
I11 Cu atoms are in fact arranged in a novel 
trinuclear cluster, liganded by a total of eight 
His side chains. There are three p-barrel 
domains, each with folding characteristic of 
the cupredoxins. One domain supplies four 
of the His ligands to the novel trinuclear 
center, one is devoid of Cu, and the third 
both binds the type I Cu and supplies four 
histidines to the trinuclear cluster as well. 
The p-barrel core of domain I of NIR can be 
superimposed on domain I11 of AO. More- 
over, with the same rotation and translation, 
domain I1 of the neighboring molecule su- 
perimposes on domain I of AO. The type I 
Cu and its ligands in NIR fall at the type I 
site of AO, and all three of the histidines of 
the type I1 site, as well as the Cu, fall in the 
same site as the trinuclear cluster of A 0  
(Fig. 5). Sequence comparison (13) shows 
that two His from domain I (residues 100 
and 135) and two from domain I1 (residues 
255 and 306) correspond to four of the 
eight ligand His in AO. In NIR only His 
residues 100, 135, and 306 are ligands. 
These comparisons suggest that Cu-I1 of 
NIR corresponds to one of the type I11 Cu 
pair in AO. At an atomic level, the interac- 
tion between molecules in NIR resembles 
the interaction between domains in AO. 

The location of catalytic metal at an inter- 
face of two otherwise not covalently linked 
polypeptide chains is rare. One case is the Fe 
center in the photoreaction center of Rhodo- 
pseudomonas uiridis (23). In that case two His 
ligands come from the L chain and two His 
and a carboxylate come from the M chain. 
This Fe center lies deep in that assembly and 
is not likely to be involved in any interaction 
with substrate. 

Hulse and colleagues have shown that the 
production of N O  or N 2 0  from this enzyme 
proceeds through a nitrosyl (E-NO+) inter- 
mediate (24). The absence of a fourth pro- 
tein ligand for the type I1 Cu suggests that 
the intermediate would form at this Cu. 
Suzuki et al. (25) have reported that the 
EPR signal of both the Alcalkenes sp. 
(NCIB 11015) NIR (with only type I Cu) 
and the Achromobacter NIR is reversibly lost 
upon binding NO, suggesting that only the 
type I site is involved. However, in view of 
the similarity of the location of the type I1 
Cu to the active site in AO, we believe it is 
unlikely that the type I Cu in NIR is suffi- 
cient for activity. Denariaz et at. (3) have 
documented one of the highest specific ac- 
tivities for A. cycloclastes NIR. 

We have crystallized NIR in the presence 
of an excess of NO2- resulting in a brown- 
ish-pink crystal that is isomorphous with the 
native crystal. Difference density maps 
showed changes at each Cu site interpretable 
as NO,- displacing the water ligand at 
Cu-I1 and a partial loss of Cu at the Cu-I 

site. A more extensive exploration of these 
Merences as well as a higher pH crystal form 
of native protein should help further elucidate 
the mechanism of NIR. 
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Recognition of a cell-surface Oligosaccharide of 
Pathogenic Salmonella by an Antibody Fab Fragment 

The 2.05 angstrom (A) resolution crystal structure of a dodecasaccharide-Fab complex 
revealed an unusual carbohydrate recognition site, defined by aromatic amino acids 
and a structured water molecule, rather than the carboxylic acid and amide side chains 
that are features of transport and other carbohydrate binding proteins. A trisaccharide 
epitope of a branched bacterial lipopolysaccharide fills this hydrophobic pocket (8 A 
deep by 7 A wide) in an entropy-assisted association (association constant = 2.05 x 
lo5 liters per mole, enthalpy = -20.5 * 1.7 kilojoules per mole, and temperature 
times entropy = +10.0 * 2.9 kilojoules per mole). The requirement for the comple- 
mentarity of van der Wads surfaces and the requirements of saccharide-saccharide and 
protein-saccharide hydrogen-bonding networks determine the antigen conformation 
adopted in the bound state 

0 LIGOSACCHARIDE EPITOPES OF 

bacterial and tumor cell-surface car- 
bohydrates are important disease 

markers (1) and targets for therapeutic anti- 
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bodies (2), but to date a crystal structure for 
an antibody-carbohydrate complex has not 
yet been reported. Consequently, apprecia- 
tion of this molecule recognition has been 
limited to binding site models inferred from 
functional group replacement in conjunction 
with immunochemical mapping studies (3) 
and modeling of published binding sites (4). 

