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Abstract: The conformational behavior of different aZaglycosides synthesized as glycosidase inhibitors

has been studied using a combination of NMR spectroscopyd NOE data) and time-averaged restrained
molecular dynamics calculations. The obtained results show that the population distribution of conformers
around their pseudoglycosidic linkages is mainly controlled bysyj8diaxial interactions. Electrostatic effects
slightly modulate the conformational equilibrium. This result is in contrast with that observéddtycosides.

For these natural compounds, the conformational behavior around the glycosidic libkageainly governed

by theexo-anomerieffect. Experimentally based energy values for both thesgr8diaxial interactions and

the stereoelectronic effect have been deduced. Finally, the inhibitory activity of these compounds has been
tested again a variety of glycosidase enzymes.

Introduction can be markedly changéd.hus, theexo-anomerieffect® due

to the presence of the interglycosidic oxygen atom, disappears
in the C-glycosidé€ along with a consequent variation of the
steric interactions between both residues. Kishi and co-workers
have been very active in this field and on the basis of a
qualitative analysis of NMR dat&have proposed tha- and
O-glycosides share the same conformational characteristics in

the methylene-bridged analogues do not simply behave assolution.lo-llMoreover, the recent finding that the conformation

noncleavable glycosides, as differences between the behavior?f t(ii-lactosf:e boﬁ:.nd tof Ft)eanut %gglu:inin :)S ba(sji(;alm identical
of C- andO-glycosides have been reporteth addition, since 0 the contormation ot 1ts paref?-lactose bound fo the same

the substlt_utlon of an o.xygen by a methyler_1e group r.esu'ts in (6) Houk, K. N.; Eksterowicz, J. E.; Wu. Y.; Fuglesang, C. D.; Mitchell,
a change in both the size and the electronic properties of thep. R’ J. Am. Chem. Sod993 115, 4170-4177.

Carbohydrate protein interactions are involved in a wide
range of biological activities starting from fertilization and
extending to pathological processes such as tumor spread.
Since the carbohydrate ligands are object of hydrolytic attacks,
C-glycosides have been developed which afford the possibility
for improved chemical and biochemical stabifity However,

glycosidic linkage the flexibility around thed/W torsion angles (7) (a) Espinosa, J. F.; Cada, F. J.; Asensio, J. L.; MamntPastor, M.;
Dietrich, H.; Martn-Lomas, M.; Schmidt, R. R.; Jimez-Barbero, JJ.
TInstituto de Qimica Ordaica. Am. Chem. Sod 996 118 10862-10871. (b) Rubinstenn, G.; Sinay, P.;
*Wayne State University. Berthault, P.J. Phys. Chem. A997 101, 2536.
(1) Glycosciences: Status and Perspee Gabius, H. J., Gabius, S., (8) (a) Lemieux, R. U.; Koto, S.; Voisin, DAm. Chem. Soc. Symp. Ser
Eds.; Chapman & Hall: London, 1997. 197987, 17—-29. (b) Thatcher, G. R. The Anomeric Effect and Associated
(2) () Rini, J. M.Annu. Re. Biophys. Biomol. Struct993 24, 551— Stereoelectronic Effect#American Chemical Society: Washington, DC,
577. (b) Gabius, H.-Jur. J. Biochem1997 243 543-576. (c) Hiraba- 1993. (c) Kirby, A. JThe anomeric effect and related stereoelectronic effects
yashi, J.Trends Glycosci. Glycotechndl997, 9, 1-190. (d) Kaltner, H.; at oxygen Springer-Verlag: Heidelberg, Germany, 1983. (d) Thogersen,
Stiersdorfer, B.Acta Anat 1998 161, 162-179. (e) Kopitz, J.; von H.; Lemieux, R. U.; Bock, K.; Meyer, BCan. J. Chem1982 60, 44—65.
Reitzenstein, C.; Burchert M.; Cantz M.; Gabius, HJ.JBiol. Chem1998 (e) Tvaroska, |.; Bleha, TAdv. Carbohydr. Chem. Biocherh989 47, 45—
273 11205-11211. (f) Perillo, N. L.; Marcus, M. E.; Baum, L. &.Mol. 103. (f) Wiberg, K. B.; Murcko, M. AJ. Am. Chem. So4989 111, 4821~
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Chart 1. Schematic Representation of the Three Basic
Orientations aroung Angle in Glycopyranosidés
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protein has elicited the claim that the conformational similarity
betweenO- and C-glycosides is a general phenomeréiOn
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separation and the quantitative evaluation of thesesyrB-
diaxial interactions can only be performed in the absence of
the exo-anomericeffect. Despite X-ray structural evidence as
well as a variety of computational studies which prove the
existence of thexo-anomerieffect® an experimental estimation
of the strength of thexo-anomericontribution in water solution

