
kJ/mol of the calculated global minimum 
energy conformer (8). Whereas the glyco- 
sidic torsion angles of the a~-Abe(1  -+ 

3 ) a ~ - M a n  linkage in the bound epitope 
agree reasonably well with the predicted 
values (+, $ of 80°, 91°, versus calculated 
values of 66", 106", where + = 05-Cl-01-
C'x, and $ = C1-01-C'x-C1x+l), the tor- 
sion angle of the a ~ - G a l ( 1  + 2 ) a ~ - M a n  
linkage adopts a c$ value that is shifted about 
40" (c$, $ of 105", 83" versus calculated 
values of 68", 101") from the value of 60" to 
70" that is generally anticipated from a 
consideration of the exo-anomeric effect 
(21) and is observed in crystal structures of 
methyl glycosides and oligosaccharides (22). 
The + angle adopted by the galactose-mannose 
hkage is essential for an intramolecular scheme 
of conjugated hydrogen bonds that begin at 
Gly 98H and connect 0 - 2  of abequose, 0 - 2  of 
galactose, and 0 - 1  of abequose. Potential en- 
ergy calculations that include a hydrogen-
bonding term indicate that unfavorable stereo- 
electronic and nonbonded interactions that 
result from the changed + angle are offset by 
the intersaccharide hydrogen bonds. 

In response to this bacterial antigen, the 
immune system has used somatic mutation 
of germ line genes (seven residues in the A 
CDRs) to generate a carbohydrate binding 
site that is notably different from those 
previously investigated by crystallography. 
Although polar and planar side chains of the 
dicarboxylic amino acids have been identi- 
fied as main features of hydrogen-bonding 
networks to sugars in carbohydrate binding 
proteins (19), this site is almost exclusively 
defined by aromatic amino acids. This result 
confirms inferences about the increased fre- 
quency of the use of aromatic amino acids in 
antibody CDRs (23). The abequose and the 
mannose are hydrogen-bonded to the side 
chains of His and Trp residues. The presence 
of three His residues in the CDRs contact- 
ing the saccharide probably results in the 
unusually mild dissociation pH, which cor- 
responds to an approximate His pK, of 5.6. 
At present, there is no way to differentiate 
between the three His residues that contact 
the epitope, but two of the imidazole rings 
(His 35H and His 97H) are thought to be 
neutral in the crvstal. 

This crystal structure shows that binding 
sites that use neutral amino acid hydrogen- 
bonding partners can have relatively high 
affinity for oligosaccharide epitopes. The 
conformation seen in the bound state, al- 
though fairly well modeled by simple poten- 
tial energy calculations, is strongly influ- 
enced by the requirements for highly 
complementary surfaces and hydrogen-
bonding networks (19). Hydroxyl groups 
that act as hydrogen-bond acceptors must 
also successfully donate a hydrogen bond to 
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a neighboring acceptor (24). Here the func- 
tional groups that fulfill this role are a water 
molecule, other hydroxyl groups, and ring or 
exocyclic oxygen atoms occurring in acetallink-
ages. The inferred hydrogen-bonding scheme 
is also consistent with functional group replace- 
ment studies (25). The crystal structure de- 
scribed here, in combination with the use of 
synthetic gene technology to clone and express 
this Fab (26) and its M y  active single-chain Fv 
fragment (27), provides the oppormnity to 
engineer carbohydrate binding sites and to 
explore the importance of the different hydro- 
gen-bond types for the stability of the carbohy- 
drate-protein complexes. 
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Solution Structure of Kistrin, a Potent Platelet 
Aggregation Inhibitor and GP IIb-IIIa Antagonist 

The structure of kistrin, which is a member of a homologous family of glycoprotein 
IIb-IIIa (GP IIb-IIIa) antagonists and potent protein inhibitors of platelet aggrega- 
tion, has been determined by two-dimensional nuclear magnetic resonance (NMR) 
spectroscopy. The 68-residue- protein consists of a series of Gghtly packed loops held 
together by six disulfide bonds and has almost no regular secondary structure. Kistrin 
has an Arg-Gly-Asp (RGD) adhesion site recognition sequence important for binding 
to GP IIb-IIIa that is located at the apex of a long loop across the surface of the 
protein. 

