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ABSTRACT. Rat serum mannose-binding protein in which residues—211B have been changed to the
Lys-Lys-Lys sequence found in E-selectin binds HL-60 cells and the oligosacchaiiteidc-Le. To
understand how this mutant, designated K3, mimics the carbohydrate-binding properties of E-selectin,
structures of K3 alone and in complexes withN®euAc-Le, 3-sulfo-Let, and 4-sulfo-Le* have been
determined at 1.952.1 A resolution by X-ray crystallography. The region of K3 that interacts with
bound oligosaccharides superimposes closely with the corresponding region of unliganded E-selectin. In
each of the oligosaccharidgrotein complexes, the 2- and 3-OH of Fuc coordinaté™Gad form a
network of cooperative hydrogen bonds with amino acid side chains that also coordinaté'the @a!*

of the K3 mutant, which corresponds to E¥sof E-selectin, interacts with each of the three bound ligands:

the N; atom donates a hydrogen bond to the 4-OH of Gal'#N8uAc-Le&, forms a water-mediated
hydrogen bond with the 4-OH of Gal in-8ulfo-Let, and forms a salt bridge with the sulfate group of
4'-sulfo-Les. Lys?'3 packs against an otherwise exposed aromatic residue and forms a water-mediated
hydrogen bond with Ly&3! which may help to position that residue for interactions with bound
oligosaccharides. These structures are consistent with previous mutagenesis and chemical modification
studies which demonstrate the importance of th& @igands as well as Ly&'and Ly$3for carbohydrate
binding in the selectins, and they provide a structural basis for understanding the selective recognition of
negatively charged ederivatives by the selectins.

Selectins are integral membrane proteins that mediaterecognition domain (CRD)connected to an epidermal
adhesion between leukocytes and endothelial cells during thegrowth factor-like domain and two to nine complement
transient rolling phase of leukocyte migration (McEver, 1994; consensus repeats. Although physiological ligands have not
Nelson et al., 1995). E- and P-selectin are expressed onbeen fully characterized, various lines of evidence indicate
activated endothelium, whereas L-selectin is constitutively that the adhesion activity of the selectins is mediated
expressed on neutrophils, monocytes, and most lymphocytesprimarily by the binding of O-linked oligosaccharides to the
Each selectin contains an Mterminal C-type carbohydrate CRD. Oligosaccharides containing thetlstructure (Ggll—
4[Fual—3]GIcNAc) derivatized at the 3-OH of Gal with
either sulfate or NeuAc are some of the most effective natural
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small molecule ligands identified [reviewed in Varki (1994)]. um x 20 um) were harvested after 1 week and washed in

The mode of oligosaccharide binding to the selectins is solution A. Washed crystals were introduced as seeds into
still poorly understood, even though the structure of a freshly prepared drops containing«2 of the above protein
fragment of E-selectin containing the CRD and EGF domains plus 2uL of water plus 2ul of solution A. Drops were
has been determined to 2.0 A resolution by X-ray crystal- equilibrated over 1 mL of solution A for-12 weeks before
lography (Graves et al., 1994). Current models of oligosac- crystals were harvested (average size, 200x 200um x
charide binding in the selectins are derived from studies in 100um). Crystals of K3 are in the same space gra0p,
which energy-minimized carbohydrate ligands have been as crystals of wild-type MBP-A, but the unit cell dimensions
docked into the unliganded E-selectin structure to satisfy vary by up b 1 A in different crystals (Table 2).
electrostatic and steric constraints, nuclear Overhauser effect Crystal Soaking and X-ray Diffraction Measurements
measurements, and inferences from site-directed mutagenesi€rystals were adapted to solutions containing either MPD
and chemical modification studies (Cooke et al., 1994; (unliganded and '3NeuAc-Le& complex) or PEG 400 (3
Graves et al., 1994; Kogan et al., 1995; Scheffler et al., 1995). and 4-sulfo-Le complexes) as cryosolvents. For adaptation
Unfortunately, these methods do not provide a preciseto MPD, crystals were serially transferred to solutions
structure of the bound oligosaccharide and its interactions containing solution A plus 5, 10, 15, and 20% MPD. For
with the protein. adaptation to PEG 400, crystals were serially transferred to

Because it has not yet been possible to predict preciselysolution A modified by varying the amount of PEG 8000
or to determine directly the structures of ligands bound to and PEG 400 present: 8% PEG 80801% PEG 400, 5%
the selectins, it has been necessary to adopt an indirec?EG 8000+ 10% PEG 400, 2% PEG 8006 15% PEG

