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Abstract: We report the determination of the solution structure and dynamiéCeénriched Neu5Aa2—
3Gapl-4(Fuml—3)GIcNAc (sialyl Lewis), together with its bound-state conformation in association with
E-selectin. The availability of3C-enriched material enabled both the measurement of trans-glycé¥dic

13C coupling constants as conformational probes in the tetrasaccharide and the application of three-dimensional
nuclear Overhauser effeliC—H heteronuclear single-quantum correlation experiments for the measurement

of intramolecular transferred nuclear Overhauser effects (TRNOES) characterizing the bound-state conformation
of the ligand. The additional dispersion afforded by the thiC) dimension permitted straightforward
identification and quantitation of these TRNOEs, and several TRNOESs were identified that had not previously
been reported. The bound-state conformation of the ligand, determined by use of a heteronuclear full-relaxation
matrix analysis of the TRNOE data, differs significantly from that reported in previous studies.

Introduction in 13C-enriched sL¥ bound to E-selectin. The additional spec-

The role of the tetrasaccharide sialyl LetsLer, NeuSA@2— tral dispers_ion_afforded by the_ third_3(_:) din_"lension enables
3GaBl—-4(Fuaxl—3)GIcNAC) as a ligand for the selectin family the determination of TRNOE intensities with good accuracy;
of receptors in the adhesion of leukocytes and neutrophils to MOreover, several TRNOEs are observed that have not been

vascular endothelial cells during inflammatory responses has'€POrted previously. In addition, we reinvestigate the solution
been well documentéd.A complete understanding of the structure and dynamics of the free tetrasaccharide with inclusion

molecular basis of recognition of stby the selectins ideally ~ Of transglycosidi¢“C—15C coupling constant measurements and
requires high-resolution structural data for the complex. Since OVerhauser effects involving exchangeable protons.

such data are not available to date, studies have focused on the )

bound-state conformation of the ligand determined by use of Materials and Methods

transferred nuclear Overhauser effect (TRNOE) measurements. gample Preparation. (i) Free Solution StudiesFive milligrams
Four studies have appeared which report different bound-stateot NeusAm2—3GaB1-4[Fual—3]GIcNAc (Dextra) and 2 mg of
conformations for the ligan#-> A major difficulty with such N-acetyl [C]NeuSAm2—3Gap1—4[Fual—3]GIcNAC were dis-
studies is the severe resonance overlap of proton resonances igolved and lyophilized into 99.96% ,D three times, followed by
the ligand, which renders difficult the identification of all  dissolution into 750 mL of BO. For the observation of the exchangeable
available intraligand TRNOEs and severely compromises the protons, the natural abundance Neub2e3Gail—4[Fual—3]-
measurement of TRNOE intensities. To overcome these dif- GICNAc was dissolved in 750 mL of 4 containing 15% 99.96%
ficulties, we report here the application of heteronuclear three- acetoneds (Cambridge Isotopes). The pH was adjusted to between 5.5

dimensional NMR methoddor the measurement of TRNOES and 6.0 by careful stepwise addition of dilute HCI or NaOH and
transferred to a 5-mm NMR tube. The sample was degassed by

* To whom correspondence should be addressed. sonication for about 1 min.

T University of St. Andrews. . . . - N
 Novartis Pharma AG. (i) Bound Conformation Studies. The E-selectin utilized in this

8 GlycoTech Corp. study is a recombinant chimera of E-selectin and human 1gG, in which

UPresent address: Department of Chemistry, University of Alberta, the lectin, the EGF, and six CR domains of the E-selectin replace the
Edmonton, Alberta, Canada. o antigen binding sites in IgG. This material was prepared as described.
4021”;59”" zgjd.rtesslz Ddepartment of Pharmacy, University of Basel, CH- For NMR analysis, 10 mg of the chimera was dialyzed against 50 mM