is still not available. Ab initio calculations in vacuo have
estimated the strength of tlexcanomericeffect between 1.5
and 4.0 kcal/mof.On the other hand, Wiberg and co-worlkérs
and Houk and co-workefsysing ab initio calculations, have
estimated the gauche-@C1-C2—C3 preference to be between
0.3 and 0.8 kcal/mol in simple systems, relate€iglycosides.

We suggest that the systematic comparisorg@-linked
glycosides having the gluco and manno configurations should
provide unambiguous data to verify the importance of steric
effects in modulating the conformation around theangle of

the other hand, we recently reported that similar conformations oligosaccharides. A study of 2-deoxy analogues has led to the

for C- and O- glycosides did not persist at least f@ and
O-lactose g-(1 — 4)-glycosidic linkage® and for C- and
O-mannobiosed-(1 — 2)-glycosidic linkage}?

This dichotomy has prompted us to study oteglycosyl

conclusioA® that: remaval of the 2-hydroxyl group does not

fundamentally alter the conformation around the C-glycosidic
bond ruling out the 1,3-diaxial-like interaction as the primary
factor in controlling the conformational behavior of these

compounds.C-glycosides are key compounds to deduce the compoundg® On the other hand, ab initio calculations in vacuo
relative importance of steric and stereoelectronic effects in the by Houk et al. showetthat the relative stabilization of thexo-
conformational analysis of oligosaccharides. In principle, if the synvsnonexoforms, increased from 0.7 to 2.2 kcal/mol when

three staggered conformations arounddhangle of glycopy-

adding a 3-hydroxyl group to 2-ethyltetrahydropyran to create

ranosides are considered (Chart 1), it should be expected thatl,3-type interactions. According to these data, thesyj8diaxial

the orientation of the hydroxyl group at position C-2 should

destabilization should amount to about 1.5 kcal/mol. Our

strongly influence the conformational equilibrium, in the absence experimental investigation outlined in this paper was designed

of additional stereoelectroniexo-anomerig effects® For the
regular “C,(D) chairs, there is a 1,8yndiaxial interaction

to reveal the relative importance of the stereoelectronic and steric
effects in oligosaccharides and to solve the controversy about

between one equatorially substituted C-2 (gluco-series) and thesimilar or dissimilar conformations fdD-glycosides and their

aglycon when th@on-exo-anomerignon-exgd conformation is
considered. Such steric interactions do not occur forethe
anomeric syrand anti conformations €xo-synand exo-ant).

C-analogues. Amon@-glycosides, az&-disaccharides com-
bine the features of azasuggrandC-glycosyl compound&-de
They contain the same stereochemical information as the regular

In contrast, 1,3-type interactions should be expected for one hexoses, and in addition, many exhibit potent biological activity.

axially substitutedC-2 (manno-series) and the aglycon when
the exo-anticonformation is considered. There are no 4y&-
diaxial interactions for thexo-synand thenonexoconforma-
tions. It is obvious that, depending on the value of the

In principle, azasugars are good glycosidase inhibitors due to
their ability to mimic the transition-state oxonium ion as a result
of the protonation of the intraring nitrogen at physiological 3H.

