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Abstract: The conformational properties of the C-glycosyl analogue of the core trisaccharide a-b-Man-(1
— 3)-[a-D-Man-(1 — 6)]-D-Man in solution have been carefully analyzed by a combination of NMR
spectroscopy and time-averaged restrained molecular dynamics. It has been found that both the a-1,3-
and the a-1,6-glycosidic linkages show a major conformational averaging. Unusual @ ca. 60° orientations
for both @ torsion angles are found. Moreover, a major conformational distinction between the natural
compound and the glycomimetic affects to the behavior of the w16 torsion angle around the o-1 — 6-linkage.
Despite this increased flexibility, the C-glycosyl analogue is recognized by three mannose binding lectins,
as shown by NMR (line broadening, TR—NOE, and STD) and surface plasmon resonance (SPR) methods.
Moreover, a process of conformational selection takes place, so that these lectins probably bind the
glycomimetic similarly to the way they recognize the natural analogue. Depending upon the architecture
and extension of the binding site of the lectin, loss or gain of binding affinity with respect to the natural
analogue is found.

Introduction natural O-glycosides with a methylene group. In addition to the
synthetic analogues, C-glycosyl compounds also appear in
nature? Because the substitution of an oxygen by a methylene
group evidently results in a change in both the size and the
electronic properties of the glycosidic and the aglyconic
linkages, the flexibility and the energy barriers to rotation around
the interresidual linkages are expected to change to some extent.
The first studies on this topic were performed by the group of
Prof. Kish? based on NMR analysis (mainly proteproton
vicinal coupling constants). More recently, the observation that
peanut agglutinin binds basically the same conformation of
C-and O-lactose induced to this research group to conclude that,
in general, C- and O-glycosides share similar conformations.
In contrast, we and other groups have repdrtedt the synthetic
C-analogues possess an increased flexibility and access a higher

Carbohydrate-protein interactions are involved in a wide
variety of biological celi-cell recognition events, such as
fertilization, but also potential harmful interactions, as the ones
prior to a virus infection or even tumor growttBecause the
blocking of the viral and microbial surface lectins by suitable
sugars would provide protection for such infections, the search
for carbohydrate mimics has recently been the subject for much
research.C-Glycosyl compounds have been developed as one
group of these carbohydrate analogitesmprove the chemical
and biological stability toward hydrolytic and enzymatic
degradation, by replacing the interglycosidic oxygen in the
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o- and® 60° for f-linked compounds) between the glycon and Scheme 1
the aglycor? These features imply an entropy penalty in the
interaction process with the corresponding protein receptor or
enzymel® Moreover, the protein-bound conformation of C- OH
glycosyl compounds may differ from that recognized for the HO

natural O-glycosidé! In contrast with a number of reports HO
already published for regular C-glycosyl compounds and

C-disaccharides, very limited number data are available for HO otio X

higher C-oligosaccharides, which in principle may show a more HOHo

relevant biological relevancé:1¢In fact, only C-trisaccharides OH
related to blood group determinants have been analfzét. . -0
The authors concluded that they possess a unique solution
conformation, and that the conformational preferences about the
two interglycosidic linkages appear to be mutually independent.
Moreover, the binding affinities of these analogues toward the
lectin | of Ulex Europaeus were found to be similar to those of
the corresponding O-glycosidésso that the authors claimed
that this behavior is a proof of the conformational similarity of
the corresponding O- and C-glycosyl derivatives. On the other
hand, an analogue of the core trimanoside, showing only a single
C-glycosyl linkage at the 4> 6 arm, showed a highly decreased
affinity® compared to the natural analog@&urprisingly, the
affinity was recovered upon substitution of the ring oxygen at
the nonreducing > 6 end by a sulfur atort? No conforma-
tional study was performed for these compounds, and the authors
explicitly stated that the NMR analysis appeared impossible due
to the high overlapping of the signdfs.

After these few and partially available data, we felt that more
studies were necessary to additionally validate the use of
C-glycosyl analogues as sugar mimetics and to test the confor-
mational similarities between C- and O-glycosyl higher oli-
gosaccharides. In this context, we decided to study a biologically
relevant trisaccharide (Scheme 1), such as the C-glycosyl
analogue 1b) of methyl 3,6-di-O-(a-b-Mannopyranosyly-
D-Mannopyranosidel@). This model trisaccharide was chosen
because of several reasons: The solution conformation of the
naturally occurring core oligomannose has been studied in
detail}” principally because this molecule not only forms one

OH

OMe

2a, X=0
2b, X=CH,

OMe

of the most commonly observed branch points in N-linked
oligosaccharides, but in some cases it also forms the terminu

which is directly recognized by protein recept¥s** Many
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mannose binding proteitfs2! are well-known, as concanavalin

A, lentil lectin, daffodil lectin, and mannose binding protein,
MBP-A. To understand how the C-glycosyl analogue can mimic
the natural compound both in free solution and in the protein-
bound state, we need to understand the range of 3D structures
that it may adopt in water solution, as well as the relative
populations of the individual conformers.

Several authors have demonstrated that the free natural
O-trisaccharid¥?223shows conformational averaging in solu-
tion, adopting four major and two minor geometries. Thus, the
choice of this parent compound, already flexible, poses an
additional point on the existence and detection of conformational
differences with its C-glycosyl analogue, as well as on the
relative energetics of the interaction process. Obviously, the
recognition of a flexible ligand by a protein receptor will
produce a restriction of motion upon binding. This fact may
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W. A. Nature 1992 360, 127.
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have a negative contribution to the entropy vaftdmcause, Table 1. Energy, Relative Population, and Geometric Features of
. - e Possible Conformers of 1b, Based on the MM3*-Calculated
in general, a Ie_:ss fa_vorable entropic balance should be expectec?z’omcormers of 2b and 3ba

for more flexible ligands. Recent examples have provided

. . . . conformer Jygr! Jagrl
experimental evidence on the importance of conformational  (population) Dy W, Joss Jnss
preorganization of the carbohydrate ligand to improve recogni- A, 36%) —50° (exo) 55 1.0/10.8 3.0/12.3
tion?® by selectins or transferases. B13 (34%) —60° (exo) —50 2.111.7 11.2/1.0