asel, Switzerland. i - i

(1) Hensley, P.. McDevitt, P. J.: Brooks, .. Trill, J. J.; Feild, J. A [D4]imidazole buffer containing 1 mM Canhln D,O, pD 7.4. The
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triple-resonance probe. Two-dimensional (2D) heteronuclear single- 3D volume integral. Transferred NOE simulations were computed with
guantum correlation (HSQC) experiments were recorded with a total the in-house-written software package MDNOEZ2. This package incor-
of 512 complex and 2K complex points in tiyeandt, dimensions, porates a full-relaxation matrix analysis of TRNOEand includes a
respectively, with spectral widths of 9.3 and 2 kHz. Four scans were formalism for computation of the relaxation matrix which accounts for
acquired pert; increment, with a total acquisition of 3 h. Two- internal motions which are fast with respect to the rotational tumbling
dimensional HCCH correlated spectroscopy (COSY) experiments were time® Simulations utilized the following parameters: rotational
recorded using the three-dimensional (3D) pulse scheme deséfibed. correlation time of the ligandzr{) = 0.24 ns; rotational correlation
A total of 256 complex and 2K complex points were acquired intthe  time of the complexr) = 110 ns; reduced rate constak} € 177
andt, dimensions, respectively, with spectral widths of 9.3 and 2 kHz. s™* (corresponding to the literature vaha ko = 164 s%); dissociation
Two- and three-dimensional gradient-enhanced long-range carbon constantKq) = 0.72 mM® concentration of E-selectin binding sites in
carbonJ-correlation (LRCC) experimentst! were recorded with a the chimera ([R])= 114 uM; concentration oft3C-sLe& ([L]) = 1.7
proton spectral width of 2.1 kHz, consisting of 1K complex points, mM; mixing time @) = 0.15 s.
and a'*C spectral width of 9.6 kHz iy (256 complex points) and 9.6 Molecular Modeling. All dynamics simulations were performed in
kHz (32 complex points) ity for the 3D experiment3C—3C couplings vacuo with a dielectric constant)(of 80.0 and at a temperature of
evolve and are refocused during the delay (4 T) of 44.4 ms. Totals of 300 K for simulations describing the dynamics of the free oligosac-
64 and 8 scans were acquired per increment for the 2D and 3D charide. The AMBER force field with a carbohydrate parameter set
experiments with total acquisition times-eR4 and~48 h, respectively. developed by Homatwas used with the exo-anomeric potentials set
The values of the long-range coupling constants are derived from the to zero. Simulations using time-averaged restraints were performed with
ratios of the cross-peak volumes obtained in the spectrum in the mannerxPLOR 1° where an initial 50 ps of “conventional” restrained dynamics
described! was used to equilibrate the system, and then 1-ns time-averaged
Three-dimensional rotating frame Overhauser effect spectroscpoy restrained trajectories were performed. NOE/ROE distance restraints
(ROESY)-HSQC experiments were acquired with offset compensa- were classified as “weak”, “medium”, or “strong” and were applied as
tion'2 and with spectral widths of 1.9, 7, and 1.9 kHz and 128, 32, and biharmonic restraints with lower and upper bounds of-2& (strong),
1024 complex points iy, t, andts, respectively. The proton offset  1.8—3.3 (medium), and 1:85.0 A (weak), with a “memory timet =
was placed 200 Hz upfield of the highest field resonance during the 50 ps.
spin-lock period to minimize coherence effects. To optimize digital Definitions of Dihedral Angles. The torsion angleg andy are
resolution, the GlcNAc C-8 and Neu5Ac C-3 resonances were folded- gefined as H-+C-1-0-1-C-X (C-1-C-2—0-2—C-X in the case of
in once, with the incremental delay at time zerdzicalculated to give Neu5Ac) and C-+0-1—C-X—H-X (C-2—0-2—C-X—H-X in the case

a processed spectrum in which the folded peaks have a phase oppositgf NeusAc), respectively, where C-X and H-X are aglyconic atoms.
to that of nonfolded peaks when zero- and first-order phases are set to

90° and —180C, respectively. The effective field for spin-locking was
2 kHz and was applied for 100 ms. Prior to Fourier transformation,
data were apodized with cosine-bell functions, and thend t, Spectral ASSignmentS.CompIete13C and nonexchangeable
dimensions were .zero-.filled to 256 and 64 cqmplex points, respectively. 1H resonance assignments for uniforrifig-enriched sLewere
The total' acqw_:smon time for the 3D experiment was5 h. obtained from 2DH—13C HCCH-COSY and 2DH—13C