In fact, the synthesis of several aZadisaccharides was recently

stereoelectronic effect, the energy difference among the threeaccomplished, and their inhibition ability was characteri¥ed.

rotamers will be different fo©O- andC-glycosides. In fact, the

Chart 2. Schematic Representation of Compounds31

The observed differences in biological activity were attributed
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to the variations in the linkage and stereochemistry of the T
pyranose portion of the pseudodisacchari§e®n this basis,

we report here the conformational study of four different aza-
C-disaccharide analogues, namé&yj-p-azaMan-(1— 1)-6-
p-Glc (1), C-f-p-azaGlc-(1— 1)-3-p-Glc (2), C-5-p-azaMan-
(1— 6)-3-p-Man (3), C--p-azaGlc-(1— 6)-3-p-Glc (4) using
NMR spectroscopy and time-averaged restrained molecular

dynamics calculations (tar-MB) with the AMBER 5.0 force Positive cooperativity
field.’® For comparison, conformational energies of a related Figure 3. The proposed inter-ring seven-membered ring hydrogen
O-glycoside, namely @5-bp-Man-(1 — 3)-p-Gal f-OMe (), bond/electrostatic interaction for azamanno compolnd

were also determined. Moreover, the inhibitory potency of aza-

C-glycosidesl—4 and6—8 (Chart 2) have been tested toward which is only possible for manno configurations (Figure 2). The

several glycosidaseégd net effect in ), is an increase of the basicity of azaMdn 3)

Results and Discussion compared to azaGl2( 4) compounds. This fact reflects that
the intraresidue five-membered N)—H---O interaction in the

Titration Studies. As a first step, to deduce the protonation - 4cig form is favored over the alternatives in the basic form
state of the intraring nitrogen of the azasugar units, tkg p (Figure 2).

values of compounds—4 were deduced frortH NMR titration With respect to the second experimental observation, the
experiments. An example of the chemical shift changes observedjecrease in basicity of the nitrogen of the-¢11)-linked 1 in

in 1 with varying pH is shown in Figure 1. The measurédp comparison to the (3= 6)-linked 3, suggests that additional
are 7.0, 6.1, 7.5, and 6.2 fdr 2, 3, and4, respectively. Three jpieractions with the remote sugar residue are taking place
generalizations can be extracted from the titrations: especially inL. The 0.5 unit decrease ifgwhen passing from

(1) The (K, value of the nitrogen depends on the configu- 34 1 (approaching the vicinal sugar unit) indicates that these
ration atC-2 of the azasugar moiety. Indeed those disaccharides ggjtional interactions probably involve an interresidue seven-

with azamanno configuratiorl(3) present s values between o baraq (including the hydrogen) ring-éN hydrogen bond

0.9 and 1.3 units higher than the azagluco analoges)( or electrostatic interaction in which the nitrogen acts as proton
(2) The proximity of the vicinal glucose moiety influences 5cceptor (Figure 3). Since the vicinity of the Glc unit in azagluco
the (K, value only for the azamanno disaccharides 3, 0.5 2 with respect to azaglucé does not influence theka value,
units) and not for the azag_luco qnaloglit_ev(s 4). . the ability of the nitrogen atom to get involved in interresidue
(3) The vicinalJ values involving the interglycosidic GH  jnteractions is modulated by the configuration at C-2. Although
protons showed significant changes upon pH variations, again, merely speculative, this behavior could be explained by the
only for the (1~ 1)-linked azamanno disaccharide(Figure existence of a cooperative hydrogen bond network as depicted

b. . . . . in Figure 3. For manno configurations, the ability of the nitrogen
With respect to the first observation, thqrifferences can 5 4¢t as an interresidue proton donor is diminished in the

be explained by the existence of a direct polar interaction protonated form by the NH-+O interaction, in a case of

between the intraring nitrogen and the O-2 hydroxyl group, pegative cooperativity? On the other hand, at basic pH values,
(13) Elbein, A.Annu. Re. Biochem 1987, 56, 497. the ability of the nitrogen to participate as an acceptor (as
(14) Sinnott, M. L.Chem. Re. 199Q 90, 1171. indicated by the lower g, of 1 vs 3) with the vicinal sugar

