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Abstract: The conformations of the Neu&2(l)—3Gap1(ll)—4[Fua1(lll)—3]GIcNAc-O-CH; tetrasaccharide (sKg

in agueous solution and bound to E-, P-, and L-selectin have been determined using high resolution NMR spectroscopy.
In the free ligand, the conformation of glycosidic linkage | is disordered b, W} sampling values close to

{—60°, 0°}, {—10C°, —50°}, and{18C", 0°}. The trisaccharide portion is rigid and characterized &y, ¥);; @y,

W} ={46°, 18; 48°, 24°}. The measured dissociation rates and equilibrium binding cons{dgis Kp}, were

{1644+ 24 s1, 0.72+ 0.4 mM}, {5224 166 s'%, 7.8+ 1.0 mM}, and{10804+ 167 s, 3.9+ 0.6 mM} at 300

K for E-, P-, and L-selectin, respectively. The bound conformations of the ligand were calculated from the full
relaxation matrix analysis of transferred-NOE spectra for E- and P-selectin or by using a two-spin approximation for
the L-selectin complex. Both E- and P-selectin recogniz€ th@0°, 0°} conformation of sL&while the{—10C,

—50°} conformer is probably recognized by L-selectin.

The conformation of the branched trisaccharide portion in

the bound state remains close to the conformation of the free ligand. In the E-, P-, and L-selectin complexes the
GalH4 proton is in the vicinity of protein aromatic protons, most likely Tyr94 and/or Tyr48.

Introduction

Sialyl Lewis® tetrasaccharide, Neu#&2—3Gajjl—
4[Fuax1—3]GlcNac (sLé&), is involved in the adhesion of

refs 8a,b regarding the Neué2—3Gal linkage conformation,
all approaches were qualitative in nature, leaving the definition
of bound-state conformation still open.

Here we describe the conformation of &/ both in the free

leukocytes and neutrophils to vascular endothelial cells during 54 hound states, as determined by quantitative analysis of NMR

normal and pathogenic inflammatory responses. Three structur-

ally similar transmembrane glycoproteins, E- , P- , and L-
selectin, recognize the stepitope through a calcium-dependent
lectin domaint The way in which selectins recognize carbo-

hydrate is of fundamental importance for generating small
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past few years. The current models for the three-dimensional

structure of sL¥E- and P-selectin complexes are based on the

X-ray structure of unliganded E-selectithe force-field derived
model of sL&* and a substantial amount of data on affinity
changes upon either genetic modification offEand P¢
selectins or chemical modification of the gligand?” Recently,
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data. This differs from previous work in which the NMR equation parametrized for carbohydrates

constraints were mostly used to support force-field based

molecular modeling22%a |n the present study the three- 3)=5.7¢c0¢® — 0.6 cos® + 0.5 (3)

dimensional model of the free ligand is calculated from
interglycosidic coupling constants and distance constraints. Thewhere® is either® or W.
latter are obtained from NOE measurements involving hydroxyl  Alternatively conformation of the free and bound ligands can
protons in conditions of slow chemical excharifie. be determined from the full relaxation matrix analysis of the
The dissociation rates and equilibrium binding constants for 2D NOESY and 2D transferred-NOESY spectra, respectively.
the sLé& /E-, P-, and L-selectin complexes are obtained from In this case structural parameters were obtained by minimizing
the temperature and composition dependent selective relaxatiorthe expression
rates of the ligand proton.
The bound conformations of s’f_eylth E- apd P- se[ectlns T= zZ(@a'c(Tm) — |;.-‘XF’(frn))2 4)
are calculated from the full relaxation matrix analysis of the 4
2D transferred-NOE spectra. Based on hydrodynamic studies
we use the prolate ellipsoid model for the motion of’¢selectin where the first and the second summation runs over different
complexes in solution. This allows better definition of the mixing times and different cross-peaks, respectively. The
bound conformation and determination of the ligand orientation |ﬁa'°(rm) andlﬁ"p(rm) denote calculated and experimental cross-
relative to the major axis. The conformation of $l®und 0 peak intensities at mixing timen, respectively. The{*(m)
L-selectin was calculated from the interproton distances obtained\yere calculated using matrix algebra closely following the

by first-order analysis of the 2D tranferred-NOE spectrum. procedures described by Rand London et a¥* The matrices
Finally, contacts between s’f_anql thg three selectins were Ry Ry, K, andl, were constructed as described below.
probed by protein to ligand magnetization transfer experiments.  Since the spectra were recorded at the conditions where the
interproton cross-relaxation rates in the free ligand are close to
zero, the relaxation matri;, was diagonal with experimentally
determined longitudinal relaxation timeg, .
The relaxation matrix for the bound ligand was calculated
from the formula®

Methods

Determination of the Ligand Conformation. The confor-
mation of the carbohydrate, defined in terms of glycosidic
torsional angles{®,W}, can be derived from the NMR
constraints by minimization of the following expression:

R9=_§(3CO§@—1)2+300§®sinz®
)

o\ 24D, D, + 5D

T= (ditj?alc_ dsx 2+ Z(Jﬁlalc_ ‘]EIX 2 (1) +
i

3 sin'@ 5)
where dﬁa'c and di® are the calculated and experimental 44D, + 2D
interproton distances and?° and J5® are calculated and
experimental values for the interglycosidi#®C—1H coupling Rﬂ’ = —ZR?
constants, respectively. The geometry of the pyranose rings, =]
interglycosidic C-O—C bond angles, as well as pendant group
torsions were frozen during the optimization of the dihedral WhereC =56.9x 10° A®s 2 D andD; are rotational diffusion
anglesd andW. The starting geometry, GO, of sLeas built coefficients for the prolate ellipsoid, alis the angle between
from the X-ray coordinates of the monosaccharide units and the long axis and the interproton vectgr This angle can be
refined by energy minimization using cffo1 force field included expressed by the trigonometrical relation:
in the BIOSYM software. Thenlﬁe"C were calculated from
Cartesian coordinates transformed updnW} rotations. The
uncertainty of the experimental values was included in the form
of the following equation:

zcosf +ysinf sing + xsin 0 cosg

Nern

where# and ¢ are polar angles describing the orientation of
the major diffusion axis in the molecular frame. During each
step of the target function optimizatiorT,, the Cartesian
coordinates,x, y, and z of the ligand were generated by
transforming initial coordinates upon thi&, W} rotations. For