. I Ci13(30% 60(non exo 58 11.6/2.0 3.0/12.3

As reviewed by Prestegafflthe significant NMR techno- J_ﬁ’v(e,agé ( ) 4.3/8.3 5.7/8.3
logical advances in recent years, as well as the presence of exp.J-(2b) 4.9/8.8 4.6/8.5
improved molecular dynamics (MD) force fields for carbohy- ~ &¥-J(1b) 46092 4.419.2
drates, should be useful to perform a rigorous conformational  conformer wweeamy Owerem s Jrasl  Jesas!
analysis on these key glycomimetics. In this case, we have (Popuaion) P Wis Jsoeldses Joerldses  Jram  Jwm  Jesm

chosen to use an approach based on the characterization anf:s(95%) —50°(exo) 180 4.7/1.9 1.7/11.5 11.6/2.0 13.8/1.9 2.6/13.8
Eis(1%) 60(nonexo) 180 4.7/1.9 1.7/11.5 2.7/11.6 13.8/1.9 2.6/13.8

measurement of the _exclusﬁ?_einterresidue_ NOE% and J _ Fis(4%) —60°(ex0) 60 4.7/1.9 1.7/11.5 11.7/2.2 2.4/13.8 5.2/2.2
coupling data that define the different putative energy minima J-average 2.3/9.6 2.3/9.6 11.0/2.2 13.2/2.1 2.7/13.2
of the C-trisaccharide. These have been deduced from molecula®<P--(3b) 26/9.3 2.6/93 9.0/4.3 large/ small

) ) . ; ) small  large
mechanics and dynamics simulations with the AMBER?*, exp.J-(1b) 2.4/9.4 2.4/9.4 10.8/3.6 12.7/3.4 4.0/11.8

MM3*, and AMBER 5.0 force field$® The experimental data J i . o for the 8 ink

. H _fi 2Two energy and population numbers are given for t Inkage,
have .been interpreted st.ruc.ture?lly in terms qf the best-fit |t thegg (expected couplings are 4.7, 1.9 Hz) and one for ghe
experimental conformer distribution, by using time-averaged (expected couplings are 1.7, 11.5 Hz) rotamers araugachf 3b, because
restrained (tar)-MD simulatioR%using the AMBER 5.0 force ~ the ®, W values are very similar, independently of the rotamen at
field* and the experimental NOEinformation. This methodol-  rapje 2. Energy, Relative Population, and Geometric Features of
ogy has been rarely used in conformational analysis of oli- the Low Energy MM3* Conformers of 1b@
gosaccharide® probably due to the lack of enough experi- conformer @y, W, Dy Wy AE (KImol) (i) pop(%) (wss)
mental constraints for these natural compounds. Usually, only  gp  ca —60 ca —40 ca—60 anti  11.46t) 17.0gg) 0.6@Y) 0.1@Gg)
one or two interresidues NOEs per glycosidic linkage are BF  ca—60 ca —40 ca —60 ca 60 15-%22 23-089; 0-18? 0-0((39;

: : s BE ca—60ca—40 ca60 anti 14.6¢t)19.5¢g) 0.2@t) 0.0@g
detected, which are noF enough f_or a_m unamblguogs definition AD ca —60 ca60 ca—60 anti 0.060560Gg 57790 6.290)
of actual the conformational distribution. However, in the case AF  ca —60 ca60 ca—60 ca 60 3.7¢t) 11.6gg 13.2gt) 0.6(0)
of C-glycosyl compounds, the presence of the methylene protons AE ~ ca —60 ca60 ca60 anti 3.169)8.3Qg  16.89Y 2.1(gg)

. . ) CD 60 60 —60 anti  9.2¢1) 14.909) 1.5gt)0.2
at the bridge carbon permit to access to key conformational 2260 EZ 60 22 —-60 22 |60 13_(1Jg)t) 20_508)@,) 0.3(83 0.083

information through additional and NOE data. CE ca60 ca60 ca60 anti 12.4¢t) 17.6Qg) 0.4(gt) 0.0@g)
Therefore, herein w; present the conformational study of the aThey are formed by combination of the three (A, B, C) found

C-glycosyl analogu®34 (1b) of la and of the C-glycosyl conformers fo2b and the three (D, E, F) f@b. Two energy and population

analogues of the two constituent disaccharides: methyt numbers are given, one for tiyg and one for theyt rotamers around e

because the, W values are very similar independently of the rotamer at

Man(1 — 3)a-b-Man 2b) and methyla-p-Man(1 — 6)o.-D- w16 Major conformers are emboldened.

Man (3b). We also present the study of the interactionlof
with several mannose binding proteins by using both NMR Conformational Features of the C-Trisaccharide and Its

(TR—NOE, STD) and SPR experiments. Constituent C-Disaccharides

(24) (a) Yu, Y. B.; Privalov, P. L.; Hodges, P. Biophys. J2001, 81, 1632. Molecular M_echanlcs and Dynamlcs Analysis with the

, (b) _Kl_ﬁrplus, GM_.; M]anm, ._JProtLa_nPEng 19J95gr 1-2|'5185'B- . MM3* Force Field. The potential energ@/¥W surfaces for

(25) é?em_‘?r,”,ﬁi E'c’,zo%glnigf’fgﬂ;@ﬁ%f"(bj G e EReMer. . 2b and 3b were calculated with MM3* as integrated in
%t;sshka,l; Imberty, A.; Boons, G.I.Am. Chem. So@002 124 5964- MACROMODEL, and compared to those of their parent

(26) Prestegard, J. HNature Struct. Biol1998 6, 517-523. O-glycosides Za and 3a), as discussed in the Supporting

(27) Dabrowski, J.; Kozar, T.; Grosskurth, H.; Nifew, N. E.J. Am. Chem. Information (see also Table 1). Three minima are predicted for

Soc 1995 117, 5534. R . .
(28) Neuhaus, D.; Williamson, M. PThe NOE Effect in Structural and  2b and six more foBb. Then, the conformational behavior of
Conformational AnalysisVCH: New York, 1989. 1b was analyzed. In a first step, molecular mechanics and
(29) For a discussion on the application of molecular mechanics force fields to K . X !
sugar molecules, see Perez, S.; Imberty, A.; Engelsen, S.; Gruza, J.; Mazeaudynamics calculations with the MM3* program and the GB/
K.; Jimenez-Barbero, J.; Poveda, A.; Espinosa, J. F.; &@abohydr. Res.

1098 314 1411565, SA water solvent model were performed, for the eighteen basic
(30) (a) Torda, A. E.; Scheek, R. M.; van Gunsteren, WJ.Rviol. Biol. 199Q possible conformations of the C-trisaccharide [threXb) (

214, 223-235. (b) Pearlman, D. Al. Biomol. NMR1994 4, 1-16. T . . . .
(31) (a) Peariman, D.A.; Case, D. A.; Caldwell, J. W.; Ross, W. S.; Cheatham, multiplied by six @b)], as discussed in the Supporting Informa-

T. E.; DeBolt, S.; Ferguson, D.; Siebal, G.; Kollmann, PGemput. Phys. tion (see also Table 2). As conclusion, a combination of 6
Commun.1995 91, 1-41. (b) Pearlman, D. A.; KollmanrP. A. J. Mol.