ISTRTN IS A POTENT PROTEIN W-

hibitor of platelet aggregation that 
occurs naturally and has recently 

been isolated from the venom of the Malay- 
an pit viper Agkistrodon rhodostoma ( 1 ) .  
Platelet aggregation is mediated by the in- 
teraction of a surface GP IIb-IIIa with plas- 
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ical School, Boston, MA 02115. 
R. A. Lazarus and M. S. Dennis, Department of Protein 
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94080. 

'To 	 whom correspondence should be addressed. 

ma fibrinogen (Fg) and leads to the forma- 
tion of platelet-rich clots, the inhibition of 
which may have beneficial sects for arterial 
thrombotic diseases (2). GP IIb-IIIa is a 
member of a family of glycoproteins called 
integrins, which are a large class of cell 
surface receptors that play important roles in 
cell-matrix and cell-cell adhesion (3, 4). 
Extracellular matrix ligands such as Fg, fi-
bronectin, vitronectin, or von Willlebrand 
factor that bind to GP IIb-IIIa and other 
integrins all contain the RGD adhesion site 
recognition sequence thought to be critical 
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Fig. 1. Summary of sequential and medium-range NOEs. Solid circles above the letter for a residue 
represent a slowly exchanging amide proton. For the sequential NOES three symbols are used. A thick 
bar is for NOES observed in a NOESY with a mixing time of 60 ms. The thinner line indicates an 
observable NOE at longer mixing times (200 ms). The symbol is used for cross peaks that are 
obscured by overlaps or are too close to the water line; therefore, the existence of these peaks cannot 
be verified. 

for binding (3, 5, 6). Kistrin, a member of 
the family of homologous proteins from 
viper venoms (1, 7), contains 68 amino acids 
(Fig. 1) and six intramolecular disulfide 
bonds. It also has an RGD sequence and 
binds reversibly to GP IIb-IIIa with nano- 
molar afhity (1). Therefore, knowledge of 
the structure of kistrin, when combined 
with data from site-directed mutagenesis 
(8 ) ,may provide some insight into its bind- 
ing interactions to GP IIb-IIIa and into the 
structure of other members of this family. 

Backbone proton resonances of all resi- 
dues have been assigned except the NH,- 
terminal Gly, whose assignment cannot be 
confirmed because of problems with over- 
lapping resonances (9). Also, all but 35 
nonexchanging side-chain protons have 
been identified (10). To date, 549 interresi- 
due nuclear Overhauser effect (NOE) con- 
nectivities have been assigned from two- 
dimensional NOE (NOESY) spectra with 
200-ms mixing times (11). These observed 

, , , ' ~ ' ~ ' , ' ' 
0 10 20 30 40 50 60 70 

Resldue number 

Fig. 2. Diagonal plot of interresidue NOEs. 
Points above the diagonal represent an NOE 
between any two nonsequential residues. Below 
the diagonal. onlv backbone NOEs are dotted. 

determined with the ~rocedure as described 
(13).We enforced angle constraints by spec- 
ifying ranges for all 1-4 distances surround- 
ing the bond. Model calculations showed 
that this procedure gave a smooth potential 
with no local minima and zero penalty when 
the angle was within the specified range. 
The technique was 80 to 90% successful at 
maintaining the appropriate dihedral angles. 

There are six prolines in kistrin. Intense 
CaH(,, to CSH(,+,, cross peaks firmly estab- 
lish that all six are trans prolines (14). Sev- 
eral of the prolines appear in the second 
~ositionof B turns. 

Disulfide pairings were determined by 
searching for CPH to CPH and CaH to 
CPH NOEs between different cysteines. For 
five of the six cysteine pairs at least one 
intercysteine NOE could be found. In cases 
where one cysteine showed NOEs to more 
than one other cysteine, there was numerical 
preference for one pairing over the other. 
However, model calculations (15) demon- 
strated that there are conformations of the 
disulfide bonds with no interresidue proton 
distances of 5 or less. Therefore, initial 
structure calculations were performed with- 
out any explicit disulfide bonds. Visual in- 
spection of the structures either confirmed 
the initial pairing or, in about 10% of the 
calculations, did not clearly indicate a satis- 
factory pairing for cysteines 4,6, 14, and 19. 
When this visual information was combined 
with chemical evidence for disulfide bonds 
obtained by Carter et at. (16), there was only 
one possible pairing for all six disulfide 
bonds. The results agree exactly with our 
initial assignments, and the explicit disulfide 
bonds (between 4 and 19,6 and 14,13 and 
36,27 and 33, 32 and 57, and 45 and 64) 
were included in the subsequent calcula- 
tions. 