approach to study the mechanism of oligosaccharide binding.400, and 30% PEG 400. Crystals were held in each solution
Rat serum mannose-binding protein (MBP-A) has provided for 15 min. In experiments where oligosaccharides were
a tractable experimental system for studying the determinantsintroduced, oligosaccharides were added to the last two
of carbohydrate binding in a wide variety of C-type lectins Solutions at 86-100 mM, which corresponds to a molar ratio
(lobst & Drickamer, 1994, 1996; lobst et al., 1994; Kolatkar Of oligosaccharide:protein 6f1000 for the K3 crystals used
& Weis, 1996). The K3 mutant of MBP-A, in which the for data collection. [The equilibrium dissociation constant,
sequence of residues 22213 is changed to Lys-Lys-Lys, Ka is not known for any ligand binding to K3, but it is likely
the corresponding sequence at positions 1113 of E- that the ligand concentrations used are at leakt,18s the
selectin, gains the essential aspects of carbohydrate recognika of other MBP-oligosaccharide interactions falls in the
tion by E-selectin, including binding to HL-60 cells and 1—10 mM range (lobst et al., 1994).] The final soak
serum albumin derivatized witH-BleuAc-Le (Blanck etal., ~ solutions were SuL hanging drops suspended over well
1996). solutions containing 1 mL of the mother liquor containing
Structures of a bacterially expressed form of K3 containing 80-100 mM sucrose in place of the oligosaccharide.
the CRD and the coiled-coil trimerization domain (Weis &  After adaptation to PEG 400 or MPD, crystals were
Drickamer, 1994) have been determined for the unliganded SUspended in a rayon loop and flash-cooles 300 K. Data
protein, as well as for complexes with each of three different Were measured on an R-AXIS 1IC imaging plate detector
Le* oligosaccharides derivatized with NeuAc and sulfate. The (Rigaku) using Cu I& radiation from a rotating anode
structure of the carbohydrate-binding site in K3 is remarkably (Rigaku; 50 kV, 90 mA, graphite monochromator, and 0.3
similar to the corresponding region of unliganded E-selectin, MM collimator) at a crystal-to-detector distance of 95 mm.
suggesting that the K3-oligosaccharide complex structuresPata for the 3sulfo-Le complex were measured at Stanford
reflect the mode of binding to selectins. These structures Synchrotron Research Laboratory beam line 7-1 using a Mar
provide precise conformations of three bound oligosaccha- Reésearch image plate detector (wavelength of 0.98 A, crystal-
rides and suggest why the newly introduced Lys residues in t0-detector distance of 140 mm). Lorentz polarization-

K3 confer selectin-like binding specificity to MBP-A. corrected integrated intensities were obtained usiniy @
(Otwinowski, 1993), and redundant measurements were
EXPERIMENTAL PROCEDURES scaled and merged with SCALEPACK. Each data set was

) put on a quasi-absolute scale using TRUNCATE of the CCP4

Materials. 3-NeuAc-Le, 3-sulfo-Le, and 4-sulfo-Le package (Collaborative Computational Project No. 4, 1994).
were obtained from Toronto Research Chemicals. Data processing statistics are presented in Table 1. X-PLOR

Protein Purification. K3 was expressed i&scherichia  was used for reciprocal space refinement and electron density
coli and purified as described previously (Weis et al., 1991; map calculation (Bimger, 1992b); model building was
Blanck et al., 1996). A proteolytic fragment was prepared performed using O (Jones et al., 1991), and the geometry of
by clostripain digestion, reverse-phase HPLC, and lyo- each model was monitored throughout refinement using
philization prior to crystallization, as described (Weis & X-PLOR and PROCHECK (Laskowski et al., 1993).
Drickamer, 1994). The starting model for refinement consisted of all protein

Crystallization. Lyophilized K3 was dissolved in water atoms and ions in the MBP-A trimer structure (Weis &
at 5 mg/mL. The protein was neutralized with 50 mM Drickamer, 1994) with the exception of residues 2213,
NaOH, and CaGlwas added to a final concentration of 5 which were replaced by Ala. Before the start of refinement,
mM (final protein concentration of 2 mg/ml). Protein (2 arandom set of reflections comprising 10% of all measured
uL) was mixed with 2uL of solution A [8—10% (w:v) PEG data was reserved as a test set for calculations of aRree
8000, 2% PEG 1000, 100 mM Tris-HCI (pH 7.8), 200 mM factor, which was monitored throughout the course of
NaCl, 20 mM CadJ, and 2 mM NaN)] to form a hanging refinement (Bfmger, 1992a). For each structure, rigid-body
drop, and the drop was equilibrated over 1 mL of solution minimization was used to place the model in the unit cell
A at 22 °C. Single crystals (approximately §dn x 50 prior to repeated rounds of individual atom positional and
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Table 1: Crystallographic Data

intensity data refinement
maximum independent  completeness average numbef used Reryst! Rirec®
crystal resolution (A) reflections (%) redundancy Rsymb [F > 20(F)] (%) (%)
K3 21 36 862 99.5 (99.0) 2.9(2.7) 5.3 (27.6) 29 092 20.2 26.5
+3'-NeuAc-L& 2.0 41761 98.6 (93.2) 2.4(2.1) 6.0 (26.4) 35319 19.0 24.7
+3'-sulfo-Le 1.95 44 240 98.1 (95.6) 2.5(2.3) 5.4 (25.0) 40 985 20.5 25.5
+4'-sulfo-Le* 2.0 41052 97.5(94.7) 2.2(2.1) 4.8 (24.2) 34 603 20.8 27.1

a All statistics are computed with a low-resolution cutoff of 10 A. Values in parentheses are for the highest-resolution shell: for native data,
2.17-2.10 A; for 3-NeuAc-Le‘ and 4-sulfo-Let data, 2.07-2.00 A; for 3-sulfo-Le data, 2.02-1.95 A.> Rym = T13i[|li(h) — D) nTili(h)],
wherel;(h) is theith measurement and(h)Cis the weighted mean of all measurements(bj. ¢ Number of reflections in the working set (90%
of total reflections; remaining 10% dedicated to test SERuyst = 3 nl|F(h)obd —|F(h)cad /> nlF(h)ond for reflections in the working set Rree =
S hlIF(M)obd — [F()caid [/X nlF(h)obsd for reflections in the test set.