the interaction between the methyl group and nonmethyl proton
we used a simplified approach where the magnetization from
methyl protons is localized in the center of mass of the methyl
protons!®

cos® =

(6)

dﬁXpZ di'jn + A x siny; 2

where d' is the median value andy is the error bound
derived from the NOE experiment (Tables 2 and 5). In order
to keepd;’® within £A; interval during the optimizations the
dummy factor siny; was introduced which was independently
optimized for each constraint. THE® were expressed in an

analogous way. Thdi2® were calculated from the Karplus
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5537. (d) Glaudemans, C. P. J.; Lerner, L.; Daves, G. D.; Kdvg Venable
R.; Bax, A.Biochemistry199Q 29, 10906-10911.
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M. P. Biochemistry1994 33, 10591-10596. (c) Hansley, P.; McDevitt, P.
J.; Brooks, I.; Trill, J. J.; Feild, J. A.; McNulty, D. E.; Connor, J. R,;
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Johanson, KJ. Biol. Chem1994 269, 23949-23958.
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The individual intensitiesl,jo, were corrected for the incom-  spin from the ligand® Thermodynamic and kinetic parameters
plete relaxation between the scans and nonuniform signal lossfor the binding of sL&to E-, P-, and L-selectin were based on
during the short spin-lock pulse (vide infra). Since both the temperature and composition dependence of the NH3eq
experimental and calculated intensity matrices were nonsym- proton relaxation rate. Chemical shift of this proton resonance

metric, instead of; in (4), the averages, 05(+ I;), have been is particularly suitable for selective spin manipulations (vide
used in the optimization. infra). Also, strong dipolar interaction between geminal protons

causes very fast relaxation in the bound state, favorably
enhancing sensitivity of the observed relaxation rates toward
temperature and composition variability.

Expression 4 was minimized by varying the global proton
intensity parameter, six glycosidic and two polar angteand
¢, in eq 6. The computations were based on 24 different NOE For the binding of sL€to selectins, the kinetic scheme of

interactions measured at five mixing times, 50, 100, 150, 200, o
and 300 ms, for the E-selectin complex and three mixing times, :E: n/é/gns&t?sxchange between bound (b) and free (f) forms of

200, 300, and 400 ms, for the P-selectin complex. To ensure

that all solutions with the minimurii value in eq 4 were found, Kon

we performed systematic grid searches in the eight-dimensional L ﬁ' Ly

parameter space using 3¢teps ford and¢ and 15 steps for

each dihedral angle. The side chains were fixed in the samewherek, is the off-rate andc,, is the pseudo-first-order on-

rotameric states as in the free ligand (see Discussion). In orderrate, K'on = kor[P], kon being the reaction on-rate and [P] the

to assess the scatter of possible solutions the optimizations weresquilibrium free protein concentration. Thus the dynamics of

restarted from over 300 randomly generated starting conditions.an isolated spin, in the absence of free precession, can be

When evaluating the results we considered only the solutions described by the following equatiti

which converged to thd values not exceeding the global

minimum by more than 25%. Conformations with lowT dlm R+ Kon Kot m

values but dlsp!aylng gbV|ous _stenc cc_)nfllcts Wgre also _rejected. dt| my —Kon R+ ko || M
Hydrodynamic Studies. Sedimentation velocity experiments

were carried out at 50 000 rpm and 293 K in a Beckman Optima whereR' andRP are the relaxation rates of the magnetization in

XL-A analytical ultracentrifuge. E-selectin was loaded at 0.6 the free () and boundify) states, respectively. TH& values

mg/mL in Dulbecco’s PBS with calcium and magnesium. The Were determined experimentally, wher@&svas approximated

()

sedimentation coefficiens, and diffusion coefficientD, were by the following relationshitf

evaluated using the program SVEDBER%G.A molecular E

weight of 77 100 (95% confidence interval 73 900 to 79 700) R = C exp(—a) (8)
was then calculated from the ratiD, using a partial specific T RT)

volume of 0.692 g/mL determined from a self-consistent

method. Calculation of the axial ratio for a prolate ellipsoid

model followed the procedures of Laue ef&and Ushiyama s
concentrations.

et al?®
i . Temperature dependences of the off- and on-rates were
Hydrodynamic measurements of E- and%electins have  gypressed by using Eyring equatién.

shown that the shape of both proteins may be approximated by TheKy's andk's for the binding of sL&to the E-, P-, and
prolate ellipsoids with axial ratios of 12:1 and 19:1, respectively. | _selectins were obtained by either fitting the experimental
Using these values the rotational diffusion constabts, Dy, decay rates to the values given by the first eigenvalue of the
calculated from the Perrin mod& were found to be 3.26< exchange matrix in eg?8or by fitting signal intensities to the
10Ps % 8.01x 10°stand 1.50x 10Ps7%, 8.55x 10° s~ for numerical solution of eq 7. BotfL andE, in eq 8 and the
E-selectin and P-selectin, respectively. These values were alsqlobal scaling factor (for integral signal intensities) were
used for the computations of relaxation matrixes in the bound optimized. E, was bounded to values of @0 kJ/mol?4
state. Sample Preparations. The sL& O-methyl glycoside was
Determination of the Dissociation Rates and Equilibrium purchased fom Toronto Research Chemicals Inc. The Gal-2-
Binding Constants. For the quantitative analysis of transferred- O-Acetyl derivative is a byproduct obtained in the synthesis of
NOE spectra, both the dissociation rates and the bound fractionl (Chart 1)=(R = —(CH,)sOCOOCH), obtained as described
of the ligand must be known. Only in a few studiss22of previoqsly?7 Recombinant, soluble E-selectin was p_roduced
protein-carbohydrate interactions were these parameters esti-2ccording to the procedure of Lobb et’&l.The recombinant,
mated from the NMR data. Here we utilize the approach which Soluble P-selectin was purified as decribed elswhr&e-

is based on the relaxation measurements of an isolated protorf®mbinant fusion proteins, E-selectin-lg, P-slectin-lg, and
L-selectin-lg, were constructed, expressed, and purified as
(17) This change gives statistically significant decrease of the reduced previously describe@! They contain signal sequence, a lectin

x-square probability. For this estimation the uncertainties were obtained domain, and an EGF repeat along with six (E-selectin-Ig), two
by dividing the optimized value (eq 4) at global minimum by the number

whereC depends on physical constants and molecular structure
which should remain the same for all temperatures and