The diagonal map of NOEs (Fig. 2) 
shows ~ittl~evidence for any regular second- 
ary structure in kistrin. Indeed, the only 
section of the protein that is completely .-
consistent with regular structure is a partial 
antiparallel P sheet structure formed by res- 

NOEs were categorized in three classes. All 
cross peaks that were observed in 200-ms 
NOESY spectra were associated with upper 
distance limits of 5 A. Cross peaks observed 
in NOESY spectra with mixing times of 80 
ms or less were classified as weak and strong 
with upper distance limits of 4.5 and 3.5 A, 
respectively. 

Of the 549 NOEs, 255 connected sequen- 
tial residues. Only 91 of these sequential 
NOEs represent "usell" information, that 
is, the upper distance limit determined by 
the NOE intensity is smaller than the max- 
imum distance allowed by the covalent ge- 
ometry. The data set contains a total of 78 
medium-range NOEs (3 5 i - j 5 5) and 
216 long-range NOES (6 I i - j); 147 
NOEs connect residues that were separated 
by more than ten residues. There are on 
average 5.7 "useful" NOE constraints per 
residue. 

In addition, we have included informa- 
tion about 25 + and 25 angles in the 
structure calculation. Constraints on the an- 
gle + were derived from NH to CaH cou- 
pling constants in a way similar to that 
described by Kline et at. (12). Thus, only 
NH to CaH coupling constants that were 
less than 5.5 Hz or greater than 8.0 Hz were 
used. The values of X1 and the stereospecific 
assignments of the attached CPHs were 

~ ' 

The d&ed Gnes ;epresent the six disuhid; bonds Fig. 3. Stereoview of the kistrin structure containing the lowest violation of the constraints with the 
in kistrin. The three small circles on the diagonal backbone atoms displayed. The side-chain atoms of the 12 cysteines have been drawn in gray and the 
mark the RGD sequence. Cars have been labeled. The Ca of G50 has also been labeled. 
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idues 34 and 37. A large number of inter- 
strand NOEs indicate that there may be an 
antiparallel P sheet and turn extending from 
residues 41 to 59. The RGD adhesion site, 
residues 49 to 51, is located at the apex of 
the turn. However, the chain stretching 
from residues 41 to 49 has several i to i + 2 
and i to i + 3 NOEs. These results cannot be 
reconciled with a standard P sheet. There- 
fore, only two explicit hydrogen bonds, 
between residues 34 and 37, were added to 
the constraint file. The lack of regular struc- 
ture is somewhat surprising because kistrin 
has 23 slowly exchanging amide protons 
(Fig. 1). Reasonable hydrogen bond accep- 
tors can be identified at present for 12 of the 
slowly exchanging NHs but have not been 
included in the calculation. 

The protein consists of a series of densely 
packed bends (Fig. 3) (17). On the basis of 
evidence from the sequence, the structure 
calculations, and the position of slowly ex- 
changing amides, six potential P turns have 
been identified in the tirst 37 residues. How- 
ever, no explicit constraints have been in- 
cluded for these, and some conformational 
heterogeneity is apparent in the P turns 
(Figs. 3 and 4). The conformation of the 
first turn at S8-P9-ElO-Nll is the least 
M y  established, but the presence of the 
trans proline in the second position is a 
strong indication of a p turn. The next three 

turns are located at Nll-P12-C13-C14, 
A16-Al7-Tl8-Cl9, and R22-P23-G24-
A25. The loop that contains the P turn at 
residues 16 to 19 is pointing downward in 
Fig. 3. The fifth P turn, G30-L31-C32-C33, 
is unusual in that it is buried within the 
protein. A potential hydrogen bond donor, 
yOH of S39, and acceptor, CO of residue 
A62, have been identified for both the NH 
and CO of the peptide group located at the 
apex of the bend. The sixth P turn, E34- 
Q35-C36-K37, forms a bridge between up- 
per and lower parts of the protein and is 

facing out of the page in Fig. 3. Slowly 
exchanging amides located at residues C14, 
A25, C33, and K37 are consistent with a 
hydrogen bond between the carboxyl and 
amide of the first and fourth residues of 
these p turns (18), thus confirming the 
existence of four of the six turns. The struc- 
ture calculations have yet to consistently 
indicate fi turns in other parts of the protein. 