Table 2: Model Geometry and Temperature Factors

rmsd from ideal values temperature factors
; bond bond bond/angle-

unit celf total  water length angle related rmsd average/protomer

crystal a(d b@A) c@) p(deg) atoms atoms A (deg) (A? 1A 2R 304
K3 79.7 849 987 105.3 3932 446 0.008 1.3 3.1/4.7 22.3 335 27.7
+3'-NeuAc-L& 79.1 85.0 98.8 107.1 4127 464 0.007 1.2 2.8/4.3 18.4 23.1 24.3
+3'-sulfo-Les 79.1 84.9 97.2 106.6 4042 462 0.007 1.2 3.1/4.7 19.1 25.7 27.4
+4'-sulfo-Le 79.1 85.0 975 106.3 4022 433 0.007 12 3.0/4.6 20.2 275 25.0

aFrom postrefinement in SCALEPACK (Otwinowski, 1993)

temperature factor refinement, and model building. Non- are well ordered in copies 1 and 3 but are not visible beyond
crystallographic symmetry restraints were not imposed at any Cy in copy 2. The main chain conformation of residues
point during refinement. Resolution-dependent weighting 211-213 in K3 is similar to that of unliganded E-selectin,
was also applied as 1/[* 2(1/2 — 1/6)]?, whered is the and superimposing all Galigands (C&" site 2; Weis et
Bragg spacing of the reflection. Analysis of the data revealed al., 1991) common to E-selectin and K3 shows that the
significant anisotropy, so an overall anisotropic temperature position of this loop with respect to the €digands is also
factor tensor was refined and applied as described (Weis & very similar in the two proteins. This superposition (Figure
Drickamer, 1994). Regions where the electron density did 1) yields an rmsd of 0.25 A for the €aand C&" ligands

not fit the model were omitted, and the remaining subjected (41 atoms). The same rmsd is obtained if the main chain
to simulated annealing refinement at 1000 K. The model atoms of Ly3!*213are also included in the fitting (50 atoms
was then modified according to the resulting difference total). Moreover, the positions of corresponding lysine side
electron density (Hodel et al., 1992). The conformations of chains are similar, even though individual torsion angles
the bound oligosaccharides were also confirmed by this differ. Thus, the framework of the ligand binding site in
procedure. Statistics on refinement and model geometry arek3 closely mimics that of E-selectin.

presented in Tables 1 and 2. Structure of the Complex Formed byt[8euAc-L& and
K3. 3-NeuAc-Le& at 100 mM was soaked into a crystal of

RESULTS AND DISCUSSION K3, and the coordinates of unliganded K3 were refined

Structure of the Unliganded K3 Mutanthe final model against data measured from this crystal. Apart from the
contains all 149 residues for each of the three protomers indisplacement of water molecules from the bound calcium
the asymmetric unit. Electron density is present for all main ion and the protein surface, sugar binding does not perturb
chain atoms but is weak or absent for the following surface the structure of the protein significantly. Strong difference
side chains: in protomer 1, LS in protomer 2, Asgf® electron density at Ca site 2 of protomer 1 clearly defined
and in protomer 3, Ly23 GIu'*? Lys™? and Asp®. All the conformation of bound'3NeuAc-Le. As previously
main chain torsion angles are within allowed regions of the observed for wild-type and mutant MBP-As in the same
Ramachandran plot, and model geometry and temperaturecrystal form, the electron density of protomers 2 and 3 is
factor statistics are summarized in Table 2. Coordinate error,weaker than that defining protomer 1, particularly for the
as assessed by Luzzati analysis, is in the range of-0.20 sugar ligands (Kolatkar & Weis, 1996). This effect is
0.25 A (Luzzati, 1952). When the K3 trimer is superimposed reflected in the refined temperature factors (Table 2) and
on that of wild-type MBP-A, the rmsd for 44@-carbon most likely arises from differences in lattice packing for the
atoms is 0.35 A. three protomers. Simulated annealing omit electron density