(15) (a) Torda, A. E.; Scheek, R. M.; van Gunsteren, \WJ.RVol. Biol i ; ; ; : ;
1990 214 223235, (b) Pearlman, D. Al. Biomol. NMRL994 4, 1—16. unit is enhanced by the intraresidue 1D interaction, in a case

(c) Torda, A. E.; Scheek, R. M.; van Gunsteren, WORem. Phys. Lett. of positive cooperativity’ (Figure 3). As a net effect, the closer

1989 157, 289-294. (d) Pearlman, D. Al. Biomol. NMR1994 4, 279 proximity of the vicinal sugar unit il vs 3 produces a shift in
299.
(16) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S (17) For a survey of hydrogen bonding relevance in sugars, see: Jeffrey,

Cheatham, T. E., Ill; DeBolt, S.; Ferguson, D.; Siebal, G.; Kollman, P. G. A.; Saenger, WHydrogen bonding in biological structureSpringer-
Comput. Phys. Commut995 91, 1-41. Verlag: Berlin, 1991.
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Table 1. Parameters for the Inhibition of Glycosidases by conformational behavior around the glycosidic bondsl e#
Compoundsl—4, 6—8 were performed at pH 3.5 and pH 10.0, which should correspond
enzyme comd IC50(mM) Ki(mM) to positively charged and neutral species, respectively. The
amyloglucosidase 1 0.08 0.031 intraring vicinal coupling constarftsproved that all of the six-
amyloglucosidase 2 0.05 0.019 membered rings adopt tH€;(D) conformation, independent
amyloglucosidase 4 0.009 0.004 of the stereochemistry at C-2 and the pH of the medium.
:my:gg:uggsiggsg ; 8025 13 Glycosidic torsion anglé$23 of 1 and 2 are defined asd,a
ucosidas .

amilllogluc_osidase 8 0.015 0.0045 gil'aéz(’)s%:.laza CH, C]-G|Ic a(r%dfbnglga fC le('jc g)Hz Hc]?laz_'“‘
a-mannosidase 8 0.1 b ycosidic torsion angles & and4 are defined a®a,aH1424
S-glucosidase 8 1.75 0.8 Claza—CH,—C6 and¥W C5—C6—CH;—Claza FOr ®gzeand®gy,

theexo-syrconformation is defined as60°, the nonexo—60°,

aFrom ref 3c. This compound does not behave as a competitive and theexoanti. 180°

inhibitor. Compound6 did not show any inhibition against any

glycosidase. Conformation of aza-@-Man1— 15-Glc (1) and aza-G5-
. . Glcl— 18-Glc (2) in water. As the first step in deducing the
the K, value. For Glc configuration2(and4), the lack of K, conformational behavié? of compoundd and2, their potential