Biol. 1991, 220, 457—479. conformational families was predicted to coexist from these
(32) Asensio, J. L.; Garcia, A.; Murillo, M. T.; Fetndez-Mayoralas, A.; Cala, MM3*-MD simulations with more than 1% of population.

F. J.; Johnson, C. R.; Jimez-Barbero, JJ. Am. Chem. Sod.999 121, . - pop .

11 318-11 329. Therefore, two additional families, apart of those described for

(33) (a) Mikkelsen, L. M.; Krintel, S. L.; JiméreBarbero, J.; Skrydstrup, T. ; i i H
Chem. Commun2000 2319, (b) Krintel. S. L JimeisBarbero. . la do appear in the simulation. Geometrical parameters

SkrydstrupTetrahedron Lett1999 40, 7565. (c) Krintel, S. L.; Jime'tze (especially, torsion angles, single and ensemble average dis-
Barbero, J.; Skrydstrugl. Org. Chem2002 67, 6297-6308.

(34) For a perspective on the problematic of deducing oligosaccharide conforma-
tions by NOE measurements, see for instance, (a) Peters, T.; Pinto, B. M. (35) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Caufield,
Curr. Opin. Struct. Biol1996 6, 655. (b) Poveda, A.; Asensio, J. L.; Marti C.; Chang, G.; Hendrickson, T.; Still, W. @. Comput. Cheml99Q 11,
Pastor, M.; Jimenez-Barbero, J. Biomol. NMR1997, 10, 29—43. 440-467.
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Table 3. Calculated Coupling Constants (Haasnoot-Altona) in Comparison with the Experimental Ones for 1b, 2b, and 3b (in Hz)?

I —wrr Jha—nrs Jhs—Her Jhs—Hes BT Jhor—res Jra-Her Jha-Hes
2b 4.9 8.8 4.6 8.5
3b 4.3 9.0 2.6 9.3
1b (MD -MM3*) 4.91 8.58 2.46 10.06 5.40 8.04 6.28 7.18
1b (AMBER water box) 3.72 9.90 2.05 10.97 3.44 8.56 4.97 8.47
1b (tar-AMBER Js and NOES) 3.21 10.25 2.70 9.22 3.98 9.10 4.46 8.77
1b (exp. 800 MHz) 3.6 10.8 2.6 9.4 4.6 9.2 4.4 9.2

aThe values for the MD-MM3* analysis, for the solvated simulation and for the tar-MD approach are given in different rows.

H4

H5+H5"

H5'

H3’
H3"

H2+2'+2"

H1”

H1’

(ppm)

H7S H8S  H6R+H8R+H3 H6S+H7R

Figure 1. Expansion of the sugar proton/methylene region of the T-ROESY spectrum (mixing time 400 ms) carried out at 700 MHz for C-trisd¢charide
Key NOE cross-peaks are highlighted. Cross-peak volumes were estimated using the software provided by the manufacturer.

tances[1~6[71/6) were extracted from the obtained geometries average distributions. The important NOEs are also summarized
and trajectories to be compared with the those correspondingin Table 4, together with the conformation/s that they represent.
to the experimental NMR parameters. Thus, the sampled MM3*- The unambiguous assignment of the prochiral methylene protons

based MD trajectories were used to derive the expetigd
by applying the HaasnosetAltona modification of the Karplus
equationst37

NMR Data. Then, the NMR data were acquired and analyzed
to verify if the MM3* calculations were able to quantitatively
reproduce the experimental data. The key NMR data,@ bf
compoundlb and of its two constituent disaccharid&b @nd
3b) are listed in Table 3 and in the Supporting Information.
NMR data ¢ and NOEs) for2b and 3b were obtained at 500
MHz. For the C-trisaccharidelb), the use of high field NMR
(700 and 800 MHz) was necessary to partially solve the proton
overlap for the methylene and aglyconic protons surrounding
the pseudo-glycosidic linkages (Figure in the Supporting
Information). In this way, the 1D spectrum was amenable to
computer simulation and the bedtvalues for1lb could be

extracted and compared to those expected for the geometrie

deduced from the calculations. The NOEs ftwwere derived
from a series of 700 MHz T-ROESY spectra (see Figure 1 and
Supporting Information). The experimental NOEs were trans-

attached at both bridg&sand at C-6 ofw;e torsion angle was
exclusively based on the experimentdl and NOE data,
following the protocol described in the Supporting Information.

Discussion

Comparison of the NMR Data to those Extracted from
MM3*. The J values for the ring protons indicate that all the
pyranose rings adopt the usd@; chair, independently of the
size of the molecule and of the nature of the C-glycosidic
linkage. Although, this is usually the case, in some cases
alternative chair conformations have been described for other
C-glycosyl compound® The coupling constants also afford
information on the conformational distribution around the
torsionaf®3”degrees of freedom of the molecute, (¥, andw
angles). From the inspection of thkevalues, (Table 3 and

SFigures in the Supporting Information) it can be deduced that

those forlb are relatively similar to those of the separate
C-disaccharide2b and3b. Importantly, there is a significant
change in the coupling values aroumds (Jis—ner, JH5—H6S),

lated into distances and compared to those extracted from the

MM3* calculations, for single conformers and for ensemble

(36) Karplus, M.J. Chem. Phys1959 30, 11—20.
(37) Haasnoot, C. A. G.; De Leeuw, F. A. A. M.; Altona, Tetrahedrorl98Q
36, 2783-2794.

(38) (a) Nishida, Y.; Ohrui, H.; Meguro, Hletrahedron Lett1984 25, 1575.
(b) Ohrui, H.; Nishida, Y.; Itoh, H.; Meguro, Hl. Org. Chem1991, 56,
1726. (c) Bock, K.; Duus, 1. Carbohydr. Chem1994 13, 513-543.

(39) Carpintero, M.; Bastida, A.; Garcia-Junceda, E.; Jimenez-Barbero, J.;
Fernandez-Mayoralas, Aur. J. Org. Chem2001, 4127-4135.
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Table 4. Experimental NOEs and Corresponding Interproton Distances of 1b as Estimated from T-ROESY Experiments (mixing times of
300, 400, and 500 ms) and a full matrix relaxation approach, at 700 MHz in D,O and 303 K