The mutation of residues 23P13 to Lys-Lys-Lys indicates that the conformation of theXLeore of the sugar
introduces a localized change in the structure of MBP-A and the positions of the Lys side chains in protomer 1 are
which greatly resembles the structure of the correspondingclearly defined in all K3-oligosaccharide complexes (Figure
region of E-selectin (Figure 1). The side chain of #yss 2), but the electron density is too weak to permit building
packed over PH&%, which is equivalent to the packing of of a complete model of the oligosaccharide bound to the
Lys*3 onto Tr° of E-selectin. The side chains of L3}% other two protomers. Nonetheless, the electron density
and Ly#€'? which are nearly fully exposed to the solvent, present in the other two copies is consistent with the
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Ficure 1: Stereoviews of unliganded E-selectin superimposed onto the compléxXNefu\c-Le¢ and K3. Note that the structure of K3

does not change significantly upon bindingNieuAc-Le&, and a virtually identical figure is obtained when the coordinates of unliganded

K3 are used in the superposition.&digands in E-selectin (GRI, Asrf2, Asnl%, and Asp%) and the corresponding residues in protomer

1 of K3 (GIut®5, Asnt®7, Asr?%, and Asp®) were used for the superposition. The protein atoms of K3 are drawn in white, E-selectin in
black, and 3NeuAc-Le in gray. Hydrogen bonds are indicated by short dashed lines and coordination bonds by long dashed lines. (A) The
ligands for C&" in both E-selectin and K3 are shown. Whereas the four ligands used in the superposition fit closely, several other ligands
adopt different conformations in E-selectin and K3. &linom E-selectin differs from GR$2 of K3, and Asi of E-selectin differs from

Asp!88 of K3 (not shown). Also shown is a water molecule that forms a hydrogen bond wit#? Asd a coordination bond to €ain
E-selectin. (B) Residues that are postulated to interact with the bound oligosaccharide in E-sele®iy@f) GIul%7, Lys!1! Lys!13 as

well as Lys!?) are shown along with corresponding residues from K3 {Thwall®, [1e2%7, Lys?tL Lys?13 as well as Ly3'?. A water
molecule that forms hydrogen bonds to both &yand Ly£13 of K3 is also shown, as are Tipof E-selectin and PR& of K3, which are

packed under Ly43 of E-selectin and Ly&3 of K3, respectively. Figures 1 and 3 were prepared using Molscript (Kraulis, 1991).

conformation of the oligosaccharide modeled for the sugar MBP-C and MBP-A. If the C& and C&" ligands of
bound to protomer 1. No direct contacts are formed betweenMBP-C in five different monosaccharide complexes are
the bound oligosaccharides and neighboring protein mol- superimposed, the rings of Fuc and other monosaccharides
ecules in the crystal lattice. However, several residues andcan be aligned with additional rotations of-31°. If the
solvent molecules that interact with the sugar ligands are same MBP-C residues are superimposed onto their counter-
well-ordered due to interactions with lattice neighbors, which parts in K3, an additional rotation of 24s required to
may contribute to the superior electron density of the sugar superimposex-Me-Fuc onto the Fuc residue of-BleuAc-
bound to protomer 1. For all of the oligosaccharide Le*. When it is compared to the monosaccharitéBP-C
complexes described here, only the complex for protomer 1 complexes, there is a slight increase in hydrogen bond
is analyzed and discussed in detail. distances and an increased asymmetry in the position of Fuc
The Fuc residue of @NeuAc-Le is a principal determinant  relative to the C# ligands, with Fuc tilted away from Hi&
of binding, forming six direct contacts with the protein and twisted slightly toward AP
(Figure 3, Table 3). Most notably, the 2- and 3-OH of Fuc  Part of the rotation of Fuc in the'-BleuAc-L&—K3
form a network of coordination bonds with €aand complex relative to the position of Fuc bound to the MBPs
cooperative hydrogen bonds with four €digands in a may be due to the presence of hEl—3)-linked GIcNAc
manner similar to that observed farMe-Fuc or-Me-Fuc residue. GIcNAc is sandwiched between Fuc and'®is
bound to rat liver MBP-C (Ng et al., 1996) or rat serum (Figure 3) and makes four direct contacts and one water-
MBP-A (A. Kolatkar, S. Snyder, and W. Weis, unpublished mediated contact with the protein. The exocyclic acetamido
observations). A subtle but significant difference is that the O7 of GIcNAc accepts hydrogen bonds fromXNof Asn'8”
position of Fuc is rotated slightly from the position seen in and from a water molecule which in turn forms a hydrogen
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Ficure 2: Stereoviews of simulated annealing (SA) omit electron density. Portions of the model were omitted for SA refinement and
subsequent map calculationB,| — |F¢| maps were each contoured at@above the mean. (A) NeuAc-Le bound to protomer 1 of K3

and all atoms past theCatom of Ly$!! were omitted. (B) 3sulfo-Le bound to protomer 1 of K3 and all atoms past the &om of

Lys?!1 were omitted. (C) 4Sulfo-Le bound at an artifactual crystal lattice contact was omitted. Parentheses denote a residue related by
crystallographic symmetry.