of fitted intensities. (23) Valensin, G.; Kushnir, T.; Navon, G. Magn. Reson1982 46,
(18) Philo, J. S. IfModern Analytical UltracentrifugationSchuster, T. 23-28.
M., Laue, T. M., Eds.; Birkhauser: Boston, 1994; pp 1360. (24) Lane, A. N.; Lefere, J. F.; Jardetzky, Ql. Magn. Reson1986
(19) Laue, T. M.; Shah, B. D.; Ridgeway, T. M.; Pelletier, S. M. In 66, 201-218.
Analytical Ultracentrifugation in Biochemistry and Polymer Science (25) Jencks, W. PCatalysis in Chemistry and Enzymologpover
Harding, S. E., Rowe, A. J., Eds.; Royal Society of Chemistry: Cambridge, Publications: New York, 1987.
1992; pp 96-125. (26) Bain, A. D.; Duns, G. JJ. Magn. Reson1995 112 258-260.
(20) Ushiyama, S.; Laue, T. M.; Moore, K. L.; Erickson, H. P.; McEver, (27) Ratcliffe, R. M.; Venot, A. P.; Abbas, S. Z. U.S. Pat. Appl. 5,296,-
R. P.J. Biol. Chem 1993 268 15229-15237. 594, March 22, 1994.
(21) Cantor, C. R.; Schimmel. P. Biophysical ChemistryFreeman, (28) Lobb, R. R.; Chi-Russo, G.; Leone, D. R.; Rosa, D. R.; Bixler, S.;
W. H. and Company: San Francisco, 1980. Newman, B. M.; Luhowskyj, S.; Benjamin, Ch. D.; Douglas, |. G.; Goelz,

(22) Kronis, K. A.; Carver, J. PBiochemistryl985 24, 834—840. S. E.; Hession, C.; Chow, E. B. Immun 1991, 147, 124-129.
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Chart 1 ments were obtained with a selective Gaussian or DARFTE,
90,-180,y,x-y, proton excitation followed by up to two coherent
magnetization tranfer steps using DANTE pulse trains.

The longitudinal relaxation rates were monitored by the
selective 1D NOESY pulse sequence. Selective excitation,
applied to the N3eq proton, was achieved either by a 20 ms
E-BURP pulse or by a composite,9080,, - —y DANTE pulse
train of the same duration. In order to simplify spin-dynarffics
the cross-relaxation effects were suppressed by the simultaneous
irradiation at NH3ax and NH4 frequencies during the mixing

1 times (36-250 ms) with the field strength of 60 Hz.

Selective relaxation in the rotating framey,Rvas monitored
(P-selectin-1g), or one (L-selectin-lg) complement regulatory by on resonance spin-locking NH3eq magnetization with a weak,
modules. The apparant molecular weight of these three fusion100 Hz, B1 field. In this case all cross-relaxation pathways
proteins were 250, 220, and 200 kDa, respectively. The proteinswere blocked except for cross-correlated cross-relaxation,
were dialized against PBS buffer containing 2 mM calcium which, for the durations the of the spin-lock times200 ms),
chloride at pH= 7.4. Samples were prepared by mixing may be safely ignored. The offset effeten R, appeared to
aqueous solutions of the protein and carbohydrate in desiredbe negligible as probed by ranging the spin-lock field from 50
proportions. The samples were then exchanged with deuteriumto 350 Hz (stronger fields produce undesirable Hartmahn-Mahn
oxide by three freezedry cycles and finally dissolved in 250  and cross relaxation effects).
uL of D20. For the quantitative transferred-NOE studies the ~ Temperature of the sample was measured with methanol or
[ligand]:[protein] ratio was 20:1 for E- and P-selectin and 15:1 ethylene glycol standards.
for L-selectin. The saturation-transfer experiments were performed with the

NMR Experiments. The NMR experiments were performed  saturation field (26-50 Hz) applied at different frequencies
using a Bruker DRX-500 spectrometer equipped with a Nalorac (ranging from—0.5 ppm up to 8.5 ppm) of the protein spectrum,

3 mm inverse broadband probe and a Bruker DRX-400 which did not overlap with the ligand signals. The spectra were
spectrometer equipped Wia 5 mminverse broadband probe.  acquired in the direct difference mode: stttion on resonance

For experiments which required supercooling of the water, gcgpgaturation off resonanceyith g total of 800 scans per spectrum
capillary tubes (1.2 mm o.d.) were used. using CYCLOP phase-cycling.

All data in HO/D,0O (9:1) were obtained with the standard Docking Protocol. The minimization of the sL$E- and
pulse sequences where all hard gilses were replaced with  p_selectin complexes were done using the Amber force-field
soft(9C,)hard(9Q) for nonexcitation of the water signéi The with carbohydrate specific parameters implemented within the
soft pulse was 45 ms Gaussian shaped pulse applied at the pjiscover program (BIOSYM). The geometry of the ligand was
frequency of the water signal. constrained to the conformations found from the transferred-

The heteronuclear coupling constants were obtained from theNOE data and docked into the binding site by minimizing
HSQC experiment with a short (2 ms) spin-lock pui¢eThe ligand/protein distance constraints. The computational protocol
delay for the evolution ofJcy was set to 100 ms. This delay  consisted of 2000 cycles of conjugate gradient minimization
allowed for the refocussing of the homonuclear couplings which with all selectin residues initially kept fixed. Next, the whole
are close to 10 Hz. The coupling constants were measuredprotein/ligand system was subjected to 10 ps constrained
directly from the separation of the antiphase signal maxima. molecular dynamics at 300 K followed by another 2000 cycles
Alternatively, the long range cross-peakizina may be easily  of conjugate gradient minimization. No water molecules were
reconstructed by superimposing two parts of & cross- included in this computation. The P-selectin coordinates were
peak occurring in the same spectrum. The coupling constantgenerated on the basis of E-selectin structure and homology
is then determined by the best fit between the target and themodeling.
trial multiplets® The*Jyci-ens coupling was measured by the  computational Details. Computer programs were written
selective version of the same experim&ntThe digital resolu- in matlab command language (The MathWorks, Inc.) running
tion in the transformed spectra was 0.35 Hz/pt. __on SGI Indy R4400 workstation. The nonlinear optimizations

The 2D transferred-NOESY experiments were recorded with \yere performed using routines contained in the optimization
the standard pulse sequence. Acquisition times were 0.35 andlpox (The MathWorks, Inc.). Molecular graphics, minimum

