions contributing to the relaxation, based on analyzing the echistatin 
solution structures, are being pursued. First, parameters for more extensive (multidimensional) 
models for the motion of the *SN-1H internuclear vectors can be extracted by fitting the observed 
reorientation of the corresponding vectors in the common molecular frame, defined by the 
superposed solution structures, to analytical models. Second, the generalized order parameter can 
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be calculated directly from the solution structures, after reorienting the structures into the com- 
mon molecular frame, without recourse to an analytical model. In preliminary studies we have 
found, however, that 10 solution structures are insufficient to obtain convergence of calculated 
order parameters. 

CONCLUSIONS 

This is the first study that we are aware of that has attempted to extract motional information 
from a set of  N M R  solution structures, generated from NOE constraints, which can then be 
compared with motional information extracted from relaxation measurements. We note a related 
effort (Hyberts et al., 1992) to quantify flexibility by analyzing the variation in torsional coordi- 
nates of a set of solution structures. In attempting to quantify motional information contained in 
a set of protein solution structures, it is necessary to keep in mind motional time scales. For  order 
parameters extracted from relaxation experiments, or those calculated directly from MD simula- 
tions, there are clearly defined time scales; up to nanoseconds for the former and the duration of 
the simulation for the latter. In contrast, for order parameters calculated from solution structures 
superposed in a common molecular frame, there is not a well-defined time scale. For  example, 
slower motions which are not detectable in a 15N relaxation experiment may well contribute to the 
dispersion in the solution structures. The lack of NOE constraints due to sources unrelated to 
motion will contribute to the apparent flexibility, which further complicates the comparison of 
order parameters extracted from a set of solution structures with those extracted from relaxation 
experiments or MD simulations. By analyzing and comparing generalized order parameters 
extracted from all three kinds of data, i.e., N M R  relaxation experiments, MD simulations, and 
N M R  solution structures, we hope to develop a consistent picture of the extent of motional 
flexibility of the R G D  active site on multiple time scales. The flexibility of the binding site may be 
a crucial factor in Gp IIb/IIIa inhibition by echistatin and by other Arg-Gly-Asp-containing 
peptides. 
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