The RGD adhesion site, residues 49 to 
51,lies at the end of a long arm consisting of 
two antiparallel strands, residues 41 to 47 
and 52 to 59. The arm curls over the P turn 
at residues 30 to 33 and then extends out 
over N11. There are seven medium-range 
NOEs for residues 47 to 53, but no long- 
range NOEs. The calculations have consis- 
tendy determined this loop to be in a fairly 
extended conformation where the loop res- 
idues have little contact with the rest of the 
molecule. However, there is no direct evi- 
dence for this conformation, and its orien- 
tation relative to the protein core may be less 
well defined than it appears from Fig. 4. The 
adhesion site itself is located between two 
bends created by trans prolines 48 and 53, 
and the local cdnformaiion is. to some ex- 
tent, restricted by the medium:range NOEs 
and constraints on the angle 4 for residues 
51 and 52. The average GY to GY distance 
for R49 to D51 is 6.2. + 0.6 compared 
to 7.0 i%for a P sheet, which is consistent 
with a fairlv extended conformation. The 
structure of kistrin culniinates in a broad 
loop formed from residues 58 to 64, which 
partially covers the P turn at residues 30 to 
33. The positions of residues 4 to 46 and 56 
to 64 are the most accurately determined 
positions in the protein, showing a back- 
bone root-mean-square (rms) deviation of 
1.0 A when compared to the averaged co- 
ordinates. The NH,- and COOH-termini 
and the adhesion site itself are fairly disor- 
dered (Fig. 4). The rms deviation between 
all heavy atoms is 1.5 A. 

Fig. 4. Stereoview of the superimposed six computed kistrin structures. For the alignment of the 
structures only the residues 4 to 46 and 56 to 64 were used. The average rms deviation in this part of 
the molecule is 1.0 A for the backbone atoms. 

The global fold of kistrin is probably 
maintained by the six disulfide bonds. At 
least one-half of the cysteines are located 
inside turns. This suggests a possible 
folding niechanism. The initial stages of 
folding would consist of formation of the P 
turns. Contact between turns would provide 
cooperative stabilization, followed by oxida- 
tion of the cysteines to lock the protein into 
its final conformation. 

Kistrin, as well as several other protein 
GP IIb-IIIa antagonists from snake venoms 
or leeches, inhibits platelet aggregation in- 
duced by adenosine diphosphate about 100 
to 1000 times more potently than do short, 
linear peptides containing RGD (1, 7, 19, 
20), The enhanced binding aftinity to GP 
IIb-IIIa observed in these proteins is likely 
due to favorable conformational restraints of 
the RGD sequence, not the presence of 
major secondary binding detern&ants. This 
conclusion is now supported by (i) the 
Dresence of the RGD adhesion site at the 
apex of the putative binding loop, (ii) the 
lack of homology outside of the RGD re- 
gion between the equipotent leech proteins 
decorsin or ornatin (19) and the snake ven- 
om antagonists, (iii) the fact that replace- 
ment of the RGD sequence in echistatin 
(20) or kismn (8) wi& other amino acids 
leads to significantly less potent proteins, 
and (iv) data from relatively small con-
strained cyclic peptides containing RGD 
that have potencies comparable to those of 
the natural protein GP IIb-IIIa antagonists 
(21). 