experimental @ ca —60°
proton pair intensity distance (gg or gt) d ca. 60° TRNOE lentil/1b TRNOE daffodil/1b
intensity intensity
H5' —H8S ms 2628 2.1 2.9* vw (C) w (C)
H2,2,2"—H8S mw 2.8-3.0 3.3 3.1 VW
H1'—H8S mw 2.8-3.0 3.1 2.5* vw (A,B) - (AB)
H3' —H8S ms 2628 25 3.9 ms (A,B) ms (A,B)
H4—H8S weak 3.63.2 3.1 3.1 VW
H3'—H8R m 2.F2.9 3.1 2.3* m m
H4—H8R,3 ms 2628 2.6 2.6 m m
H1'-H8R, 3 S 2.32.6 2.4 3.1 m (A,B) mw
H2',2,2'-H8R,3 ms 2.62.8 2.3 2.3 S S
H5'—H8R mw 2.8-3.0 3.6 2.9 w w
H5—H8a, 3 ms 26238 25 25 S S
H2"—H6R w 3.0-3.2 4.F+4.4 2.2-3.3* s**(H2/H3) s**(H2/H3)
H5,5'—H6R ms 2.6-2.8 2.5 25 s**(H3/H5) s**(H3/H5)
H4—HG6R w 3.0-3.2 3.8-3.1 3.8-3.1 m* m*
H1"—H6R m 2729 2.5 3.0* ms (D,F) m (D,F)
H3"—H7R,6S mw 2.83.0 3.2/4.5 2.2* w (D,F) vw (D,F)
H2"—H7R,6S ms 2.62.8 2.5 3.2 ms (D,F) ms (D,F)
H1"—H7R,6S S 2.32.6 2.5/3.1 3.1/2.5 S S
H5,5'-H7R,6S S 2.32.6 25 2.1 ms mw
H4—H7R,6S ms 2.62.8 25 2.5 m mw
H3"'—H7S S 2.326 2.2 3.8 s (D,F) s (D,F)
H4—H7S VW 3.134 2.2-44 2244 — (gt) —(gt)
H5,5'—H7S S 2326 2.1 2.8 w vw
H1"—H7S mw 2.8-3.0 3.1 2.5 vw (D,F) w (D,F)
H1"—H5 vw 3.1-34 2.2 (ifY 60°) >4 -(E) -(E)

The experimental distanves were included in the tar-MD dynamics, additionally expanding the allowed range in 0.1 A both ways. The expected distances
for the different conformers-ai are also given to evaluate the presence of a given geometry. In the final two columns, tiOERintensities forlb
complexed to lentil and daffodil lectins are also given, together with the conformations that they represent (see text). The ** indicate ovdt&apping

peaks can only be explained by conformers of the type A, B (1,3-linkage) and D, E, F (1,6-linkage, aiifles ca—60°, andgt orientations for thev1e

torsion, respectively.

when those measured fdb and 3b are compared to those

quantitative characterization of all the possible conformers in

described for the natural analogues. The values increase fromthe conformational equilibrium and of their relative populations

ca. 2.2 and 5.5 Hz ila'” to ca. 2.5 and 9.0 Hz, fobus—rer
andJys-nes, respectively, inlb and3b. These changes indicate
that thews torsions in the C-glycosides adopt better-defined
orientationd’” with respect to those in the natural compound,
la The otherJ values (Tables 1 and 3 and Supporting
Information) are also in agreement with a rigidification of the
glycosidic linkages ofLb with respect to both disaccharides,
thus providing a first indication of a certain degree of correlation
between both glycosidic linkages. The key point here is that
just with the use of information, it is possible to deduce some
restriction to the motion around the glycosidic linkageslin
with respect to those in the isolated C-disaccharides. Only NOE
information is available for O-glycosides in isotropic medium,
and the subtle changes deduced fromMamalysis oflb could
have no translation into differences of NOE values, due to the
intrinsic experimental error and to the variations in global and
internal motion correlation times, when passing from di to
trisaccharided?

Regarding NOEs (Table 4), it was possible to observe NOEs
characteristic for all the different calculated minima in terms
of ®/W, evidencing that they all coexist in solution. Deconvo-
lution of the data to afford their relative populations was not
possible at this stage.

Thus, this starting analysis of the NMR data permitted to
identify a majorgt rotamer aroundo;¢ of the C-trisaccharide
(and in the constituer8b disaccharide), the presence of major
regular® ca.—60° rotamers around afb linkages in the three
compounds, the presence of equilibria arotfd linkages, and
a major anti orientation aroun®¥;s. Nevertheless, a more

14944 J. AM. CHEM. SOC. = VOL. 124, NO. 50, 2002

is necessary to properly understand its binding properties. When
the comparison between expected and experimental vicinal
proton—proton couplings was performed, some of the calculated
couplings deviate more than 1 Hz from the experimental results,
marked in bold in the Table 3. Indeed, the MM3*-based MD
predict a higher percentage of unusdalca. 60 conformers
around both glycosidic linkages, than those actually existing.
Moreover, they also predict a higher flexibility arouMés,
(averaging of bothJsg couplings) than that experimentally
observed (one large and one medium-sndgll

Comparison of the NMR Data to those Extracted from
Solvated MD Simulations with the AMBER 5.0 Force Field.
Therefore, to try to improve the fitting between experimental
and expected data, we decided to perform additional MD
simulations (s-MD), now using explicit water molecules and
the AMBER 5.0 force field with the GLYCAM parameters for
the carbohydrate portion dfb.4%41 As starting structure, the
different glycosidic linkages were set at th@sAD16, and gt
(w1e) conformers (See Table 1). The s-MD plots are given in
Figure 2. Also in this case, a conformational equilibrium of 6
major basic geometries is predicted in water, although with
different populations to those given by MM3*. The correspond-
ing expected and observddalues are shown in Table 3. There
is a fair matching between both sets of data, better than that
observed with the MM3*-based simulations, but the agreement
is not perfect, with deviations higher than 1 Hz in two cases,

(40) Woods, R. J.; Edge, C. J.; Dwek, R. Rature Struct. Bial1994 1, 499.
(41) Kirschner, K. N.; Woods, R. Proc. Natl. Acad. Sci. U.S.2001, 98,
10 541.
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Figure 2. Trajectory®/W plots from the solvated MD simulations carried out for the C-trisacchafifpwith the AMBER 5.0 force field (explicit water)
force field. In total, this figure covers a simulation time of 5.6 ns. @) vs W13. (B) @16 Vs W16 (C) Wiz Vs time. (D) D16 vs time. (E)wie Vs P16. (F)
w16 VS Y16

marked in bold in Table 3. It seems that the simulation time is restrained (tar) MD-calculatiofswith the AMBER 5.0 force
not large enough to adequately reproduce the experimentalfield were performed:3132

results, which are obviously reflecting motions that take place  As mentioned above, exclusive NOEs of regulaca. —60°
over very large time scalé$.As leading example, the experi-  conformations around;s and®;e, coexist with other exclusive
mental conformational equilibrium around the exocyclic-C5  for unusualkb ca. 60 forms, and also NOEs exclusive ftifg