bond with the main chain carbonyl oxygen of residue 184. The NeuAc residue makes few interactions with the rest
Both of these interactions are likely to occur in the selectins. of the sugar and does not contact the protein. The electron
In addition, the GIcNAc 6-OH forms a hydrogen bond with density of the terminab(2—3)-linked NeuAc residue is
His'®%in K3, and the GIcNAc C2 and C4 atoms contae2N  weaker than that of the rest of the oligosaccharide. However,
and G1 of this same His. The interactions with Hiswould the carboxylate moiety is well-defined and is 4.5 A from
not be present in a complex of E-selectin withN&2uAc- the nearest protein atom, L3}5NZ. In contrast, théN-acetyl
LeX, since the loop in E-selectin that contains the corre- and glycerol substituents of NeuAc are not defined by
sponding residue is displaced away from the binding site electron density. These groups have been modeled in the
[Figure 2c of Graves et al. (1994)]. conformations seen in crystal structures and NMR studies
The Gal residue of the oligosaccharide ligan@(&—4)- of NeuAc and oligosaccharides containing NeuAc [e.g.,
linked to GIcNAc and is also packed against Fuc, completing Flippen (1973), O’Connell (1973), Wright (1992), Acquotti
the well-packed Lecore. Gal makes two interactions with et al. (1990), and Mukhopadhyay and Bush (1994)].
the protein. The 4-OH accepts a hydrogen bond frontitys The only interactions between the newly introduced Lys
and the 6-OH forms a hydrogen bond with a water molecule residues and'dNeuAc-Le are the hydrogen bond formed
that in turn forms hydrogen bonds with three protein atoms, between Ly3'' N¢ and the Gal 4-OH and the water-mediated
Lys?!t Ng, Glut®3 Oe2, and Se® N. hydrogen bond formed between the same Lysadd Gal
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Ficure 3: Stereoviews of the oligosaccharidgrotein complexes. Bonds between protein atoms are drawn in black and bonds between
sugar atoms in white. Carbon atoms are colored white, nitrogen atoms gray, and oxygen atoms BlagkdGalfur are shown as larger

light and dark gray spheres, respectively. Hydrogen bonds between sugar and protein are indicated by short dashed lines and coordination
bonds with C&" by long dashed lines. For-3ulfo-Le’, one of the alternate conformations of Biksis drawn with gray bonds: (A)
3'-NeuAc-Le, (B) 3-sulfo-Le, and (C) 4-sulfo-Lex.

6-OH. Lyg'?extends away from the bound sugar and out Ramphal et al., 1994). In the K3 complex, the 2- and 3-OH
into solution. Lyg® extends toward the sugar but is over 9 form coordination bonds with Gaand cooperative hydrogen
A from the nearest sugar atom. This residue forms a water-bonds with the CH ligands in a manner believed to be
mediated hydrogen bond with L3/4 which may stabilize ~ common to C-type lectins which bind to sugars containing
the conformation of Ly&'that is needed for interaction with  equatorial vicinal hydroxyl groups in the same stereochem-
3'-NeuAc-Le. istry (Ng et al., 1996). The importance of the 4-OH is also
Correlations between thé-BleuAc-L&—K3 Structure and consistent with the observed mode of binding, even though
Results from Mutagenesis and Chemical Modification Studiesit does not interact with K3. Superposition of E-selectin onto
on the SelectinsThe relatively large number of interactions the 3-NeuAc-Le&—K3 complex reveals that both T8frand
formed between the Fuc residue 6fNeuAc-Le and K3 is Glu%?, which site-directed mutagenesis studies have identified
consistent both with binding studies indicating that Fuc is as important for ligand binding (Hollenbaugh et al., 1993;
an essential component of selectin ligands and with mu- Bajorath et al., 1994; Graves et al., 1994; Kogan et al., 1995),
tagenesis experiments suggesting an important role f&r Ca are poised to form hydrogen bonds with Fuc 4-OH (Figure
and its protein ligands (Berg et al., 1991; Tyrrell et al., 1991; 1B). The absence of these interactions in K3 may reduce
Graves et al., 1994). The Fuc 2-, 3-, and 4-OH are essentialthe affinity of K3 for the oligosaccharide but probably does
for binding to E- and L-selectins (Brandley et al., 1993; not affect the conformation of the bound oligosaccharide.
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sion of either 4-OH or 6-OH to H reduces binding affinity
(Stahl et al., 1994). The importance of these interactions is
also reflected in decreased or abolished binding-™f6&uAc-