Two-dimensional COSY, nuclear Overhauser effect spectroscopy HSQC experiments (not shown) and are essentially in agreement
(NOESY), and ROESY experiments incorporating excitation sculpting =~ .p 120 éH y . 9
(ES) water suppressihwere acquired at 258 K with spectral widths  With previous works® ExchangeableH resonance assignments
of 3.8 kHz, 512 increments, 32 scans per increment, and 4K complex Were obtained from 2D ES"‘?H COSY and tc_)tal correlation
points int,. The length of the mixing times in the (ES)NOESY and Spectroscopy (TOCSY) experiments and are in good agreement
(ES)ROESY experiments was 100 ms. Prior to 2D Fourier transforma- With previously reported values for st supercooled watér.
tion, data were apodized using cosine-bell functions. Hydroxyl exchange  Splution Structure and Dynamics of the Free Tetrasac-
rates were measured using the method described by Adams and'terner charide. Previous studies on the structure and dynamics of sLe
incorporating excitation sculpting water suppressioSpectra were relied primarily on 2D*H—1H Overhauser effect measurements.
acquired with 16 scans, 4K complex points, and a spectral width of However, the analysis of such spectra is not straightforward
3.8 kHz and were recorded with saturation times varying from 0 to 1 ! . . .

because of the severe overlap in thedimension. In contrast,

s. ES-1D'H spectra were acquired with a proton spectral width of 4 )
kHz and 8K points. the assignment of ROEs from a 3D ROESMSQC spectrum

Bound-State Conformational Studies Three-dimensional NOESY is relatively straightforward because the cross-peaks are dis-
HSQC experiments were recorded at 500 MHz with a Varian Unityplus Persed by theit*C chemical shifts. Representatil@/F3 planes
spectrometer using a sample prepared as above. The probe temperatuféom the 3D spectrum at thel resonance frequencies of Gal
was 300 K in all experiments. A total of 128 32 x 512 complex H-1 (a) and Gal H-3 (b) are shown in Figure 1. From these
points were acquired in thgts ts dimensions of the 3D spectrum, with  spectra, four inter-glycosidic ROEs are observed, including
proton F1,F3) spectral widths of 2130 Hz and a carb&2) spectral ROEs from Gal H-3 to both Neu5Ac H-3ax and Neu5Ac H-8.
width of 7000 Hz. The mixing timet) was 150 ms. Prior to 3D Tpege data alone confirm the flexibility of the Neu -
Fourier transformation, time domain data were apodized with cosine- 3Gal linkage in solution, since both ROEs cannot exist
bell weighting functions in each dimension. . R, . L

simultaneously for a given, fixed conformation. Similarly, a

TRNOE Simulations. Experimental TRNOE intensities were mea- . -
sured directly as volume integrals from Z2/F3 planes derived from further five inter-glycosidic NOEs between Fuc and GIcNAc,

3D NOESY-HSQC spectra, and integrals were summed for each plane @nd between Fuc and Gal residues, could be assigned in other
that contained a contribution from the relevant cross-peak to give the F2/F3 planes (data not shown). In contrast to the NOEs observed

Results and Discussion
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Figure 1. F2/F3 planes from the 3D ROESYHSQC spectrum of
13C-enriched sL¥(rm = 100 ms), at thé1 resonance frequency of (a)
Gal H-1 and (b) Gal H-3. Unlabeled cross-peaks correspond with
crosstalk from adjacent planes.
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for NeuSAm2—3GapB1—4Glc?! no evidence of the “anti”
conformer was observed about the @at4GIcNAc linkage
in sLe.