C6 linkages of simple monosaccharides, glucose, and galactosg|ose to 60 are also evident (Table 4). NOEs favoring the gt
has been recently reproduced by a solvated 50 ns simulationgrientation arounas are also stronger than those that are due
with the AMBER 5.0 force field*! For a pseudotrisaccharide to agg disposition. These NOEs were included in the tar-MD

such aslb, the time scale of the fluctuation arounds is not AMBER calculations, together with the observed coupling
necessarily the same than that for a monosaccharide, and thgonstants. The calculation was first run on a 15 ns time scale
simulation time for convergence could be longer. and then on a 56 ns time scale to get a better convergence

Time Averaged Restrained Molecular Dynamics (AMBER (Figures 3 and 4). The final coupling constants are listed in
5.0). Therefore, we decided to use an alternative method to getTable 3 to evaluate the improvement achieved when passing
the best fit to the experimental NMR data. Thus, time averaged from the solvated simulations to the tar-MD ones. The results

J. AM. CHEM. SOC. = VOL. 124, NO. 50, 2002 14945
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Figure 3. Details of the trajectoryb/W¥ plots from a tar-MD simulations carried out for the C-trisacchariti® (vith the AMBER 5.0 force field for 56
ns and the J and NOE restrictions discussed in the textd(A)vs time. (B)W13 vs time. (C)w1s Vs time. (D) P16 Vs time. (E)Ws6 VS time.

from this latter calculation, which showed no violations (Table a(1 — 3) and thea(1 — 6) linkages. The comparison of the
S3 in Supporting Information) of the desired values of the data forlb with those obtained fob and3b suggest that the
coupling constants or of the inter-proton distances (NOESs), are changes at either glycosidic linkage are correlated with each
also listed in Table 4. Therefore, under these conditions, the other.
tar-MD calculations are able to reproduce the actual conforma-
tion of the C-trisaccharide in aqueous solution with very good
accuracy. Now, having observed that the solution behaviorlbfis

It is noteworthy to point out that the small amount W3 different than that of its parerita, it becomes interesting to
close to 180 present in shorter trajectories are only temporary Verify whether the C-trisaccharide is still able to bind to different
points because in the long (56 ns) run, the observation of this mannose-binding lectins. NMR and SPR studies were used to
specific value disappears completely after approximately 15 ns this aim. It has previously been described that C-glycosides are
and do not appear later on. This observation indicates theable to bind to enzymes and lectih!4243Depending upon
importance of sampling over a large period of time. the nature and the topology of the protein binding site, either

Therefore, the conformational behavior i in water may similar or rather distinct conformations of the O/C-pair of
be described as a conformational ensemble of six basic forms,compounds are bourfd**For testinglb as glycomimetic, three
whose populations oscillate between 2 and 40%. Unugual different mannose binding proteins were selected: concanavalin
ca. 60 conformers are unequivocally present in solution in ca A (from Canavalia ensiformis(Jack bean)), lentil lectin (from
15% population, in contrast to the natural O-glycosyl analogue Lens culinarig and the lectin fronmNarcissus pseudonarcissus
(less than 1%). Therefore, on a semiquantitative basis, the free(Daffodil flower). All of them display selectivity toward
energy difference due to the stereoelectronic component of theO-mannopyranosyl residuéiMoreover, the X-ray structures
exo-anomeric effect amounts to about 1.6 kcal/mol, in good Of these lectins bound to disaccharides and trisaccharides are

agreement with the data previously reported by us for simple

Binding Studies

(42) Asensio, J. L.; Espinosa, J. F.; Dietrich, H.;"@da, J.; Schmidt, R. R.;

C-disaccharide%32Due to this high flexibility, even higher than Marfin-Lomas, M.. Andfe S.: Gabius, H.-J.. Jifmez-Barbero, JJ. Am.
that reported for the natural compouftdt is expected that the Chem. Soc1999 121, 8995-9000 -
. . . A . (43) Weatherman, R. V.; Mortell, K. H.; Chervenak, M.; Kiessling, L. L.; Toone,
interaction oflb with protein receptors may be penalized due E. J.Biochemistryl996 35, 3619-3624.
i i (44) Espinosa, J. F.; Montero, E.; Vian, A.; Garcia, J. L.; Dietrich, H.; Schmidt,

tQ er.]tmp!c factors, always dependlng on the tOPOIOgy of the R. R.; Martin-Lomas, M.; Imberty, A.; Catla, J.; Jimenez-Barbero, 1.
binding site. Am. Chem. Socl998 120, 1309-1316. _ _

Similarly to the description provided by Prestegard Iﬂ' (45) Garca-Herrero, A.; Montero, E.; Mioe, J. L.; Espinosa, J. F.; WiaA.;

N " 1 I Garcam, J. L.; Asensio, J. L.; Cadla, F. J.; Jirmeez-Barbero, JJ. Am.
the major conformations arise from several transitions, at the Chem. Soc2002, 124, 4804-4810.
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Figure 4. Population histograms from the trajectob/W plots from the
tar-MD simulations carried out for the C-trisaccharidb)(with the AMBER

5.0 field for 56 ns and the J and NOE restrictions discussed in the text.
They show that there are substantial amountof60° conformations,
never found in the pare@®-glycosides. (A) From top to bottormis, W1s,
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Figure 5. Details of the 1D 1H NMR STD spectra db, complexed to
daffodil lectin. (A) top: the free state at 299 K. (B) Spectrum for the
complex 1b/daffodil lectin (34:1). (C) STD spectrum for the complex 1b/
daffodil lectin (34:1). The shown results are obtained after irradiation at

the region of the protein envelope. It is observed that the protons belonging
to the terminal non reducing moieties are more intense than those belonging(46)
to the reducing mannose unit. Protons that virtually disappear (the position

of H-4 of this residue) are marked with **). The * point to impurities of

To test the binding, 1BH NMR spectra were recorded after
additions of the three lectins to the NMR tubes contairiibg
dissolved in a RO buffer (Figures in the Supporting Informa-
tion). All lectins caused a significant line broadening of the
C-glycosyl signals, thus providing a clear indication of the
existence of binding. As a further step, and to identify the
structural and conformational features of the binding process,
saturation transfer difference (STD) experiments (epitope map-
ping*’49 and NOESY (bound conformatiéf) spectra were also
recorded.

Concanavalin A has a binding site specific fba and,
moreover, accurate binding data are avail&bl€he analysis
of the crystal structure published by Naismhand Loris et
al.1% of the complex of Con A witiLareveals that no important
hydrogen bonding is present that involves the two inter-
glycosidic oxygens. Interactions between the three sugar
moieties and the polypeptide chain are evident in the X-ray
structure. Therefore, the existing differences between the O-
and C-trisaccharides if any, should reflect the distinct confor-
mational behavior betweeba and 1b. In particular, the four
binding sites show that alla molecules show a gg orientation
aroundwsg, in contrast with the major gt orientation of this angle
for 1b in solution.