Table 3: Sugar-Protein Interactions

(A) Interactions Common to All Complexes

sugar protein distancest SD? type of - .
atom atom/C&* A interaction Le* to selectins when Ly&! is changed to Ala (Erbe et al.,
Fuc 02 C&+ 257+ 0.04 coordination bond 1992, 1993; Hollenbaugh et al., 1993; Graves et al., 1994)
02 Glulzf;oez 2.70+ 0.08 hydrogen bond and a chemical modification study showing that the tYs
02 Asrt®7001  3.03+0.08 hydrogen bond — Cys mutant of P-selectin binds HL-60 cells only after
03 cat 2.754+0.03 coordination bond treat t with aziridi . lovst . Hollenb h
03 Cli®0c2  2.604 0.02 hydrogen bond reatment with aziridine or nipsylcysteamine (Hollenbaug
03 Asr?%5001  3.33+ 0.04 hydrogen bond et al., 1995).
GIcNAc C2 H_i§1:ZCel 4.03+ 0.06 van der Waals Like Lyslll, |_y5112 and |_y§13 are conserved in the
g‘é ::zmgmig %éi 8:82 ‘@3 r‘é‘;re\:’ggfd selectins. The equivalent residues of K3, #yand Ly$3,
o7 ASES’NS2  3.07+ 0.06 hydrogen bond do not interact directly With '3NeuAc-Le. T_he role of _
Gal 06 GlU®0e2  3.18/2.74+ 0.16/0.03  water-mediated Lys'?has not been examined by mutagenesis, but mutation
06 SefN  3.18/2.99+ 0.16/0.06 water-mediated of Lys!*3to Ala in E- and P-selectins results in the loss of
(B) Interactions Specific to Individual Complexes binding to 3-NeuAc-Le& glycolipids, HL-60 cells, and
complex sugar protein d'sz?&gce% in%’?gcct’ifon neutrophils (Erbe et al., 1992, 1993; Hollenbaugh et al., 1993;
T NewACLe GIoNACO7 ASE™O 3130 watermodiated Graves et al., 1994; Kogan et al., 1995; Revelle et al., 1996).
- § 1/3. § v ; e
Gal 04 Ly$1INE 30 hydrogen bond _The Io;s of_ functllon phenc_)type of _the [2y5— Ala mutants, _
Gal 06 Ly$1INE 33/2.9 water-mediated in conjunction with modeling studies, prompted the predic-
3-sulfo-Le: GIcINAc o7 Asgffo 3.1;2.8 water-megiate(cji tion that the positive charge of L¥$ might directly interact
Gal 06 LygINg 3.0/3.2  water-mediate ; i -
Fsiifolel  GalOS LY@ILNE 35 salt bridge \|I_|VIth the negztlvely chargzq ca:jrboxylate dfl\’BﬁuAc Lé‘._ ol
Gal OS Gld% 0c2 33/27 water-mediated owever, subsequent studies demonstrate that a positively
Gal 0S SetsN 3.3/3.1 water-mediated  Charged residue at this position is not necessary, as replace-
4-sulfo-Le 2 gICII\(IJAGC 05 S_Mg,ﬁjﬁg)b gg Eyglrogen gong ment of Lys with GIn or Glu allows binding to HL-60 cells
al y . ydrogen bon _ _ [ .
Gal OS (ASFENG2P 3.0 hydrogen bond and 3-NeuAc-Le& glycolipids (Kogan et al., 1995; Revelle

aDistances were measured from complexes formed with protomer etal., 1996). Moreover, replacement of Eyswith Arg in
1, because the electron density was beteer defined at this c%py. Forelther E-SeleCt_m _(KOQan ?t al., 1995). or P.-Se.IeCtm (Bajorath
common interactions, the mean and standard deviation were calculatec€t @l-, 1994) eliminates oligosaccharide binding. Therefore,
from three distances, one from each sugar complex. For water-mediatednstead of a direct chargecharge interaction with the sugar,
contacts, the first distance is between the sugar atom and water, anddata from both crystallography and mutagenesis suggest an
the second distance is between the protein atom and weecond indirect role for Ly$'3in selectin-oligosaccharide interac-
Egecfrc;,rsng;ﬁ)gfa‘ggfctgﬁxgtfﬁ‘:k'ng' Parentheses denote atoms relateciions. In the unliganded E-selectin structure, £ packed

over Trp% and in K3, Ly$%® is packed over PHe,

Superposition of E-selectin and K3 reveals another dif- suggesting that the aliphatic portion of the Lys side chain
ference that may give rise to a different mode of binding to helps to stabilize the structure. Modeling suggests that
3'-NeuAc-Le& by the selectins. Gk in K3 and wild-type similar packing interactions can be formed by Glu or GIn at
MBP structures has a different conformation than that of the this position, but the bulkier Arg side chain would not fit in
equivalent residue, G, in E-selectin. In the MBPs, this  E-selectin without rearrangement of other residues.*£ys
glutamate is a ligand of the site 2 €a In E-selectin, GI& N¢ in E-selectin forms a salt link with G an interaction
is displaced relative to MBP-A GIf, and instead, a water  missing in K3, where GR# is replaced by THP”. Instead,
molecule held in position by Ashserves as the equivalent Lys?*® N¢ of K3 forms a hydrogen bond with a water
C&' ligand [Figure 1A; Figure 2C of Graves et al. (1994); molecule, which is in turn hydrogen bonded to s Thus,
Figure 2 of Weis (1994)]. In E-selectin, the 3-OH of Fuc in both cases, Ly4*may help position another residue which
may form a hydrogen bond with the water molecule, or the directly interacts with the sugar.
3-OH may displace the water molecule in a manner The most surprising aspect of the structure of the 3
analogous to the displacement of water molecules uponNeuAc-L&—K3 complex structure is that the NeuAc residue,
monosaccharide binding to MBP-C (Ng et al., 1996). In and in particular the carboxylate moiety, does not directly
the first case, the bound water molecule simply replaces thecontact the protein. Addition of the'-BleuAc residue to
carboxylate oxygen atom of G in the current structure, Le* or Le? oligosaccharides dramatically increases affinity
and the mode of sugar binding seen in the K3 complex would for the selectins, and the binding of chemically modified
be essentially preserved. In the alternative scheme, thesugars indicates that the carboxylate group is an important
position of Fuc would be rotated significantly from the determinant of binding (Tyrrell et al., 1991; Brandley et al.,
position observed in the K3 complex, causing the rest of 1993; Nelson et al., 1993). The lack of a direct interaction
the oligosaccharide to swing away from the Lys residues at between the 'aNeuAc residue and K3 may indicate that the
positions 111113 of the selectins. This scenario seems less orientation of the ligand observed in the crystal structure
likely, because it would place the bound oligosaccharide too differs from the natural mode of binding to the selectins.
far from the Lys residues as well as from Tand GI\? The carboxylate moiety is fairly close to 13}%(4.5 A), and
for these residues to interact with the sugar. a differenty, rotamer would bring Ly&8! N close enough