NOEs Involving Hydroxyl Protons. A number of inter-
glycosidic NOEs are observable in the 2D ES-NOESY spectrum

of sLe, pH ~6, at 258 K (not shown). Three inter-glycosidic Phi (deg)
NOEs about the Neu5A@—3Gal could be unambiguously g
identified between Gal OH-2NeuSAc H-3ax, Gal OH-4 Figure 2. Intantaneous values gf vs y during the time course of a

Neu5Ac H-3eq, and Gal H-3Neu5Ac OH-8, while a further 1-ns in vacuo simulation of skevith time-averaged distance restraints.
NOE to Gal OH-2 §y = 3.90) could not be assigned Panels correspond with (top) NeuS&2-3Gal, (center) Gall—
unambiguously but is probably a contribution of two NOEsS, 4GIcNAc, and (bottom) Fucl—3GIcNAc. Instantaneous values are
namely Gal OH-2-Neu5Ac H-8 and Gal OH-2GIcNAc H-6's. superimposed on the potential surface of the relevant disaccharide
In total, 10 inter-glycosidic NOEs involving exchangeable contoured in 1 kcal/mol intervals to 6 kcal/mol.
protons were observed which, in combination with NOEs . o .
between nonexchangeable protons, were utilized in further N€0US values of vs y for each disaccharide linkage in sLe
molecular modeling studies. over th_e time course of a 1-ns in vacuo molecular qunqmlcs
Time-Averaged Restrained Molecular Dynamics Simula- simulation with tlme.-a.lverage.d restraints are shown in Figure
tions. In a previous study, we examined the solution dynamics 2. To assess the validity of this simulation, tlme-_avera_ged N.OE
of sLe by use of conventional restrained molecular dynamics (ROE) values were back-calculated from the simulation using

simulations?? In the present study, the much larger number of a full-relaxation matrix approach, incorpo_rating_ the solvent
available conformational restraints enables the application of exchange rates for exchangeable protons listed in Table 1. The

time-averaged distance restraining proto@i§he advantage results of these calculations are compiled in Table 2. It is seen
of the latter is that conformational transitions between regions thratrmorst dOf th§ e?:rp])enmdentallyrdet?:mrkn;ahd N'(r)nE I(TOE)I\Y atlutt)els
of conformational space that are disconnected on the potentiala € e'?. oduce WI\IIOIEE’OO' aclcq ac)é; cl) OHe4SI | uia 'Ot.' Io aole
surface are not rendered inaccessible by the presence of theextc)etp |ot_ns| IiilgeE bet s mvoGVllngH j d F ) E' g?r icu 3@ tad
distance restraints, thus potentially giving a more realistic picture substantia etween Ga -+ and Fuc H-s IS predicte

of the true dynamic properties of the molecule. The instanta- in the simulation, whereas the experimental intensity of this
NOE is extremely small. This can be rationalized in view of

(21) Milton, M. J.; Harris, R.; Probert, M.; Field, R. A.; Homans, S. W.  the fact that Gal OH-4 is proposed to be involved in a hydrogen
Glycobiology1998 8, 147-153. _ bond to Neu5Ac COOH in solutioh,which would tie this
Gléggl)jgluotg;lrg’éi'I‘é&%%‘f‘c"ma”' D.G.; Simpson, P. J.; Homans, S. W. hydroxyl group away from the fucose residue and hence reduce

(23) Torda, A. E.; Scheek, R. M.; van Gunsteren, WJFMol. Biol. the NOE to Fuc H-3. A repeat simulation with this proposed

199Q 214, 223-235. hydrogen bond incorporated as a distance restraint confirmed
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Table 3. Experimental Trans-Glycosidic Scalar Coupling
Constants in slevs Theoretical Values Computed from the 1-ns
MD Simulation in Vacuo Using Time-Averaged Restraints

Table 1. NMR Data for the Exchangeable Protons from slre
H.O/Acetoneds (85:15) at 258 K