STD experiments were then performed to try to identify the
binding epitope’4851 For the Con Alb complex, no clear
differences in the response of the three Man residues were
observed upon saturation with different power or increasing
saturation time. Therefore, this observation seems to indicate
that the three Man residues are indeed effectively bound by the
lectin. In fact, this observation agrees with the X-ray structure
of the complex of this lectin witlia, for which there are relevant
contacts of the polypeptide chain with the three Man residues.
Therefore, the glycomimetic seems to be bound by Con A in
an analogous manner to the natural compound.

Similarily, STD spectra were recorded for the complexes of
1b with lentil and daffodil lectins. These spectra are shown in
Figure 5 and in the Supporting Information. In both cases, for
saturation times up to 500 ms, the magnetization was transferred
to only the protons belonging to both nonreducing ends. For
instance, as shown in Figure 5, it is clear that H4 (3.32 ppm)
of the reducing sugar is not observed in the difference spectrum,
whereas, except both anomeric protons, the signals from the
two nonreducing ends do appear. Therefore, these two lectins
seem to mainly recognize the two arms of the glycomimetic.
Indeed, the lack of recognition of the three residues is consistent
with previous reports describing that daffodil lectin recognizes
linear than branched trimanno$8sAlthough this daffodil lectin
is best bound by-1 — 6 linked manno-oligosaccharide®,it

Casset, F.; Hamelryck, T.; Loris, R.; Brisson, J. R.; Tellier, C.; Dao-Thi,
M. H.; Wyns, L.; Poortmans, E.; Perez, S.; Imberty, JA.Biol. Chem.
1995 270, 25 619.

(47) Meyer, M.; Meyer, BAngew. Chem., Int. Ed. Engl999 38, 1784-7.

the preparation that do not appear in the STD spectra, due to the fact that(48) Klein, J.; Meinecke, R.; Meyer, M.; Meyer, B. Am. Chem. So0c1999

they are not bound to the lectin.

available. In particular, structures @&, 2a, and3a bound to
Con A have been describé®whereas one ofa bound to
Daffodil lectin has been deposité@iNo structure of lentil lectin
bound to eitheila, 2a or 3a have been documented, although
the structure of this lectin bound to sucrose is availablentil
lectin also binds Glc moieties.

121, 5336-5337.

(49) For the use of TRNOE experiments in the study of protein carbohydrate
interactions, see for instance, (a) Bevilacqua, V. L.; Thomson, D. S
Prestegard, J. HBiochemistry199Q 29, 5529; (b) Poveda, A.; Jimenez-
Barbero, JChem. Soc. Re 1998 27, 133-143.

(50) Gupta, D.; Dam, T. K.; Oscarson, S.; Brewer, CJFBiol. Chem 1997,

272, 6388.

(51) Vogtherr, M.; Peters, T1. Am. Chem. So200Q 122, 6093-6099.

(52) (a) Kaku, H.; Goldstein, I. Xarbohydr. Res1992 229 346. (b) Kaku,
H.; Goldstein, I. J.; Oscarson, Sarbohydr. Res1991, 220, 109. (c) Kaku,
H.; Van Damme, E. J.; Peumans, W. J.; Goldstein, Ar¢h. Biochem.
Biophys.199Q 279, 298-304.
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Figure 6. (a) TR-NOESY spectrum (500 MHz, 150 ms mixing time) Bih complexed to lentil lectin (molar ratio 17:1) at 296 K. (b) Expansion of the
key region showing the relevant cross-peaks. The cross-peaks corresponding to exoanomeric conformers ausmptestare observed, indicating the
preferred recognition of the natural exo-anomeric conformers. (5)NAESY spectrum (500 MHz, 150 ms mixing time) 1§ complexed to daffodil lectin
(molar ratio 34:1) at 296 K. (b) Expansion of the key region showing the relevant cross-peaks. The results are virtually identical to those dbséineed in
lentil complex. The cross-peaks corresponding to exoanomeric conformers aroundt batfles are observed, indicating the preferred recognition of the
natural exo-anomeric conformers.

also recognizea-1 — 3-mannose units, as shown in the recently ~ As a further step, TRNOESY experiments were attempted
available crystal structure of the daffo@i# complex!® Here, to deduce the bound conformationdf in the three cases. No
one of the binding sites does not show interactions between TR—NOE experiments have been ever described for Con A
the polypeptide chain and the nonreducing end. Therefore, thecomplexes, probably due to the presence of a paramagnetic
STD-based observation of a distinction between the terminal manganese ion relatively close to the binding site, and neither
ends and the reducing Man moietiesldf is not unexpected. = was TR-NOE observed for the Con Ab complex. Therefore,
Regarding lentil lectin, its X-ray structure bound to sucrose although the STD experiments suggest that the structural features
shows major contacts between the Glc unit and the protein, while of the binding oflb to ConA may be similar to those dfain

the fructose moiety remains of the binding site. These data arethe crystal, no insights on the binding of either regudarca.

in close agreement with the observations of the STD experi- —60° or unusual® ca. 60 conformers oflb may be ex-
ments. tracted.

14948 J. AM. CHEM. SOC. = VOL. 124, NO. 50, 2002
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Table 5. SPR Data for the Interaction of Con A and Daffodil
Lectins with 1b

lectin Kon (M1 57%) Kot (S71) K4(M) (1b) Kq (M) (La)5L5
Concanaalina. 1.85x 10° 0.24 1.3x 104 2x 106
daffodil 0.43x 108 0.23 5.2x 1074 1.5x 1073

In contrast, TR-NOE cross-peaks were observed for the
complexes ofLb with both lentil andNarcissus pseudonarcissus
lectins. The negative cross-peaks in the-INROESYs (Figure
6) contain the conformational information of the bound glyco-
mimetic#® Both sets of TR-NOE cross-peaks, at several mixing
times, were very similar, and somehow different from that

observed in the free state (see the comparison with Figure 1).
Indeed, several signals present in the free state do not longe
a

appear in the spectra for the complexes. Therefore, and as

first approximation, it can be deduced that a case of confor-

mational selection is taking place, i.e., only one or some

conformations of those present in the free state are preferentially
bound by these lectins. Moreover, the experimental data also
indicate that these two mannose-binding proteins select the sam@
typels of conformation/s. The observed NOEs are also listed in
Table 4 along with their representative conformers. A guantita-

tive analysis was attempted using a full relaxation matrix

I.

In contrast, the binding affinity afb by daffodil lectin is similar

to that reported for the natural analoglie, even somehow
better. This similarity may also be explained by claiming the
previously described “worst” recognition of branched versus
linear trisaccharides by daffodil lectin. Only the external residues
are bound by the protein, as shown by our NMR experiments,
and the binding constant for daffoditlis significantly smaller
than that for ConAla. Although merely speculative, and due
to its inherent flexibility, the adaptability dfb to the daffodil
binding site may be similar or slightly better than thatlaf
thus providing a possible explanation for the observed moderate
enhancement of the binding in this case. From the kinetic
viewpoint, both lectins showed comparable off-rates Tor
whereas the on-rate was higher for ConA than that for daffodil,
indicating a larger barrier for binding.