Binding studies are also consistent with the observation to form a salt bridge. Thus, it is possible that a slight
of interactions between L§8 and the bound oligosaccharide. difference in the conformation of the corresponding Lys
The hydrogen bond between Gal 4-OH and2ysI¢, and residue in the selectins or a small displacement of the sugar
the water-mediated hydrogen bond between Gal 6-OH andwould allow the formation of a salt bridge. Alternatively,
Lys?'1 N, both help to explain the observation that conver- the carboxylate moiety might affect binding energetics
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Table 4: Torsion Angles of Oligosaccharides

(A) K3 Complexes

4'-sulfo-Le 4'-sulfo-Le
3'-NeuAc-L& 3'-sulfo-Le (Ca&* 2 site) (lattice contact site)
ohyp oly oly oly
NeuAc—Gal —68/102
Gal-GIcNAc —74/-105 —77/~104 —79/~102 —73/~103
Fuc—GIcNAc —68/138 —68/134 —67/140 —66/139
(B) Previous Studies
Lex X-ray® Lex X-ray®
NMR free? NMR-bound 2 NMR-bound 2 (copy 1) (copy 2)
@ly oly oly @ly oly
NeuAc—Gal 163/63 —79/127 —76/126
Gal-GIcNAc —66/—112 —65/~113 —81/~108 —80/~105 —71/-108
Fuc—GIcNAc —72/145 —72/145 —82/146 —73/139 —77/139

aTorsion angles are defined as follows: for NeuAc—Gal, Cheuac— C2euac—Oiink—C3cai; ¢ for Gal-GIcNAC, O%a—Clga— Oiink—Cdgicnac
¢ for Fuc—GlcNac, O%yc— Clruc—Oiink—C3sicnac ¥ for NeuAc—Gal, CRieuac— Olink—C3sa—Cégar; ¥ for Gal—GIcNAC, CZa— Oiink—Cdgicnac—
C5cienac; and y for Fuc—GIcNAc, C2-ue—Oiink—C3sienac—Cdaienac- ° NMR free torsion angles are from the GESA-A model of Ichikawa et al.
(1992) and are similar to those reported from other NMR and molecular mechanics studies (Mukhopadhyay et al., 1994; Rutherford et al., 1994).
NMR-bound 1 angles are from Figure 3 of Cooke et al. (1994) and the GESA-C model of Ichikawa et al. (1992). NMR-bound 2 torsion angles
are from Figure 3 of Scheffler et al. (1995). NMR torsion angles in published reports were defined with respect to hydrogen atoms. These angles
were converted to the crystallographic convention by assuming that using an hydrogen atom instead of either an oxygen or carbon atom as a
reference alters the torsion angle $12C°. ¢ From the two copies in the asymmetric unit of the lceystal structure (Perez et al., 1996); similar
values were reported for an isomorphous crystal form solved at lower resolution (Yvelin et al., 1996).

indirectly, possibly through subtle changes in water or mations, N; forms hydrogen bonds with two water molecules
oligosaccharide structure, or long range electrostatic interac-which in turn are linked to the Gal 4- and 6-OH (Figure
tions with the protein. It is important to note that the 3B). Inthe case of'4sulfo-Le, the sulfate moiety forms a
complex formed between’-BleuAc-Le& and K3 argues  salt bridge with Ly3!%

against previous proposals that Ey/irectly interacts with Binding studies suggest that glycolipids containing 3
the carboxylate group (Erbe et al., 1992; Bajorath et al., 1994; sulfo-Le* and 3-sulfo-Le? bind to E- and L-selectin with
Cooke et al., 1994), because the shortest distance betweehigher affinity than nonsulfated analogs (Brandley et al.,
Lys?*3and the sugar is over 9 A. Direct interaction between 1993: Yuen et al., 1994). It is therefore surprising that the
the sugar and Ly8*would require a very different mode of  sulfate moiety of 3sulfo-Le does not contact the protein
binding, which seems unlikely. directly (Figures 2B and 3B). As discussed for the carboxy-