0.2 s intp andt; domains, respectively. Relaxation delays were energy calculations, and processing of the NMR spectra were
1.7,2.1, and 3.1 s in spectra recorded for E-, P-, and L-selectin,performed using BIOSYM software.

respectively. For better quantitation of transferred-NOE spectra’  ~ - antions. For linkages with GIcNAc as the aglycon, the

a 15. ms spin-lock. pulse was applied priortialelay, in order glycosidic dihedral angles are defined @s= r(Hl-Cl-O)l<-

to eliminate protein background signdfs.The raw data were Cx) andW = 7(C1-Ox-Cx-Hx). For the NeuNAz2—3Gal
apodized by the cosine-square or Gauss-Lorentz Windowlinkage<I>=r(Cl-CZ-03-CB) a.nelpzr(CZ-O3-C3-H3) The
functions. Transformed spectra were baseline corrected andthree staggered conformations of the hydroxymethyl group are

integrated using UXNMR software. denoted b : : ;
; . y gg, gt, and tg, and describe the orientation of the
1D NOESY* and combined 1D DAIS¥-NOESY experi- g6 hond relative to the G505 and C5-C4 bonds of the

(29) SkleriaV.; Tschudin, R.; Bax, AJ. Magn. Resonl987, 75, 352— pyranose ring, respectively. The conformation of the glycerol
357.

(30) Otting, G.; Wthrich, K. J. Magn. Reson1988 76, 569-573. (35) Kupte, E; Freeman, RJ. Magn. Resanl1992 100, 208-214.

(31) Titman, J. J.; Neuhaus, D.; Keeler,JJ.Magn. Reson1989 85, (36) Morris, G. A.; Freeman, Rl. Magn. Reson1978 29, 433-462.
111-131. (37) Bull, T. E.Prog. NMR Spectrosd 992 24, 377-410.

(32) Poppe, L.; van Halbeek, H. Magn. Reson1991 93, 214-217. (38) Davis, D. G.; Perlman, M. E.; London, R. E.Magn. Resorl1994

(33) Scherf, T.; Anglister, Biophys. J.1993 64, 754-76. 104, 266-275.

(34) Kessler, H.; Oschkinat, H.; Griesinger, £.Magn. Reson1986 (39) Braunschweiler, L.; Ernst, R. R. Magn. Resan1983 53, 521~

70, 106-133. 528.
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Figure 1. *H NOESY spectrum (50 ms mixing time, 500 MHz) bf
in H,O/D;0 (9:1) at—15 °C. The residual water signal was removed
by post-acquisition data processing.

side chain is defined in an analogous way, where, for example, b
the ggt state denotes the trans arrangement of the first and the
second hydroxyl groups. For the hydroxyl groups, three
rotamers are defined as anti (280g— (60°), and gt (—60°).

The dihedral angles in parentheses are defined b@HC—H
atoms as positive for a clockwise-® bond rotation viewing
along the C-O bond direction.

Results

. . . 6.8 6.6 6.4 6.2 6 5.8 5.6 5.4
Conformation of sLe* in Water. The conformation of the ppm

sLe tetrasaccharide (Chart 1) has been investigated by inde-Figure 3. Experimental (a) and theoretical (b) hydroxyl proton portion
pendent groups which arrived at different conclusions regarding of *H spectrum ofl in H,O/D;O (9:1) solution at—15 °C. The
rigidity or flexibility of the glycosidic linkage$2-® The most parameters obtained from the total lineshape analysis (b) are listed in
recent molecular dynamics and NMR study showed that the Table 1.

branched trisaccharide, FB(G1—4)GN, was rigid and the
N2—3G linkage was flexiblé2 Our results reach similar
conclusions by a different route. The derivation of the molecular
structure in the present study is based entirely on experimenta
data which include hydroxyl proton NOEs obtained in super-
cooled water.

The NeuA@2—3Gal linkage conformations were predomi-
nantly characterized by the spectral properties of hydroxyl
protons. Figure 1 presents the 2D NOESY spectrum of sLe
in water at—15 °C. The indicated NOH8/GH3 and NH3ax/
GH3 contacts cannot occur in a single conformation as shown
on the distance m&pin Figure 2. Thus, this linkage must occur
in more than one conformation in solution. During this
calculation the sialic acid side-chain was fixed in the ggt state
as inferred from the strong NOH8-NH6 and NOH8-NH8 NOE
effects (Figure 1). Also the slow chemical exchange rate and
small vicinal coupling constant for the NOH8 proton (Table 1)
strongly indicate the existence of NCOOH:::NOH8 hydrogen
bonding#!

Hydroxyl proton resonances at supercooled conditions of
water are shown in Figure 3a. All signals were fitted by the
ftotal line shape analys# (Figure 3b) which yielded vicinal
coupling constants and chemical exchange rates with the solvent
protons (Table 1). There is a remarkable difference between
spectral parameters for the GOH2 proton in*skad the L&
trisaccharide. We observe a large upfield shift of 0.7 ppm in
the case of tetrasaccharide (see Supporting Information) together
with the reduction of the vicinal coupling constant and chemical
exchange rate. These spectral changes closely follow the
behavior of the glucose-OH3 proton in metififlactosidé® and
strongly indicate the formation of the intramolecular hydrogen
bonding GOH2:::NO6 in the sPetetrasaccharide (compare
Figure 2).

Transformation from the Pento the sL& produces spectral
changes for the GOH4 proton as well. In this case the chemical
shift effect is negligible, although there is a significant reduction
of the vicinal coupling constant(2 Hz) and chemical exchange

(41) Poppe, L.; van Halbeek, H. Am. Chem. Sod.991 113 363—

(40) Poppe, L.; von der Lieth, C. W.; Dabrowski,JJ.Am. Chem. Soc. 365.
199Q 112 7762-7771. (42) Rao, B. D. NMethods Enzymoll989 176, 279-311.
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Table 1. NMR Data for Hydroxyl Protons from skén H,O/D,O

(9:1) at—15°C

Poppe et al.