proton chemical shift (pprd)  exchange rate (3)°

NeuSAc OH-4 6.45 8.7 (21.2) coupling theoretical experimental
Neu5Ac OH-7 5.87 4.7 (19.1) Neu5Ac C-1-Gal C-3 15 nd
Neu5Ac OH-8 6.30 7.4 (13.5) Neu5Ac C-3-Gal C-3 25 21
Neu5Ac OH-9 ~5.87 nd Neu5Ac C-2-Gal C-2 1.8 1.3
Neu5Ac NH-5 8.31 Neu5Ac C-2-Gal C-4 1.1 <1.0
Gal OH-2 5.78 2.6 (6.3) Gal C-2-GIcNAc C-4 3.5 2.9
Gal OH-4 5.48 nél(~5.5) Gal C-1-GIcNAc C-3 1.6 ~2.3
Gal OH-6 6.09 14.3 (40.2) Gal C-1-GIcNAc C-5 0.8 <1.0
Fuc OH-2 nd nd Fuc C-2-GIcNAc C-3 2.7 3.3
Fuc OH-3 5.98 11.9 (31.8) Fuc C-1-GIcNAc C-2 0.8 <1.0
Fuc OH-4 5.91 11.0 (21.8) Fuc C-1-GIcNAc C-4 2.2 2.2
GlcNAca OH-1 7.23 7.6 (22.9) Neu5Ac C-2-Gal H-3 4.6 5.4
GlcNAca OH-6 5.95 13.1 (32.3) Gal H-1-GlIcNAc C-4 25 2.8
GlcNAca NH-2 8.57 Gal C-1-GIcNAc H-4 51 4.8
GIcNAcS OH-1 7.87 10.3 (29.5) Fuc H-1-GIcNAc C-3 2.9 2.8
GIcNAcjB OH-6 6.02 12.3(34.2) Fuc C-1-GIcNAc H-3 4.2 5.2
GIcNAcS NH-2 8.63

aNot determined® Experimental values taken from Bizik and
Tvaroska®

a Chemical shifts referenced tgsp= 0.00 ppm (by setting residual
acetone to 2.19 ppmY.Exchange rates measured at 258 and 268 K
(figures in parentheses)Not determined. constants were compared with time-averaged values derived
from the simulations using the appropriate Karplus parametri-
zations. The experimental values for the transglycosidic het-
eronuclear coupling constants have been descfbethereas

the homonuclear coupling constants were measured by use of

Table 2. Back-Calculated Inter-Glycosidic NOEs and ROEs
(Negative Values) Derived from a 1-ns in Vacuo Time-Averaged
Restrained MD Simulation for ske

NOE/ROE theoretical experimentdl ! ! .
Fuc H-1—GIcNAC H-3 16 18 conventional 3D LRCC expgrlmer%%s(data not shown). It is
Fuc H-1-GleNAc H-2 0.2 0.2 shown (Table 3) that theoretical values are, in general, in good
Gal H-1-GIcNAc H-4 1.4 0.8 agreement with experimental values, further validating the
Gal H-1-GIcNAc H-61 15 1.2 dynamic properties of the glycan derived from the molecular
Gal H-2-Fuc H-5 13 0.9 dynamics simulations. Overall, the dynamic properties of the
g:: :éIfESCHHG?{ 8'; %'8 glycan are similar to those proposed on the basis of conventional
Gal H-3-Neu5Ac H-3ax 0.4 0.6 restrained dynamics simulations. However, all of the glycosidic
Gal H-3-Neu5Ac H-8 0.3 (0.4) 05 linkages exhibit greater degrees of conformation freedom, a
Gal H-1-GIcNAc OH-6 -0.5 -0.5 result that is anticipated in view of the much weaker instanta-
Gal OH-2-GIcNAc H-6 —0.6 (-0.4) 0.8 neous effective restraining force in simulations employing time-
Eﬁéﬂ“{iﬁ%ﬁ?&ﬂ"s :g-% -0.3) ig averaged restraints. Of particular interest is the fact that the
Gal OH-2-Fuc H-6 _0'1(_0 1) 01 Fuoal—SG_IcNAp linkage appears to access an e_ll_ternatlve
Gal OH-4-Fuc H-6 —0.6 (-0.3) —0.2 conformation given byp,y ~ —30°,—20° for a significant
Gal OH-4-Fuc H-4 —0.4(-0.2) -0.3 period of time. In addition, it is worthy of note that the
Gal OH-4-Neu5Ac H-3eq ~ —0.0(-0.1) —-0.1 theoretical ROEs between Gal H-8leu5Ac H-3ax and Gal
Gal OH-2-Neu5Ac H-3ax 0.4 (-0.3) —-0.9 H-3—Neu5Ac H-8 compare favorably with the experimental
gg: gﬁ’l\'ﬁ‘diﬁgo's :8%%:8:8; _%'3 values, suggesting that the dynamic properties inferred from