The data for the binding of ConA tbh is in agreement with
other report described above in the Introduction for a mono
C-glycosyl compound?® In other context AG of binding of
simple C-mannosyl and C-glucosyl derivatives to Con A has
een previously compared to their O-analogi?ek.was shown
that both sets of compounds bind with similar affinities, although
the specificity of binding decreased when the C-manno and
C-gluco compounds were compared. The authors noticed that

approach, but indeed it was not possible to fit the (:ross-peakswitChing from an O- to a C-linkage can affect binding

volumes for the different linkages using a single correlation time.

This fact is not unexpected because mobility can still exist in

the binding site, so that the different proton pairs have different

effective correlation times.

specificity in unpredictable ways, even if the change do not
affects a region that directly interacts with the protéih.

Conclusions

The observed cross-peaks (Table 4) mainly correspond to The solution conformational properties of a compléx

glycosidic torsion angleslf;3 and®s) in the vicinity of —60°.

trisaccharide has been carefully analyzed by a combination of

That is, both lectins select preferentially regular conformers at NMR spectroscopy and time-averaged restrained molecular

both glycosidic angles. The binding of unusu®l ca. 60
conformers in a extent about30% cannot be discarded either
because some of the cross-peaks (especiallyHHS5) may

dynamics. It has been found that the glycosidic linkages around
both thea-1 — 3- and thea-1 — 6-linkages show major
conformational averaging. Indeed, several more conformations

also be representative of a small population of these geometriesthan those observed for the natural O-glycoside are observed,

Moreover, thegt conformer aroundw;s seems also to be

especially those occupying unusublca. 60 orientations for

preferentially selected because no H-4/H-7S cross-peak isboth @ torsion angles. Surprisingly, a major conformational
observed, that is exclusive of the gg conformer. Therefore, it distinction between the natural compoubaland the glycomi-
can be pointed out that, despite the fact that the glycosidic anglesmetic 1b affects to the behavior @16 torsion angle. This angle
of 1 may access a higher extent of conformational space thanshows a majorgg conformation forla, with a substantial

those of the natural compound, lentil, and daffodil lectins
preferentially select the “natural” conformations around the

contribution of thegt rotamer. In contrastlb shows basically
a uniquegt rotamer around this torsion. As recently established

glycosidic angles of the pseudotrisaccharide, behaving as a truedy Woods and co-workers,the importance of solvation and

glycomimetic, although probably with an entropy penalty to the
recognition process.

Binding Studies. As a final step, the kinetics and binding
properties oflb to Con A and daffodil lectins were studied
and compared to those previously reporfédfor 1a. SPR was

polar effects for the establishment of a given conformation
aroundw angles of saccharide molecules is probably at the
origin of the observed conformational change. Therefore, the
substitution of the interglycosidic oxygen by a methylene group
does not only affect the geometrical and stereoelectronic features

used to monitor the binding and to allow the quantitative analysis Of the molecule, but also the solvation features, that, in this

of the molecular interactions, including association and dis-

sociation rate constants, and th& of binding (see experi-

case, affect tav angle.
From a molecular recognition viewpoint, the occupancy of

mental). The binding abilities are characterized by the respectivemore conformations irllb yields an enhanced flexibility in

dissociation constant€y, whereKq = ko/kon (Table 5). The
data show that both lectins do effectively interact wiith with
different relative affinities. Thuslb is recognized by ConA
with smaller affinity thanla (loss of binding free energy of

solution compared to the parent O-glycoside. Despite this
increased flexibility, the C-glycosyl analogue is still recognized
by three mannose binding lectins, as shown by NMR and SPR
methods. Moreover, a process of conformational selection takes

almost 3 kcal/mol). This fact is not surprising, because as place so that these lectins preferentially bind this glycomimetic
described above, all the three Man-residues are bound by thelb similarly to the way they recognize the natural analogue.
lectin, and due to the large conformational mobility of the Depending on the architecture and extension of the binding site,
glycomimetic, the entropy penalty to binding must be significant. and the adaptability of the ligand, loss or gain of binding affinity
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with respect to the natural analogue may be found. Therefore, close to those determined by SPR were tested, with external relaxation
and as described for other C-glycosyl analogues, C-glycosyl times p* for the bound state of 0:52 s were tested. TRROESY
compounds such akb may be promising candidate to inves- experiments were also carried out to exclude spin-diffusion effects. A

tigate other biologically relevant carbohydrate-protein interac- continuous wave spin lock pulse was used during the 150 ms mixing
tions time. Key NOEs were shown to be direct cross-peaks, since they showed

different sign to diagonal peaks.
Experimental Section Molecular Mechanics and Dynamics Calculations.The initial
molecular mechanics calculations were performed on both the C- and
Syntheses and NomenclatureThe C-trisaccharidelb and the O-trisaccharide analoguekab), and their 1,3-disaccharide and the 1,6-

C-disaccharide2b and 3b were synthesized as describédThe disaccharide component&ab, 3ab) using the MM3* force field as
glycosidic torsion angles are defined with respect to hydrogen atoms, implemented in Macromodel 4.5. Potential energy maps were calculated
as follows: ®;3 H1'-C1'—C8-C3, Wiz Cl'—C8-C3-H3, P as described3253 Some MD calculations were also performed with
H1"—-C1'-C7-C6,W;s Cl'—C7—C6—C5 andw;s C7—C6—C5— this force field. In particular, nine independent 1.5 ns unrestrained MD
05, where the nonreducing ends are labél@ad" for the 1— 3- and simulations were run starting from the combination of minima@

the 1— 6-linkage respectively (Scheme 1). with D—F. Additional molecular dynamics calculationsldfwere done

NMR Spectroscopy.The NMR experiments were performed at 500 using the AMBER 5.8 force field. For the time-averaged-restrained
MHz on Varian Unity and Bruker AVANCE spectrometers, between molecular dynamics (tar-MD) the structures were constructed using the
299 and 318 K, and concentrations between 1 and 2 mM. Some X-LEAP program?* All of the molecular dynamics simulations were
experiments (T-ROESY dfb) were carried out on a Bruker AVANCE  carried out using the Sander module within the AMBER 5.0 package.
700 MHz to get accurate NOE values. A 1B NMR spectrum ofLb The exact protocol for the tar-MD has been explicitly described
was carried out at 800 MHz to access the vicinal coupling constant elsewheré:
values. The besl values were estimated by computer simulation of In brief, they were carried out including a variable number of NOE-
the 1D spectrum. derived distances as time-averaged distance-constraints, and the key