Table 3. Equilibrium Binding Constant and Dissociation Rates for
the Binding of sLé&to E-, P-, and L-Selectins

hydroxyl proton  shift[ppm]  coupling3’[Hz] ratef[s7}] sLeYE-selectii  sLe/P-selectin  sLe¥/L-selectir?
GN-OH6 6.1 45;4.9 10.1 Kp (at300K) 0.72+0.12 mM 78+£1.0mM 3.9+ 0.7mM
F-OH2 n.d. n.d. n.d. Kot (@t 300 K) 164+ 24 st 522+ 166s' 1080+ 167 s*
F-OH3 6.11 5.0 7.3 - — - -
F-OH4 6.07 55 59 @ Obtained from the fitting of the relaxatlor)_raté@btalngd_from
G-OH2 5093 29 1.8 the simultanous fitting of 256 signal intensities. Error limits were
G-OH4 5.56 27 ~0 calculated by using Monte Carlo sampling techniéfue.
G-OH6 6.19 4.8;5.8 7.9
N-OH4 6.58 5.0 6.7 . Co. ‘ k)
N-OH7 6.00 7.1 5.0 '
N-OH8 6.31 2.8 2.7 i . Lo
N-OH9 6.01 4.3:5.7 12.4 L] e . -A."
o
aChemical shifts relative to the water resonance at 5.28 ppm. N3 | GH3 2 s
b Estimated errors were-0.3 Hz for the primary and:1 Hz for the } I
secondary hydroxyl proton§ Estimated errors werg-2 s . = ° . &
Table 2. NMR Constraints Used for Modeling the L@art of <
sLe 1 ™
o . N
constraint value range rotameric statés ; . u o
GH1-GNH4 2.5+ 0.3A . | ©
GH1-GNH6R 2.5+ 05A gg ' <
GOH2-GNH6R 2.5:05A g+, gg
FH1-GNH3 2.5+ 0.3A o .
FH5-GH2 25+£03A 2
FH3-GH6S 2.8-05A gt ‘ A
FH4-GOH4 3.0:05A g .0
FCH3M-GH2 2.8+ 05A
FH4-GH6S 2.8-1.0A gt
3JGH17(3NC4 3.0+1.0Hz N PP /
3JGC1-GNH4 53+ 1.0Hz )
3JFHlfGNC3 25+ 1.0Hz ! . |
3JFCl—GNH3 48+ 1.0Hz 0O # ¢ e i p'
. ; o
aThe distance constraints were obtained from the 2D NOESY and ' } oy
and 1D DAISY-NOESY experiments at 285 K in,O or at 268 K in ~
H,O/D,0 (9:1). Internuclear distances were calculated from the formula g_
ri = (0doij)*®ro, whereo, andr, are the cross-relaxation rate and "e o “ o Q
distance for the reference proton pair, respectively. The uncertainties . L~ —
for the internuclear distances are conservatieg,they exceed distance ! m
variations due to the different choices fand experimental errors o . . o
for o andg,. In the case of pendant groups they were estimated as o 8 b o
described previousK# The precision of the coupling constants is equal el “ U o
to the digital resolution in the spectra (0.35 Hz/pt). The larger error ' e
margins account for the inaccuracy of ec?®uring optimization of
the ligand geometry pendant groups were frozen in the single rotameric .
state. ¢ e .
» - 8
rate. As inferred from the molecular model, these observations 4.0 3.0 2.0
are consistent with the NCOOH:::GOH4 hydrogen bond (com- DI (ppm)

pare Figure 2).

In the case of the Fuet—3[Gal31—4]GIcNAc portion the

NOE data show no evidence for multiple conformations. Table

Figure 4. (a) 'H NOESY of sLé& in D,O at 285 K (500 ms mixing
time, 500 MHz). (b) Tranferred NOESY of st/&-selectin (21:1) in
D,O at 300 K (500 ms mixing time, 500 MHz). The most apparent

2 shows NOE derived distances and vicinal coupling constants
used in the calculation based on eq 1. Allowable solutions fell
into the narrow range of dihedral angle§45.6° + 1.2°; 17.7

+ 1.7°} for the GaB1—4GLcNAc linkage and 47.9 + 1.8,
23.7 £ 1.0°} for the Fuerl—4GIcNAc linkage. The possibility
that Fuerl—3GINAc linkage sample§—23°, —15°} conforma-
tion, as was recently suggestt¥dnay be safely ruled out on
the basis of NOE data in Table 2.

differences between both spectra are indicated with the boxes.

Most apparent differences between the NOE fingerprints for
the free and E-selectin bound ligand are noted in Figure 4. The
disappearance of the NH3ax/GH3 and significant enhancement
of GH3/NH8 cross-peaks indicate that the conformation of the
NeuAm2—3Gal linkage has changed upon binding. Another
striking observation is the significant diminution of the GH2-

Conformation of the sLe* Bound to E-Selectin. Dissocia- FH5 NOE interaction. However, any further interpretation of
tion rate, ko, and equi"brium b|nd|ng constankp, for this the data in terms of relative Changes in ||gand conformation is
complex (Table 3) were obtained from the nonlinear fitting of far from straightforward. The relatively slow off-rate and strong

the NH3eq relaxation data as described in Methods. These datanotional anisotropy of the protein (see Methods) necessitate
were used in the quantitative analysis of transferred-NOE More rigorous treatment. The bound state conformation of sLe

spectra. was derived from full relaxation matrix analysis of the transferred-
NOE data taking into account motional anisotropy of the
complex.

It is important to mention that the computational protocol
(see Methods) did not include protein protons in the treatment

(43) Poppe, L.; Dabrowski, J.; Lieth, C. W.; Koike, K.; Ogawa ELL.
J. Biochem199Q 189, 313-325.

(44) Lommerse, J. P. M.; Kroon-Batenburg, L. M. J.; Kroon, J.;
Kamerling, J. P.; Vliegenthart, J. V. Q. Biomol. NMR1995 5, 79-94.
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Table 4. Conformations and Orientations of sLeomplexed to E-, P-, and L-Selectins

calculatior? conformatiof orientatior Rd
sLe® {46+ 1,184 2;48+ 2,24+ 1}
sLeY/E-selectin
{—60,-17;20,36;72,13 {120, 8¢ {75, 3¢ 0.14
{—53,-27;29,32;69,16 {114,8¢:{70, 25 0.15
averagé {—58+ 5,-22+ 5;24+ 5;34+ 3;71+ 3,14+ 2}
sLeY/P-selectin
P1 {—74,-8;45,21,68,21 {57, 30{20, 6G¢ 0.12
{—91,6;46,18;68,22 {52;46:;{30, 7Q 0.13
{—76,4;52,21;48,38 {57,3¢:{20, 6G 0.14
p2 {—102,11;43,11;53,24 {143, 29:{95, 10 0.14
average {—85+11,-44 12;45+ 4,18+ 4,61+ 10;26+ 6}
sLe/L-selectir {36,28;41;1%
{45,20;28,17
{25,29;47,1%
average {33+ 10,26+ 12;42+ 11,16+ 3}

aDifferent minima reached during the optimization of the target functibigeq 4).° Pairs of dihedral angles in curly braces correspond to
NeuAa2—Gal, Gap1—4GIcNAc, and Fual—4GIcNac linkages, respectivelyThe values in the first curly braces correspond to the polar angles,
6 and ¢, describing the orientation of the major diffusional axis in the molecular frame of the ligand. The values in the second curly braces
correspond to the angles between major axis of rotational diffusion tensor and vectors formed by the GNH4-NH3ax and NC9-FC6 atom pairs,
respectivelyd R factors were calculated according to the following formula:

N 12
> 15w = 171’

\m

N
2
AR
jm
€ Only the conformation of Lepart was calculated from NMR data (eq 1Yhe average values and standard deviations were calculated from the
results of minimizations corresponding to the different sets of starting conditions (see 9l&ktyalues were rounded to the nearest integer.

of relaxation. In order to justify this simplification we analysis of the 2D transferred-NOE spectra as described in
performed the transferred-2D NOESY experiment, where during Methods. The data are consistent with two solutions, P1 and
the mixing time (500 ms) protein magnetization was saturated P2 in Table 4, which have quite different orientations. The
at two different frequencies, within aromatic and aliphatic NeuAa2—3Gal linkage adopts a conformation similar to
regions, by the DANTE pulse train. Due to the effective spin- E-selectin, which is consistant with the formation of the
diffusion within protein protons, indirect transfers, H— Hp NCOOH:::GOH2 hydrogen bonding (see Figure 2)
— Hy», if operative, should be eliminated or at least strongly = Conformation of sLeX Bound to L-Selectin. The conforma-
attenuated” However, the resulting spectrum was almost tion of sLet was derived in this case from the first-order analysis
identical to the nonsaturated version (not shown). Thus the of the 2D transferred-NOESY spectrum. The interproton
exclusion of protein protons in the analysis is justified. distances (Table 5) were calculated by using an isolated two-
The conformations are listed in Table 4 where the different spin approximatio?® This approximation is reasonable in this
sets of dihedral angles were chosen to demonstrate maximumcase since the Y shaped, lleselectin-lg complex probably
differences which resulted from the optimizations. It appears tumbles in solution more isotropically than the E- and P-selectin
that the bound conformation of sLéo E-selectin is uniquely ~ complexes. In addition, the cross-peak intensities are not biased

defined. The NeuAa2—3Galil is locked at{—60°, 0°}, by the slowkq rate (Table 3).

probably stabilized by the intraligand NCOOH:::GOH2 hydro- Allowed conformational space for the Neu#&2—3Gaf31

gen bonding. linkage is obtained from the distance map shown in Figure 5.
SLe-O-Ac Derivative. At this point it is instructive to This map was constructed from two interresidue GH3-NH8 and

compare some of the results obtained for the*slezivative in GH3-H3ax constraints and one negative GH2-N3ax constraint,

which the GOH2 group was rep|aced b‘)OAC The methy| for which no NOE effect was observéd. The allowed
protons from this group appeared to be an excellent conforma-conformational space (black) encloses thel0C, —50°}
tional probe for the free as well as for the bound ligand. For conformation, which was independently postulated from the
this derivative the NeuAe2—3Gal linkage is also disordered ~Minimum energy calculatiorf$. Since this conformation is
in the free state and stays close to fre50°, 0°} conformation ~ Predominantly determined by the presence of GH3-H3ax NOE
when sL&OAc is bound to E-selectin (see Supporting Informa- (See Supporting Information) it is important to note that this
tion). Here, the absence of transferred-NOE for the GH3/NH3ax NOE is completely absent in transferred-NOE spectra for
and G-O-CH3/NH3eq protonS, the very weak effect for the G-O- E-selectin and is barely distinguishable from the noise in the
CHs/NH3ax protons, and the presence of the G-Os/BH8, spectra for P-selectin. Interestingly thé,, W} values close
G-O-CHy/NH5 and GH3/NHS8 interactions can only occur when t0 {—100°, —5C°} allow for the formation of the GOHA4::
{®,, ¥} sample values neaf—60°, 0°}. As expected, NCOOH hydrogen bonding which was also deduced from the
sLe-OAc showed the same binding affinity to E-selectin as hydroxyl-proton data for the free ligand (vide supra). The
sLe (unpublished data). conformation of the Fuai—3[Ga|31—4]GIcNAc fragment was
Conformation of the sLe* Bound to P-Selectin. The modeled from the NOE data in Table 5 and by minimizing the

measurement of the off-rate and equilibrium binding constant OPi€ctive function defined in eq 1 withoutcouplings. The
showed very weak binding in this case (Table 3). The boulnd (45) Berg, J; Kroon-Batenburg, L. M. J.; Strecker, G.; Montreuil, J.;
conformation was calculated from the full relaxation-matrix Viiegenthart, J. F. GEur. J. Biochem1989 178 727—739.
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Figure 5. NOE distance map for the Neu&2—3Gal linkage
conformation in the sl¢L-selectin complex. The marked area desig- HOD
nates the overlap GH3/NH3ax, NH8/GH3, and GH2/NH3ax constraints,
where the last constraint is negative4 A).
T T T
Table 5. Distance Constraints Obtained from Tranferred NOE 6.0 4.0 2.0
Experiment for sL&€Bound to L-Selectin ppm
contact distance rangjpi] Figure 6. The bottom trace corresponds id spectrum of sL¥E-
NH3ax-GH3 35+ 05 selectin (40:1). The upper traces correspond to the magnetization
NH8-GH3 3+ 05 transfer experiments with the different length of presaturation time.
GH1-GNH4 25+0.3 The marked proton signals originate from the protein to ligand
GH1-GNH6R 25+ 0.5 magnetization transfer effect. The arrow points at the frequency of the
FH1-GNH3 25+0.3 saturating field.
FH5-GH2 3+03
FH1-GNNCOCH®M 3.5+05 - i -
FCHOM.GHD - 32104 Saturation-transfer experiments showed that for both E- and