the simulation are a plausible model of the true solution
#Values are relative NOEs and ROEs with respect to the intraresidue behavior. Taken together, these data suggest that one of an
NOE/ROE between Gal H-1 and Gal H-3, which is defined as unit gnsemple of solution conformations of $lis selected upon
intensity. Theoretical values are time-averaged values computed from . =
a full-relaxation matrix analysigg = 0.24 ns).” Values in parentheses binding.
correspond with a simulation in which hydrogen-bond restraints have ~ Bound-State Conformation of the TetrasaccharideTypical
been included between Gal OH-MleubAc COOH and between  F2/F3 (13C—1H) planes derived from the complex BC-sLe/
y\‘fe“r?gjcd",\'&'%_e'\t'gggﬁc COOH-*Sum of values due to resonance g _gelectin human IgG chimera (15:1, mole:mole) are shown in
' ' Figure 3. As in NOESY/ROESY experiments on the free glycan,
much greater spectral dispersion is afforded by F2e(*3C)
dimension in comparison with 2D NOESY experiments on the
complext—35For example, th&2/F3 plane at thé=1 resonance
frequency of Fuc H-5 (panel a) shows clearly TRNOEsS to both
Fuc H-2 and Gal H-6,6 These TRNOESs have not been observed

this hypothesis, with NOEs to Fuc H-4, H-6, and H-3 all
agreeing with the experimental data (Table 2). In a similar
manner, the Gal H-3Neu5Ac H-8/HO-8 conflicting NOEs are

only modeled well with an inclusion of the hydrogen bond

NeuSAc HO-8--NeuSAc COOH. The proposed hydrogen bondslsimultaneously in previous studi&s® In addition, a weak but

are consistent with the slower exchange rates listed in Table .
for the relevant hydrogen bond donors and are consistent Witth;[ﬁptallale TRNh.OIE fr:om FliCbH's tobGIcNAdc H-4 IS otl)selrv?btlel
previous observatior?d. in this plane, which has not been observed previously. In total,

Trans-Glycosidic Coupling Constants.To validate further tlhl interresiqllie dTRN_P IEIS cgul_?hbe de(;e;:ted and qtglgnt(ijfi(fed, ?r?d
the dynamic properties of the tetrasaccharide predicted fromoI ese are lste ¢ 'L‘ lc? ed - Ihese fa a were L;x;:lzeb or the
molecular dynamics simulations, experimental trans-glycosidic etermination of the bound-state conformation oP'shgbest-

heteronucleartH—13C and homonucleat*C—13C coupling fitting Fhe theo_retlc_al TR_NOE values der_|ved from a full-
relaxation matrix simulation to the experimental values by

(24) Poppe, L.; Dabrowski, J.; Vonderlieth, C. W.; Numata, M.; Ogawa,
T. Eur. J. Biochem1989 180, 337—342.

(25) Bizik, F.; Tvaroska, IChem. Zesti 1995 50, 84—96.
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Figure 3. Typical F2/F3 (*3C/*H) planes derived from 3D NOESYHSQC experiment o#*C-enriched sL¥E-selectin (15:1 mole/mole). Planes
correspond with th&1 frequency of (a) Fuc H-5, (b) Gal H-1, (c) Gal H-3, and (d) Fuc;Chluthentic transferred NOE cross-peaks in each plane
are labeled, and unlabeled cross-peaks correspond with crosstalk from adjacent planes.

Table 4. Experimental TRNOEs Observed in NOESHMSQC
Experiments {n = 150 ms) on sL¥E-selectin IgG Chimera (15:1
mole:mole) vs Theoretical Values Computed from Full-Relaxation
Matrix Simulations on the Complex