variation indicates that in the absence of cooperativity effects, energy surfaces were calculated using the MM3* force field;
any seven-membered ring interresidue hydrogen bond is toothe results are shown in Figure 4. These surfaces just provide
weak both in the protonated and non-protonated forms. With a first estimation of the conformational regions which are
respect to the third generalization, these facts are also manifeste@nergetically accessible. The analysis of the mapdl f@za-
in a slight conformational dependence on pH, especially for mannoseries) an® (azagluco series) shows the presence of
azamanno compound. (See below under conformational seven conformational families indicating that these compounds
analysis). are rather flexible (Tables S5 in the Supporting Information,
Inhibition Studies. The inhibition abilities of azas-oligo- Figure 4). A representation of these families is given in Figure
saccharided—4, 6—8 (Chart 2) were tested against different 5. Despite the overall similarity between both maps, the distinct
glycosidases, using:nitrophenyl glycosides as substrates (Table relative energies of the minima fdrand?2 (Tables S2 and S3
1). The compounds were tested up to a maximum concentrationin Supporting Information) indicate that the conformational
of 5 mM. All compounds excep inhibited Aspergillus niger equilibrium around®,,, is predicted to be influenced by the
amyloglucosidagé with varying K;. The bidentate azasugar orientation of the hydroxyl group at position C-2 of the azasugar
and the (1— 6)-linked saccharidé€s? 3 and 4 were the best ring.
inhibitors by far (1Go 9—25 uM, Kj, 4—4.5 uM). Compound A first conformational description of th@.,a®gic glycosidic
was also the only one to inhibit other glycosidases (see Tabletorsjons ofL and2 was obtained on the basis of the interresidue
1) although with very weak potency. It appears that the extra NOE®4 and the interglycosidic vicinal proterproton coupling
distance between the six-membered rings increases the inhibitionsgnstants (Tables S5, Supporting Information) that char-
ability toward A. Nigeramyloglucosidasel(or 2 vs 4, 8). In acterize these minima. The key NOEs are#4H1gic, Hlazi
addition, the stereochemistry at positiG2 (sugar nomencla- H261e, H2az6~H1gic and H2,4—H2g.c, respectively. The pres-
ture) did not strongly affect the kinetic parameters and both ence of methylene protons at the pseudoglycosidic linkage
B-azaGlc ang8-azaMan sugars provided similar numb#&ghe allowed us to obtain more conformational information with
only o-sugar employed6) did not show any inhibition of the  yespect to regula®-glycosides. Diastereotopic assignment of
enzymes, suggesting the importance of the stereochemistry athe prochiral b and Hs protons was performed using a protocol
C-1 for the activity toward glycosidaséCuriously, the enzyme  gsimilar to that described previouskbased exclusively on a
from A. nigeris ano-glucosidase. Therefore, some distortion  combination ofJ and NOE values. Once the diastereotopic
of the six-membered rings could be expected to take place assignment was performed, up to 12 NOEs (Figures 6 and 7)
during the inhibition process to properly accommodate the were unambiguosly identified which contain conformational
B-azaGlc angt-azaMan sugars. TR-NOESY experiméhtgere information for bothl and2. The relationship between NOEs
attempted to gain this information. Unfortunately, no TR- and protor-proton distances is also well establistfeahd can
NOESY cross-peaks could be obtained under different experi- he worked out at least semiquantitavely, when a full matrix
mental conditions and ligand/protein molar ratios. Probably, the ye|axation analysis is considered. Since the corresponding NOE
off-rate constant was out of the appropriate range to observejntensities are sensitive to the respective conformer populations,
exchange-transferred signals. The use of multivalent saccharides, first indication of the population distribution could be obtained
to bind lectins has been reported recently and the observedby focusing on these key NOEs.
affinities increased several orders of magnitude compared t0 st gither pH, the observed NOEs adis are not compatible

those of the parent oligosaccharfeOur results seem also to it one unique conformation at any linkage (Tables-SB
point in this direction when considering the inhibition ability
of 8 with other glycosidases. (21) For the relation between H/H couplings and conformation, see: (a)
Conformational Analysis. TheH NMR chemical shifts are ﬁa’T'UAS, M'J'A(I:them'gwstlgig 3Q 1119'5%);6&’1257”8039’ C.A.G.;de Leeuw,
. . : . . : CACAL i ona, C. letranedron: 3 .
gl\{en n Tab,le S1in the Supporting Informat'on' The Ch,em'cal (22) A general survey of conformation of carbohydrates is presented in:
shift values in the azaGlc and Glc residues are more similar at French, A. D.; Brady, J. W.Computer Modelling of Carbohydrate

acid pH. Because of the basic amino group, analysis of the Molecules American Chemical Society: Washington, DC, 1990.
(23) For relevant applications of NMR data and calculations in confor-
(18) For a recent review on glycosidases, see: Vasella, A. T.; Heightman, mation of carbohydrates, see: (a) Harris, R.; Kiddle, G. R.; Field, R. A.;