We report the 2.05 A resolution crystal 
structure of a carbohydrate epitope bound 
to a Fab fragment from a mouse monoclonal 
antibody. The antigen chosen for this study 
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have been investigated by potential energy 
calculations and nuclear magnetic resonance 

Fig. 1. The simulated annealing omit map in the region of antigen. The oligosaccharide and all residues 
within 6.0 A were removed from the model, and the remaining atoms were refined by slow cooling 
protocol (12) From 800 to 300 K. The atoms in a 4.0 A buffer zone near the removed atoms have been 
additionally restrained to their starting positions by harmonic potential. 

was the polysaccharide 0-antigen that is 
anchored to the outer membrane of patho- 
genic Salmonella of serogroup B. This orga- 
nism is responsible for -50% of gastroin- 
testinal Salmonella infections in Europe and 
North America. Its 0-antigen is built from 
repeating units containing four sugars, 
D-mannose (D-Man), ~-gdactose (D-Gal), 
L-rhamnose (L-Rha), and a 3,6-dideoxy-D- 
galactose (abequose, D-Abe) that forms a 
single branch unit (5). 

Although the abequose was prominent in 
early imrnunochemical studies (6), most car- 
bohydrate epitopes do not contain this sugar 
(1). . , 

The immune response to Salmonellae lipo- 
polysaccharide antigen is dominated by 
epitopes involving 3,6-dideoxy derivatives 
of D-galactose (serogroup B), D-glucose 
(paratose, serogroup A), and D-~nannose 
(tyvelose, serogroup D), structural features 
(6) that correlate with serological classifica- 
tion of Salmonellae (7). The conformational 
properties of the monomeric and oligomeric 
forms of these antigens in aqueous solution 

- 
measurements (8, 9). 

The antibody Se155-4 used in this study 
belongs to the immunoglobulin IgGl(h) 
subclass. Se155-4 precipitated the polysac- 

- - 

charide antigen from serogroup B ~alm&el- 
la, indicating that it bound epitopes distrib- 
uted along the polysaccharide chain. 
~mmunoass& using s h e t i c  glycoconju- 
gates prepared from tetrasaccharide hapten 
D-Gal(1 -* 2 ) [ ~ - A b e ( 1  + 3)]or~-Man(l 
-* 4)a-Rha and the analogous trisaccha- 
ride lacking rhamnose located the exact por- 
tion of the polysaccharide that comprised 
the epitope and suggested that the rhamnose 
residue contributed little to the binding 
energy because the association constant for 
each was 2.0 + 0.35 x lo5 liter/mol. This 
result was confirmed by the thermodynam- 
ics of binding determined by titration mi- 
crocalorimetry (1 0). The methyl glycoside of 
the trisaccharide m-Gal(1 -* 2) [cm-Abe(1 
+ 3)lm-Man and a series of phage-derived 
oligosaccharides (10) that contain from two 
to five repeating units show a nearly con- 
stant binding energy of 31 + 2.1 kJ/mol. 
For the trisaccharide, -10 2 2.9 kJ/mol 
arose from favorable entropy changes (TAS, 
where T is temperature and AS is change in 
entropy). Furthermore, substitution of ei- 
ther tyvelose or paratose for abequose gave 
inactive compounds, indicating that the 
stereochemistry of the dideoxyhexose was 
crucial for binding. 

The complex of Fab with the dodecasac- 
charide (three repeating units of the sero- 
group B oligosaccharide) was crystallized at 
pH = 7.5 with the use of polyethylene 
glycol 8000 as a precipitate (1 1). The space 
group was P2,2,2,, with cell dimensions of 
a = 47.3 A b = 128.6 A and c = 79.5 A. 
DifFraction data were collected on the San 
Diego Multiwire Systems area detector to 
2.05 A resolution [98% complete, 82.6% 
reflections with intensities I > 2o(I)]. The 
starting model for the molecular replace- 
ment was taken from the structure of 
Se155-4 complexed with one repeating unit 
of serogroup B oligosaccharide, which was 
solved at low resolution in our laboratory 
(11). 

Fig. 2. Contact surfaces of the Fab and oligosaccharide, buried on formation of the complex. The 
pocket in the V-domain is filled with antigen. Calculations were performed with the program MS (15). 
The surface of an internal water molecule is shown in red. 