Recently, kistrin has been shown to in- 
crease both the rate and extent of the throm- 
bolysis and prevent reocclusion when used 
in conjunction with a recombinant tissue- 
type plasminogen activator in a canine mod- 
el of coronary artery thrombosis (22). 
Therefore. further refinement of the struc- 
ture of &e biding region may aid in the 
design of new GP IIb-IIIa antagonists for 
the treatment of arterial thrombotic dis- 
ease. 
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Identification of a Mutation in Porcine Ryanodine 
Receptor Associated with Malignant Hyperthermia 
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Malignant hyperthermia (MH) causes neurological, liver, and kidney damage and 
death in humans and major economic losses in the swine industry. A single point 
mutation in the porcine gene for the skeletal muscle ryanodine receptor (ryrl) was 
found to be correlated with MH in five major breeds of lean, heavily muscled swine. 
Haplotyping suggests that the mutation in all five breeds has a common origin. 
Assuming that this is the causal mutation for MH, the development of a noninvasive 
diagnostic test will provide the basis for elimination of the MH gene or its controlled 
inclusion in swine breeding programs 
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MH IS AN INHERITED MYOPATHY 

in which skeletal muscle contrac­
ture with attendant hypermetabo­

lism and elevation in body temperature are 
triggered by inhalational anesthetics and 
skeletal muscle relaxants (1, 2). The syn­
drome occurs in one out of 15,000 anesthe­
tized children and one out of 50,000 anes­
thetized adult humans; can cause neuro­
logical, liver, or kidney damage; and is fre­
quently fatal. In swine homozygous for the 
defect, M H can also be triggered by stress; 
thus the disease is referred to as the porcine 
stress syndrome. Major economic losses in 
the swine industry result from the develop­
ment of pale, soft, exudative pork that 
arises from postmortem manifestation of 
the disease in M H susceptible (MHS) an­
imals (1). 

The defect in M H appears to be hyper­
sensitive gating of the Ca2+-release channel 
(ryanodine receptor) of the skeletal muscle 
sarcoplasmic reticulum (3); channel opening 
is facilitated, and closing is inhibited (3-6). 
Alterations in the Ca2 + dependence of ryan­
odine binding (7) and tryptic digestion pat­
terns (8) for the ryanodine receptor from 
MHS swine have been observed. Molecular 
genetic studies also associate an altered ry­
anodine receptor with MH. The skeletal 
muscle ryanodine receptor (ryrl) gene, 
which is expressed only in fast- and slow-
twitch skeletal muscle (9-11), has been lo­
calized to human chromosome 19ql3.1 
(12) and linked to mutations causing M H in 
humans (13). The porcine M H (hat) locus 
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(14) and ryrl (15) have been localized to pig 
chromosome 6pl l -q21 in a region that is 
related to human chromosome 19ql3.1, 
suggesting linkage between porcine M H 
and ryrl. We have identified a single point 
mutation in ryrl that is correlated with, and 
likely to be causative of, M H in five lean, 
heavily muscled breeds of swine. 

In a sequence comparison of full-length 
ryanodine receptor cDNAs from both an 
MHS Pietrain pig and an M H normal 
(MHN) Yorkshire pig (16), we found no 
evidence for a deletion or an internal stop 
codon. Instead we found 18 single nucleo­
tide polymorphisms between the two ani­
mals (Table 1). One of the polymorphisms, 
(replacement of C at nucleotide 1843 from 
the MHN animal with a T in the cDNA 
from the MHS animal) (Table 1 and Fig. 1) 
led to an alteration in amino acid sequence 
from an arginine at position 615 in the 
MHN animal to a cysteine in the MHS 
animal. 

In order to provide evidence that the 
single amino acid alteration is causative of 
MH, we carried out analysis of the associa­
tion of the substitution of T for C at nucle­
otide 1843 with the M H susceptibility sta­
tus of 182 pigs in six breeds (17). We 
performed blood or muscle biopsies for 
blind DNA-based analysis (18). Genomic 
DNA was isolated from these biopsies and a 
74-bp sequence between nucleotides 1811 
and 1884 (Fig. 1) was amplified by the 
polymerase chain reaction (PCR). Two oli­
gonucleotides (18) were used as differential 
hybridization probes to detect the presence 
of the C and T alleles in the various breeds 
(Fig. 2A). Because the mutation deletes a 
Hin PI site and creates a Hgi AI site (Fig. 
1), we also used loss of the Hin PI site in the 
PCR product as an analytical test (Fig. 2B). 

Study of the correlation between pheno-
typic and genotypic diagnosis is complicated 
by the lack of a well-defined phenbtypic test 
for the N/n genotype (heterozygous MH) 
and by the fact that a low percentage of 
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