The lack of interactions between K3 and the glycerol and late moiety in the 3NeuAc-Le& complex, the sulfate group
N-acetyl substituents of NeuAc is also consistent with studies may exert indirect effects on binding energetics that are not
which show that modifications of these groups do not reduce apparent in the crystal structure.
binding affinity to the selectins significantly when presented  Structures of the Bound OligosaccharidéEhe structures
on immobilized glycolipids (Brandley et al., 1993). This of sulfo- and NeuAc-L&oligosaccharides bound to K3 are
differs from another study which indicates a modest reduction the first structures of substituted -g/pe oligosaccharides
of binding affinity of E-selectin for soluble oligosaccharides determined by crystallography. The structure of thedare
containing modified NeuAc moieties (Nelson et al., 1993). is very similar in each of the bound sugars (Figure 3, Table

Structures of the Complexes Formed byahd 4-Sulfo- 4), even though each of these structures was built and refined
Leand the K3 Mutant.Sulfated oligosaccharides have been independently. Moreover, although the structures were built
shown to bind to the selectins with affinities comparable to without bias from previously published studies on the
that of 3-NeuAc-Le (Brandley et al., 1993; Yuen et al., conformations of L&type sugars, the final refined models
1994). 3-Sulfo- and 4-sulfo-Le* were soaked into crystals  are similar to the high-resolution crystal structure of & Le
of unliganded K3, and data were measured to 1.95 and 2.0hydrate (Perez et al., 1996; Yvelin et al., 1996) and structures
A, respectively (Table 1). Difference electron density near proposed from molecular mechanics calculations and NMR
Cat site 2 of protomer 1 clearly showed the conformations spectroscopy (Berg et al., 1991; Ball et al., 1992; Ichikawa
of bound oligosaccharides before models for the sugars wereet al., 1992; Kogelberg & Rutherford, 1994; Mukhopadhyay
refined against the data. As discussed above, the electroret al., 1994; Rutherford et al., 1994). Torsion angles for
density for the corresponding regions of protomers 2 and 3 the glycosidic linkages are presented in Table 4. Most
is consistent with similar conformations for the bound torsion angles are within-510° of those determined by
oligosaccharides but is too weak to allow modeling of crystallography or NMR and molecular mechanics calcula-
complete oligosaccharides. tions.

The conformation of the eportion of the sulfated sugars The largest difference between the crystal structuré-of 3
is nearly identical to that of'aNeuAc-L¢&, and the interac-  NeuAc-Le& complexed with K3 and the structures of the
tions that the Fuc and GIcNAc residues form with the protein oligosaccharide derived from NMR and molecular mechanics
are also the same (Table 3, Figure 3). In thewdfo-Le is in the relative orientations of NeuAc and Gal. The
complex, electron density maps and refined temperaturepositions of these residues are defined by clear electron
factors indicate that the L¥S side chain exists in two  density for the GatNeuAc linkage and the proximal portion
conformations (Figures 2B and 3B). In one of the confor- of the NeuAc residue. The conformation is similar to one
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of the low-energy conformations predicted by molecular gosaccharides bound to K3 reveal a common structure for
mechanics calculations (Ichikawa et al., 1992; Mukho- the L& core and a common mode of binding regardless of
padhyay et al., 1994), byt differs from the calculated value  the substituent at the 3- or 4-OH of Gal. The direct
by about 25 (Table 4). However, the energy wells for interactions of Fuc with Gd and its ligands, and of the 4-OH
torsion angles in this linkage are quite broad, so the of Gal with Ly’ provide a structural explanation for the
conformation seen in the crystal structure is clearly in the loss-of-function phenotype arising from mutations in thé'Ca
same energy well as the one proposed from molecularligands and Ly5* of E-selectin and for chemical modifica-
mechanics calculations (Mukhopadhyay & Bush, 1994; tion studies that indicate the importance of Fuc and Gal in
Rutherford et al., 1994). the oligosaccharide ligand. The reported loss of binding to

The agreement between the structures 'eR@uAc-Le 3-NeuAc-Le and HL-60 cells upon mutating L¥$ to Ala
bound to K3 and those obtained by molecular mechanics appears to be an indirect effect, because the corresponding
calculations and NMR measurements forN&@UAc-Le residue in K3, Ly3®, is over 9 A from the bound oligosac-
bound to E-selectin (Cooke et al., 1994; Scheffler et al., 1995) charide. Other residues identified by mutagenesis to be
supports the conclusion that the bound conformation differs involved in carbohydrate binding are poised to interact with
from that most likely populated by the sugar when it is free the bound oligosaccharide when the structure of unliganded
in solution (Ichikawa et al., 1992; Mukhopadhyay et al., E-selectin is superimposed onto the complex ‘eN8uAc-
1994; Rutherford et al., 1994). The torsion angles of the Le*and K3. Ongoing structural and mutagenesis studies on
Gal-NeuAc linkage (Table 4) in the bound conformation MBP—selectin chimeras should clarify the mechanisms used
position the NeuAc carboxylate on the face of the oligosac- by selectins to bind to natural ligands and improve future
charide adjacent to L% of K3, whereas the free conforma- attempts to design anti-inflammatory drugs targeted at
tion of the sugar would place the carboxylate group on the disrupting selectirrcarbohydrate interactions.
opposite face of the oligosaccharide.
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