26 JULY 1991 

The refinement was carried out by the 
simulated annealing algorithm (12) with 
manual refitting after each refinement cycle 
(13). To avoid model bias, the complemen- 
tarity determining regions (CDR) were re- 
moved from the model at an early stage and 
were gradually rebuilt during the course of 
the refinement by following the connectivity 
of the electron density map. At this stage, 
we examined the difference map to locate 
the oligosaccharide. Three sugar units, abe- 
quose, mannose, and galactose, were fitted 
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Fig. 3. (A) Sequences of CDR re- A 
gions of Se155-4 antibody shown Z ~ Z Z S ~ D E  F Z S ~ S ~ I S P ~  3 1 S W  %I 

in one-letter code (28). Bold letters L1 ST V T  NHA ,, , NM 
indicate residues contributing to 
the Fab surface buried by the anti- S O S I L ~ S ~ Y S I ~  P S I B A  W Y B Y  n r n m m n 6 a ~ ~ e s  

gen. Underlined letters show resi- L2 DTN N RA P H2 A I Y P G N S A T E Y N H K F R A  - 
Zues within 4.0 A of the oligosac- m w o t  0 1 ~ 3 ~ s  1 0 7  S M W W  m t m ~  t o t t r  

charide. The amino acid sequences 
of the A, and Fd chains were deter- L3 ALNCNNHWI H3 G E H E Y Y G  D Y  

mined b; protein sequencing meth- 
od (25). (6) Schematic representation of hydrogen B bonds involving Salmonella serogroup type B oligosac- 

H charide. The UD-Gal[a~-Abelm-Man epitope that is 
visible in the crystal is shown in heavy lines. 

into a large region of density near the pseu- 
do twofold axis of the variable domain, in 
close proximity to the CDR loops. The 
assignment was unambiguous, with the den- 
sity assigned for abequose, the dideoxy sug- 
ar, clearly showing the lack of substitution in 
positions 3 and 6 (Fig. 1). Beyond that 
region the electron density map showed 
scattered, unconnected density that preclud- 
ed positioning of the remaining nine sugars 
with any confidence. The current R factor 
for the model including three sugars and 
-80 water molecules is 0.185 for 24312 
reflections with I > 2u(I) between 6.0 and 
2.05 A resolution. The root-mean-syuares 
deviation for bond lengths is 0.014 A and 
for bond angles is 2.9". 

The dispositi'on of CDRs in the Fab cre- 
ates a pocket approximately 8 A deep and 7 
A wide. This site is occupied by abequose, 
the sugar that forms the branching residue 
of the polymer chain. It becomes totally 
buried, whereas mannose and galactose lie 
on the protein surface (Fig. 2) and are 
partially exposed to the solvent. The general 
direction of the oligosaccharide chain, as 
inferred from the placement of galactose and 
mannose, is roughly perpendicular to the 
variable light chain-variable heavy chain 
(V,-V,) interface. The shapes of the oligo- 
saccharide and the antibody surfaces that are 
in contact with each other are highly com- 
plementary. The buried surface area [calcu- 

Table 1. Van der Wads contacts between the 
oligosaccharide and Fab fragment (including 
ordered waterl. The numbers of atom-atom 
contacts <4.2 A are shown in parentheses. 

Sugar Fab residues or ordered water 

Gal His 32L1 (7), Trp 91L3 (15), 
Asn 94L3 (2), His 97H3 (1) 

Man Trp 33H1 (3),  is 97H3 (7), 
Ser 202HX (2) 

Abe Trp 91L3 ( 9 ) , ' ~ r ~  96L3 (6), 
Trp 33H1 (13), His 35H1 
(4), Phe 58H2 (2), Gly 96H3 
(4), His 97H3 (4), Gly 98H3 
(5), Tyr 99H3 (1) Wat 1 (7) 

*Contacts to residue from symmetry-related molecule. 

lated with a 1.7 ,& probe radius and van der 
Waals radii taken from (14) with the pro- 
gram MS (15)] on the Fab fragment is 304 
A2, whereas that on the oligosaccharide is 
255 A2. The largest contribution comes 
from abequose (121 A2) and the smallest 
from mannose (56 A2). The contact area is 
similar to that observed in a Fab fragment of 
an antibody to fluorescein (16), somewhat 
smaller than that observed in an antibody to 
peptide (17), and much smaller than the 
buried area in Fab-lysozyme complexes (750 
A2) (18). 