experimental theoretical TRNOE (%) Neu5ac
TRNOE connectivity  TRNOE (%) (@) (b) (c)
Fuc H-5-Fuc H-4 6.9 7.1 7.0 7.2
Fuc H-5-Gal H-6 1.5 1.9 5.1 1.3
Fuc H-5-Gal H-2 1.8 1.9 3.6 4.1 Gal
Fuc H-5-GIcNAc H-4 0.6 0.5 0.7* 1.3*
Gal H-1-GIcNAc H-6,6 6.7 11.1 8.3* 154
Gal H-1-GIcNAc H-4 4.4 4.9 5.8 5.0
Gal H-3—Neu5Ac H-8 1.0 1.1 3.1 2.4
Fuc CH—Gal H-2 4.2 3.6 104 12.9*
Fuc CH—Gal H-6 1.6 2.1 7.2* 1.9 GlcNAc
Fuc H-1-GIcNAc H-3 4.6 5.2 6.2 3.4
GIcNAC CH—Fuc H-1 1.6 22 39 3.0* Fuc
GlcNAc CH;—Fuc H-2 2.4 1.1 1.8* 1.1*

Figure 4. Stereoview of the bound-state conformation of*stlerived
a Full-relaxation matrix simulations computed for 4lie a confor- from transferred NOE measurements.

mation which results (a) from best-fitting theoretical TRNOEs to

experimental values derived in this study, (b) from the bound-state 4-39° 4+12°; Fuox1—3GIcNAc, ¢, = +38°,4+26°. However,

conformation of sL¥bound to E-selectin described in ref 4, and (c) : P : :
from the bound-state conformation of leund to E-selectin described these values dflffer S|gn|f|<;?ntly from those Id eterTlned ln the
in ref 5. The values marked with an asterisk in (b) and (c) indicate '€Cent study of Poppe et alNeuSA@2—3Gal, ¢,y = —58,

TRNOES that were not actually observed in these respective studies.—22°; Gal31—4GIcNAc, ¢,y = +24°,+34°; Fuarl—3GIcNAc,
Parameters used in the simulation are as follow: rotational correlation ¢,y = +71°,+14°. Conversely, the values for the Neu5&z-
time of the ligand £.) = 0.24 ns; rotational correlation time of the  3gg] linkage agree more closely with the data of Poppe &t al.

8?SrSS|C?;(tigl'c'lR)ConSt]é.JI:1?K(SS’: E%C?r?M;aé%n%z?ﬁrtgggn( of E—Zelsec’tin The predicted TRNOE intensities for the derived conformations
binding sites in the chimera ([REr 114 uM; concentration oft3C- in each of these studies are included in Table 4. The discrepancy
sLe ([L]) = 1.7 mM; mixing time ¢yn) = 0.15 s. with respect to the Fucl—3GIcNAc linkage probably derives

from the absence of a crucial TRNOE from Fuc £t6Gal H-2
systematically adjusting the conformation of the glycan using in the previous studyand from the fact that the interresidue
a grid-search procedure. The resulting conformation is shown Fuc CH—Gal H-6,6 TRNOE exactly overlaps with the
in Figure 4 and is characterized by the following glycosidic intraresidue TRNOE between Fuc gH-uc H-2 due to
dihedral angles: NeuS5A@—3Gal,¢,yy = —43°,—12°; Gajj1— essentially complete overlap of the proton resonances of Gal
4GIcNAc, ¢, = +45°,+19°; Fual—3GIcNAc, ¢, = H-6,6 and Fuc H-2. This hypothesis is supported by the fact
+29°,+41°. The values for the Fucl—3GIcNAc linkage are that, under the experimental conditions described in this study,
similar to those determined in the studies of Peters and which are very similar to those described in ref 5, the TRNOE
co-workers3#4 which gave rise to glycosidic torsion angles: from Fuc CH—Gal H-2 is predicted to have an intensity of
NeuS5Am2—3Gal, ¢,y = —76°,+6°; Gal|f1—4GIcNACc, ¢,y = 12.9% in the conformation described in that study (Table 4)
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and should thus have been readily measurable. It is difficult to connectivities via protein protons during the course of transferred
effect quantitation of these TRNOEs independently to any NOESY experiments.

degree of accuracy using homonuclédt NMR methods, The bound-state conformation of laerived from this study
whereas in contrast they are well resolved in NOEHFSQC may be compared with the solution conformations described in
spectra (Figure 3d). this study and an earlier study.The conformation about the