For the experiments with the free ligands, the corresponding Scalar coupling constants as a time-averaged couplings restraints. An
compound was dissolved in,D and the solution was degassed by [ °0%Y6 average was used for the distances, whereas a linear average
passing argon. COSY, TOCSY (80 ms, mixing time), and ge-HSQC was used for the coupling constants. To test the fit between experimental
experiments were performed using standard sequences at temperatureand produced values, the couplings were estimated from the calculated
between 298 and 310 K, with-2 mM samples. 2D T-ROESY torsion angles{) by using the well-known Karplus equatiod:= A
experiments (1 mM) were performed with mixing times of 300, 400, cos 6 + B cos6 + C. The values oA, B, andC were chosen to fit
and 500 ms. Cross-peaks were integrated with the software providedthe extended KarplusAltona relationship.
by the manufacturer. All the 2D experiments were performed using a
spectral width of 9.5 ppm foH, with the rf carrier set at the residual ~ Surface Plasmon Resonance

HDO frequency. For ge-HSQC, tHIC spectral width was of 100 ppm. F1 chip, HBS buffer, and EDC/NHS were from Biacore. All

The strenght of the 180pulses during the spin lock period were . . . .
attenuated four times with respect to that of the 198rd pulses (between other chemical was obtained from Sigma. Buffers were filtered
and deoxygenated. The version 3.2 software was used.

7.2 and 7.5us). In most cases, including T-ROESY, cosine square
window functions, were used for processing. To deduce the interproton  Immobilization of Lectin on F1 Chips. Because amine
distances, relaxation matrix calculations were performed using software coupling is the most common immobilize method in SPR, a
written at home, available from the authors upon request. thin layer of carboxymethylated dextran, covering the surface
For the bound ligands, legume lectin€gncanaalin A., Lens of the gold film in the sensor chip, was used to facilitate the
culinaris, andNarcissus pseudonarcisgusere obtained from Sigma. immobilization of the ligand via reaction of primary amino
STD and TRNOE experiments were performed at 500 MHz. First, the groups on the protein with EDC and NHS. This carboxymethyl-
corresponding lectin was subjected to two cycles of freeze-drying with ateq dextran layer also provides a hydrophilic environment for
D0 to remove traces of #D and transferred in solution to the NMR ¢ interaction of biological molecules. After ligand coupling,
tube to give a final concentration Of. ca. 9.'0'2 mM. TR-NOESY ethanolamine was added to deactivate remaining active esters.
experiments were performed with mixing times of 150, 200, and 250 . : ; .
Thus,Concanaalin A. andNarcissus pseudonarcisslectins

ms, for molar ratios between 17:1 and 34:11bflectin. The spectral - ”
width was 9.5 ppm and the rf carrier was set at the HDO frequency. ere covalently bound to the sensor surface through its primary

No purging spin lock period to remove the protein signals background @mino groups following this strategy. The carboxymethylated
was employed. First, in all cases, line broadening of the sugar protonsdextran surface (F1 sensor chips) was first activated using a 7
was monitored after the addition of the ligand. STD experiments were min (35 uL) injection pulse of an equimolar mix oN-
carried out by using the method proposed by Meyer, Peters, and co-hydroxysuccinimide (NHS) anN-ethyl-N-(dimethyaminopro-
workers!’“851No saturation of the residual HDO signal was employed pyl) carbodiimide (final concentration is 0.05 M, mixed
and, again, no spin lock pulse was employed remove the protein Sig”a|5immediately prior to injection). The surface was cleaned with
background. In our hands, the use of a spin lock period induced artifacts ha extraclean step available in the instrument in order to be
in the difference spectrum. The theoretical analysis of the TRNOESs of sure that all the lines were cleaned. The lectin solution 480

the sugar protons was performed using a relaxation matrix with . . .
exchange, as described. Different exchange-rate constiantsnd of 80 xg/mL in sodium citrate buffer 3 mM, ph 6.0) was

leakage relaxation times were employed to obtain the optimal match (53) For inst (@) Espi JF Bruix M. Jarreton. 0. Skrvdstrup. T
. . . . or instance, (a) Espinosa, J.-F.; Bruix, M.; Jarreton, O.; Skrydstrup, T.;
between experimental and theoretical results of the intraresidue H-1/ Beau, J.-M.: Jimeez-BarberpJ. Chem. Eur J1999 5, 442. (b) Poveda,

H-2 cross-peaks of the reducing Man moiety for the given protein/ A.; Asensio, J. L.; Polat, T.; Bazin, H.; Linhardt, R. J.; Jimee-Barbero,
ligand ratio. Normalized intensity values were used since they allow J.Eur. J. Org. Chem200Q 18051813, and references therein. (c) For a

. . . . f description of the application of calculations to carbohydrate conformation,
correcting for spin-relaxation effects. The overall correlation time see French, A. D.; Brady, J. Wcomputer Modelling of Carbohydrate
for the free state was always set to 0.23 ns andrtHfer the bound Molecules American Chemical Society Symposium Series; Washington

state for lentil and daffodil were estimated as 30 and 15 ns, respectively. (54) ggméf&ngggt'er C.E. A F.; Ross, W. S.; RomanovskLEAP, University

To fit the experimental TRNOE intensities, exchange-rate constants of California: San Francisco, 1995.
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then injected by manual injection. Excess unreacted sites onbecause more than 90% of the reactivity remained even after
the sensor surface were blocked with ai@5injection of 1 M 10 repeated injections of proteins, and regeneration using 10
ethanolamine. The surface was cleaned with the extraclean stepnM H3PO,.

available in the instrument to be sure that all the lines were A test was also made to compare the binding of the natural

cleaned. analoguelato daffodil lectin to that described in the literature.
Kinetic Measurement of the Lectin Interaction with the The SPR-based Kd found was of the same order of magnitude

Oligosaccharides via SPRA 15 uL injection of samples (at ~ (mM) than that previously describéd.
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obtained from the direct analysis of the dissociation phase of S Hing Information Available: Preliminary analvsis of
the sensograms. The binding abilities are characterized by the upporting 'nformatio araple. y Y

) . - the NMR features (Figure S1) of the C-trisaccharide and its
1 t takis wh Kq= Tabl . . . . .
;spec ive dissociation constahg whereKy = korfkon (Table constituent C-disaccharides; assignment of the stereochemistry

The successful immobilization o€oncanaalin A. and thh:ng]ztgy;?;;epsroéggg; g;]%le;u'ar;?ge;m?riZnﬂgféf.gr 1b,
Narcissus pseudonarcissusn F1 was confirmed by the ' ’ 'gu - :

observation of a 3276 RU and 780 RU increased in the sensor'S available free of charge via the Internet at http://pubs.acs.org.

chip, respectively. The proteins were stable on the sensor surfaceJA020468X
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