P-selectin the GH4 and GHBgrotons are making close contacts
2The error bounds were obtained in the same way as described inwhile only GH4 makes close contact with the L-selectin (see
Table 2. Supporting Information). The largest saturation transfer effect
was achieved when the frequency of the saturating field being
results of these calculations are summarized in Table 4. Feweryithin the aromatic region in all protein spectra. From the
distance constraints in this case produce larger uncertainties inaxamination of 3D models it follows that unless there is some
glycosidic angles. However, no significant departures from the major conformational change in the protein, Tyr 48 and Tyr 94
conformation of the free ligand are apparent in the L-selectin are the only candidates to make these contacts with the galactose.
bound state. When the irradition times get longer the entire ligand is heated
E- and P-Selectin-Ig Fusion Proteins. Possible variations  yp as shown for the E-selectin complex in Figure 6. The same
in the arrangement of the trisaccharide part are not so obviouseffect was observed for the P-selectin at lower temperatures and
in the presence of the observational uncertainties. Substantiak,ery weak secondary magnetization transfers were observed for
attenuation of the GH2-FHS interaction upon binding to all | selectin, consistent with the measured differencdsofalues
selectins could result either from conformational change or (see Table 3). Computational docking experiments (Figure 7)
motional anisotropy. Interestingly, the GH2-FHS distance was confirmed that sLecan be aligned with both E- and P-selectin
calculated to be significantly shorter for the P- as compared to gy ch that Fuc-OH2 and Fuc-OH3 hydroxyls complex the selectin
the E- and L-selectin complexes2.5 A vs ~3 A). Thusif  calcium atonf®47while galactose H4, H8@rotons are situated
motional anisotropy is decreased one should observe signifi-yithin 5 A distance of the aromatic protons of Tyr 48 and Tyr
cantly different strengths of FH5-GH2 NOE for P- as compared g4, |n this alignment the carboxylic group from sialic acid
to E-selectin. This was verified by recording transferred-NOE  might be involved in hydrogen bonding with Tyr 48, which is
spectra for the E-selectin-Ig and P-selectin-Ig constructs. Thesepresent in both selectins. Assuming similar orientations of the
molecules have the same CRD domains as the recombinant Efigand within E- and P-selectin (P2 solution in Table 4) one
and P-selectin, but their overall shapes are completely different. ;may speculate that the early transfer of magnetization to the
Itis reasonable to assume that these fusion proteins tumble mores|cNAc -O-CH; (3.3 ppm) and -N-CO-CEi(2 ppm) protons,
isotropicaly than the recombinant proteins. This is especially which occurs only in the case of P-selectin, is caused by the
true for P-selectin-lg, which has only two of the nine comple- proximity of these protons to His 108, replacing arginine in
ment regulatory modules present in recombinant P-selectin. _selectin. This model is consistant with amino acids shown
Indeed, in all recorded spectra, the GH2-FH5 NOE consistently py mutagenesis studies to be essential fox dlieding to both
appeared as a relatively strong interaction only in the/8-e g and P selectif¢and with the chemical modifications to sugar
selectin-lg complex (see Supporting Information). However, hydroxyl protons which showed that Gal-OH4 and Gal-OH6
the differences in signal intensities correspond to the interproton myst be involved in the recognitigh!"
distance variations of ca. 0-®.4 A which may be readily : : :
achieved by a minor adjustment of dihedral angles. w (is)své/ieefée\ivésali: gsaz?nie%é;—':l%tirsme’ R.; Drickamer, K.; Hendrickson,
Ligand-Protein Contacts. Our study shows that the galac- (47) Ng, K. K. S.; Drickamer, K. Weis, W. U. Biol. Chem1996 271,
tose residue in slXemakes close contacts with all three selectins. 2, 663-674.
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NeuAc

Gal

GlcNAc

Figure 7. Possible alignment of skevith P-selectin (only the part of the CRD domain is shown). The interactions discussed in the text are marked
with the dotted lines.

Discussion values close td 18%°, 0°}, {—60°, 0°}, and{—100°, —50°}

are possible according to the minimum energy calculatténs.
We have shown thgt—60°, 0°} and{—100°, —50°} conforma-
tions are partially stabilized by the intramolecular hydrogen
bonds: NO6:::GO2 and NCOO:::GO4, respectively. Interest-
ingly, the{—60°, 0°} conformation seems to be populated in

vicinal coupling constants, correspondinggaucheandtrans Fhe ffe‘? ligand even after removal of the NCOOH:::GOHZ
proton arrangements, respectively, and by the strong hydrogen',nteraCt'on' as shown by th? GaI-OAc. Qer|vat|ve _of>$LeThe
bond: NOHS::COOH! Also 13C relaxation data for the GD1a  tme scale of the conformational transitions for this linkage was
ganglioside in the micellar stdf&showed that sialic acid side lestzrgatedlto st;e in the subnanosecond range as obtained from
chain remains rigid up to the C8 carbon. Unfortunately, —C -andH*®relaxation measurements. In other sugars, the
corresponding data are not available for the bound state.S@Me linkage may be sterically restricted to §#8C°, 0°}
Nevertheless, the side-chain conformation can be deduced fromconformation by the adjacent galactose residue as it occurs in
certain NOE patterns. Fortuitous nonoverlap of spectral lines GalB(1—4)[NeuAax(2—3)]Gal molecular fragmerf€2< Since
allowed observation of such a pattern for the E-selectirisLe the NH3ax-GH3 NOE iza ten times weaker in the st.éhan

OAc complex. Here, strong NHENH7 and weak NH6-NH8 in the G'_V'148d or GDldga_ gangliosides, the{18C°, 0%}

and NH7-NHS8 interactions indicate conformational similarity ~conformation should be minor in the selectin ligand. The
between the free and bound state (see Supporting Information) Presence of th¢—100", —50°} conformation in the free ske
Moreover, fairly strong NH8/GH3 contacts, observed for all Was inferred from the sp_ectral behavior of the GOH4 hydroxyl
complexes, allow for unambiguous sign assignment of-H6 Proton. However, relatively large 4.F 0.4 Hz, *Jncz-cHs
C6-C7—H7 and H7-C7—-C8-H8 dihedral angles. For the coupling constant shows that thi dihedral spends most of
hydroxymethyl group of the galactose residue, the observed the time in the vicinity of 0 and indicates that the population
contacts between GH6@nd FH6, FH4 or FH3 are consistent  0f the{—100C", —=50°} conformer is low as well. Thus the major
with either gt or tg conformation. Finally, the hydroxymethyl ~conformation in sL&is {—60°, 0°}.

group of the glucose residue most likely occupies the gg state Flexibility of the NeuA@2—3Gal linkage seems to be related
when bound to selectins. This is shown by stronger GH1- to the specificity of sL¥ epitope for different selectins. Our
GNH6R compared to GH1-GNH8cross-peak intensity, espe-  analysis of the bound ligand revealed that both E- and P-selectin
cially for short mixing times in transferred-NOESY spectra. For recognize thg —60°, 0°} conformer, while th¢ —100°, —50°}

the gt rotamer this pattern would be reversed and for the tg conformation is probably recognized by L-selectin.