The discrepancy in the conformation about the Neub&e NeuS5A@m2—3Gal linkage ¢,y = —43°,—12°) lies closest to
3Gal linkage probably derives from the fact that the conforma- minimum “A” and is in a low-energy region of the potential
tion about this linkage is defined by a single TRNOE between surface?22°but not in the global minimum energy configuation.
Gal H-3—Neu5Ac H-8 in both this study and previous studiess. In contrast, the conformation about the @&at-4GIcNAc linkage
While it can be assumed that the glycan adopts a single (¢, = +45°,+19°) appears to be in the global minimum energy
conformation in the binding pocket of E-selectin, the discrep- configuration for the free tetrasaccharide. The conformation
ancies between the derived values for the glycosidic linkage about the Fuel—3GIcNAc linkage ¢,y = +29°,+41°) also
between studies probably reflects the lack of an adequate numbeties within the minimum energy region of the potential surface
of distance restraints across this glycosidic linkage. Clearly, for the free oligosaccharide. With regard to binding affinity,
additional techniques must be developed to obtain additional the oligosaccharide, therefore, appears to be bound to E-selectin
conformational restraints in systems of this type (Kiddle, G. in a conformation very close to the global minimum energy
R., et al., unpublished data). It should also be noted that configuration. The very low affinity of slefor E-selectin,
differences in'3C T, relaxation rates as well as differences in therefore, probably arises from an enthakgntropy compensa-
1Ju.c coupling constants could, in principle, lead to a distortion tion phenomenof? A possible candidate in this regard is the
of NOE intensities, although the range of values typically substantial configurational entropy of the Neu5Ac residue, which
encountered in oligosaccharides renders such effects insignifi-must be lost on association at the expense of the free energy of
cant to first order. A further factor which, in principle, limits  binding as the glycan adopts its “bioactive conformation”.
the accuracy of the bound-state conformation of*sireall .
studies to date is the neglect of the influence of protons within conclusions
the protein binding site. These, by definition, cannot be included  The solution structure and dynamics of $laerived from
in full-relaxation matrix simulations since their relative disposi- this study are, in general, similar to those described previdasly,
tion with respect to the glycan is unknown. While, in principle, except that the application of time-averaged distance restraints,
the neglect of protein spins from these simulations can lead to made possible by the much larger number of conformational
erroneous conclusions regarding bound-state conformafidhs,  restraints available in the present study, suggests greater
the unique associations that are observed in carbohyédrate conformational freedom about all three glycosidic linkages. In
protein interactions, which involve multiple hydrogen-bond particular, the Fugl—3Gal linkage accesses a second confor-
interactions between hydroxyl groups on the glycan and the sidemation on the potential surface in addition to the “global
chains of binding-site residues in the protein, result in effective minimum” energy conformation defined in the previous studly.
magnetic isolation of the carbohydrate ligand from the protein.  The bound-state conformation of sl@erived here suggests
An exception is the situation where a monosaccharide residuethat the lowest-energy conformation from the repertoire of
in the glycan partakes in a stacking interaction with an aromatic solution conformations is selected by E-selectin. This conforma-
side chain in the binding site, in which case efficient spin- tion differs from that derived from homonucledd NMR
diffusion is possible involving aromatic side-chain protons due methods by Scheffler et &f.in the orientation of the NeuSA@—
to their proximity to the ligand’-28 Fortunately, such stacking  3Gal linkage, and it also differs from that proposed by Poppe
interactions can readily be identified as a result of characteristic et al in the conformation about the Fut—3GIcNAc linkage.
ring-current shifts of ligand resonances in the presence of the Data obtained in the present study will support current strategies
protein?® Since no such shifts were observed for the*#Ee for the design of sle mimics as novel chemotherapeutic
selectin complex in the present study, even at low ligand:protein agents?1—34
ratios (1:1 mole:mole, data not shown), nor could any ligand
protein TRNOES be observed at these ratios, these data suggest Acknowledgment. This work was supported by the Wellcome
that the influence of protein spins can be neglected to first order. Trust, Grant Ref. 014973.

This conclusion is in accord with saturation-transfer type jaggz423y
experiments designed to exclude indirect intraligand TRNOE
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