The Fab surface in contact with the anti- 
gen is defined by 15 CDR residues (Fi 
3A). Twelve of these are less than 4.2 k 

Table 2. Hydrogen-bond contacts between the 
oligosaccharide and Fab fragment and ordered 
water. 

Antigen Contacting Distance 
atom atom (4 

Gal, 0 - 2  
Gal, 0 - 2  
Gal, 0 - 3  
Gal, 0 - 4  

Man, 0 - 4  

Abe, 0 - 2  
Abe, 0 - 4  
Abe, 0 - 4  
Abe, 0 -5  

0-1, Abe 
0-2, Abe 
Ne2, His 32L1 
Nel, Trp 91L3 

N61, His 97H3 

N, Gly 98H3 
Nel, Trp 96L3 
0 ,  Wat 1 
0 ,  Wat 1 

from the oligosaccharide and make signifi- 
cant van der Waals interactions (Tables 1 
and 2). Both hydrogen bonds and hydro- 
phobic interactions are important for bind- 
ing. The majority of contacts is provided by 
abequose. All sugar hydroxyl groups, with 
the exception of those at galactose C-6 and 
mannose C-6, participate in protein-carbo- 
hydrate hydrogen bonds (Fig. 3B). The 
most crucial hydrogen bonds are likely those 
that are buried deep in the binding pocket 
and involve 0-2,O-4, and 0 - 5  of abequose. 
Here the role of a buried water molecule 
(Wat 1) is pivotal. In addition to coordinat- 
ing four hydrogen bonds (one bifurcated), it 
enhances Fab-antigen surface complemen- 
tarity. Two hydrogen bonds with the pro- 
tein 'anchor Wat 1, and Wat 1 accepts hy- 
drogen bonds from 0 - 4  of abequose and 
donates to the ring 0 - 5  oxygen atom (Fig. 
3B). The C-2 hydroxyl of abequose accepts 
a hydrogen bond from Gly 98H and, in 
turn, forms an intrasaccharide hydrogen 
bond to 0 - 2  of galactose. In the light of 
these sterically demanding interactions, it is 
easily appreciated that this binding site fails 
to bind polysaccharide antigens that carry 
the D-~nanno- or D-gluco-3,6-dideoxyhex- 
ose isomers. In contrast to the arabinose 
binding protein (19), aromatic amino acid 
side chains dominate the Fab hydrogen 
bonding scheme. 

The hydroxyl groups involved in hydro- 
gen bonds are located toward one face of 
the epitope, and the hydrophobic environ- 
ment for the nonpolar surfaces of the anti- 
gen is provided by stacking of Trp 91L 
against atoms C-3, C-4, C-5, and C-6 of 
abequose and C-1 and C-2 of galactose, 
and stacking of Trp 33H against C-6 of 
abeauose and C-3 of mannose in a manner 
similar to that observed in the L-arabinose 
binding protein (19); lysozyme, and phos- 
phorylase (20). This stacking also serves to 
sterically discriminate antigens that contain 
3,6-dideoxy-D-glucose, the C-4 epimer of 
abequose. 

~ i t h o u ~ h  the antigen binds near the local 
twofold axis of the VL-VH interface, 60% of 
all van der Wads contacts are with the VH 
domain. Four of the six CDRs, L1, L3, H1, 
and H3, make numerous contacts with the 
antigen, whereas H2, although it contrib- 
utes to the formation of the binding pocket, 
interacts only weakly with the antigen (Fig. 
3A). In contrast to large antigens such as 
lysozyme (18), the L2 makes no contacts 
with the antigen and makes no contribution 
to the binding. This seems to be a common 
feature of the binding of small haptens (16, 
17). 

The conformation observed for the 
bound trisaccharide epitope, CXD-Gal(1 + 
%)[a~-Abe(1 + 3)]a~-Man, lies within 14 

SCLENCE, VOL. 253 



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 

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 acetal link- 
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. 

ISTRIN IS A POTENT PROTEIN W- ma fibrinogen (Fg) and leads to the forma- 
hibitor of platelet aggregation that tion of platelet-rich clots, the inhibition of 
occurs naturally and has recently which may have beneficial sects for arterial 

been isolated from the venom of the Malay- thrombotic diseases (2). GP IIb-IIIa is a 
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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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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