During the conformational analysis, carbohydrate side-chains
were frozen in predefined rotameric states, a simplification
justified by the following experimental observations. In the case
of sialic acid, the glycerol side-chain is characterized by very
small NH6—-NH7 (~1 Hz) and fairly large NH7#NH8 (~8 Hz)

state both interactions would vanish. Alignment of sLé& with E- and P-selectin has been proposed
Conformational flexibility of NeuAe2—3Gal has been  py several group®:2>3Sinspired by the X-ray structure of CRD-

previously demonstrated in other carbohydrate molecilis. EGF domain of E-selecttnand X-ray structure of mannose

the absence of steric hindrance the conformations {#ith''} binding proteirté It is widely believed that fucose, in analogy
(48) (a) Poppe, L.; van Halbeek, H.; Acquotti, D.; SonninoB®phys. to mannose in MBP, chelates the calcium atom through OH2

J. 1994 66, 1642-1652. (b) van Halbeek, H.; Poppe, Magn. Reson. and OH3 hydroxyld! also shown in Figure 7. One should
Chem.1992 30, S74-S86. (c) Poppe, L.; Dabrowski, J.; von der Lieth, C. i i i

W.; Numata, M.; Ogawa, T. Eud. Biochem.1989 180, 337-342. (d) hote, howev.er' th.at this allgnmeqt is not the same as t.he
Acquotti, D.; Poppe, L.; Dabrowski, J.; von der Lieth, C. W.; Sonnino, S.; calculated orientations (Table 4) which are referred to the major

Tettamanti, GJ. Am. Chem. Sod.99Q 112, 7772-7778. axis of the moment of inertia tensor obtained from X-ray
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coordinates of E-selectin CRD-EGF domain. For example, the This avoided the assumption of diffusionally controlled associa-
angles between (NH3ax-GNH4, FC6-NC9) vectors and the tion process, a common practice for estimatiorkgfrates in
major axis are (79 30°) from the fitting of transferred-NOE  transferred-NOE studies. In fact, the kinetic on-rates for selectin
spectra compared to (9583°) obtained from the docking  binding,~10° s~ mol~1, appeared to be much slower then the
protocol. One likely explanation for this discrepancy would diffusional limit.
be that the CRD is not oriented along the major axis of the  Strong anisotropy of molecular tumbling complicates data
ellipsoid. Further work would be necessary to elucidate this analysis but allows one to obtain significantly more information
situation. about 3D structures as compared to the case where the receptor
SLe* binds weakly to all three selectins, although the natural has globular or irregular shape (L-selectin-Ig) and reorients in
ligands for selectins probably extend beyond the tetrasaccharidesolution more chaotically. With the well defined anisotropic
structure®®5! The differences in the equilibrium binding model of motion, all NOE interactions, both inter- and intraresi-
constants obtained for the three selectins are in good agreemengue, contribute to the determination of the bound conformation
with inhibition assays (unpublished results) and with published of the ligand and to the determination of the ligand orientation
data’de52 |nterestingly, the large difference between off-rates relative to the major axis of the rotational diffusion tensor. This
for E- and L-selectin (Table 3) is in agreement with the recent approach which allowed us to better define the bound confor-
study5! which showed that unlike E-selectin, L-selectin does mations of sL&to E- and P-selectin could be even more fruitful

not support cell rolling. if applied to other protein bound carbohydate ligands which
usually display a small number of interresidual distance
Conclusions constraints.

_ ) Although the model for the carbohydrateelectin complex
This paper presents new approaches to the conformationalstill remains imprecise, the information obtained in this study
analysis of the sletetrasaccharide, free in solution and bound confirms that the galactose residue from the*digand has an
to E-, P-, and L-selectin receptors. The NMR-derived param- important role in molecular recognition, and its presence should
eters, which included hydroxyl proton resonances in water, were not be ignored in the design of new selectin inhibittts.

used to construct three-dimensional structures of the free and 3 .
bound ligand. In the free state, the New®e~3Gal linkage Acknowledgment. Thanks to Andre/enot for many stimu-

samples conformations in the vicinity ¢f.80°, 0°}, {—60°, lating discussions, Richard Nelson for E-, P-, and L.-sele.ctin-lg
0°}, and {—10C°, —5C°}. The latter two conformers are constrl_Jcts, Kevin I\/_Ioore_ for recomblnant P-selectln,_R|chard
partially stabilized by the GOH2::COOH and GOH4::COOH Cummings for running biological assays, and Guy Vigers for
hydrogen bonds, respectively. The transferred-NOE analysis caréful reading of the manuscript.

revealed that E- and P-selectin bind to the-60°, 0%} Supporting Information Available: List of experimental
conformer, although the, in the P-selectin complex might  cross-peak intensities from the transferred-NOE spectra for the
reach values up te-100°. On the other hand, thg—10C, sLeY/E-selectin and sléP-selectin complexes, relaxation rates

—50°} orientation is preferred when sLis bound to L-selectin. for H3eq proton in different complexes, thermodynamic and
The conformations of the trisaccharide fragment are similar in kinetic parameters for binding of st all three selectins, 2D
all situations where the maximum difference-30°) was COSY for Le trisaccharide in water, transferred-NOESY for
obtained for theD dihedral angle. sLe/P-selectin, sLeOAc/E-selectin, and s -selectin sL&/

The dissociation rates and equilibrium binding constants were E,P-sel-Ig complexes, 2D NOESY data for the SO#Ac
readily obtained from the selective proton relaxation studies. derivative, the distance map for the New&—~3Gajs linkage,
and the saturation transfer experiments for P- and L-selectin
complexes (18 pages). See any current masthead page for
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