T. D. Angew. Chem., Int. EA.999 38, 750. Milton, M. A.; Ernst, B.; Magnani, J. L.; Homans, S. W. Am. Chem.
(19) Winchester, B.; Fleet, G. Wslycobiology1992 2, 199. Soc.1999 121, 2546-2551. (b) Meyer, BTopics Curr. Chem199Q 154,
(20) (a) For recent synthesis of glycodendrimers, see: Jayaraman, N.;141. (c) Bock, K.Pure Appl. Chem1983 55, 605. (d) Imberty, ACurr.

Nepogodiev, S. A.; Stoddart, J. Ehem. Eur. J1997 3, 1193-1199. (b) Opin. Struct. Biol.1997 7, 617-623. (e) Peters, T.; Pinto, B. MCurr.

For increased affinity due to multivalency, see for example: Sigal, G. B.; Opin. Struct. Biol.1996 6, 710-720.

Mammen, M.; Dahmann, G.; Whitesides, G. B1.Am. Chem. S0d.996 (24) Neuhaus, D.; Williamson, M. Ahe Nuclear @erhauser Effect in

118 3789-3800. strucutural and conformational analysiCH Publishers: New York, 1989.
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Figure 4. Steric energy maps calculated by the MM3* program witk 80, (a) forl (manno) and (b) fo2 (gluco). Contours are given every
0.5 kcal/mol. The main regions are marked. MM3* predicts different populations afdhe&xo conformers for both configurations, although it

does not fit the experimental data quantitatively.
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Figure 5. Simplified views of the major low-energy conformations
obtained by MM3* calculations for compouridThose for compound
2 are similar. Expected key NOEs are indicated for each conformer.
ExpectedJ's are indicated in Tables 2 and 3 in the Supporting
Information. FOr®,,a(H1laza—Claza—C—Clgic) andPgic (Hleie—Cloic—

C—Clazama), the exo-synconformation is defined as-60°, the non-
exo—60°, and theexo-antj 180C°.

in Supporting Information). In addition, to test the validity of
the theoretical MM3* surfaces, the spectroscopic NMR param-
eters (J and NOEs) ol and 2 were calculated from the
corresponding probability distributions. No quantitative fit
between the experimental and the MM3*-predicted J/NOE
values was obtained in any case (Tables-S3 in Supporting
Information). The availability of up to 12 NOEs andJ4 with
conformational information, permitted the use of time-averaged
restrained molecular dynamics (tar-MB36to get anexperi-
mentallybased ensemble average distribution of conformers.
Although this method has been employed in nucleic acid and
protein NMR structural determination, it has been used rarely
in oligosaccharide conformational analy$i®due to the paucity

of experimental information usually available. Thus, four tar-
MD simulations ofl and2 were carried out using the AMBER
5.0 force field!® the experimentally derived NOEs add, two
starting geometrieseko-syn/exo-syandnon-exo/exo-synand

two different dielectric constants (f*and 80). Following
Neuhaus and Williamsoff, the ability to fit NOE data using
predicted conformations cannot be taken to mean that those
conformations are necessarily those that are present; other
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Figure 6. 2D-NOESY spectra ol at pH 10.0 (I) and 3.5 (b). (500 MHz, 303 K,,D, mixing time, 600 ms. Key NOEs are noted.
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choices might well fit the NOE data alsblevertheless, the  change in the populations of thlexo-syn(74%) andnon-exo
combination of 4Js and 12 NOEs data to define only two (20%) conformers with respect to pH 3.5. F@®acidPaic
dihedral angles gives confidence in the populations obtained, torsions, the major conformer is always #wx-syn68—73%).
which, in fact, only modified the MM3* energy surface Now, in contrast with®,,avantorsions, theexo-antiregion is
described above, with different minima populations. The much more populated (323%) than thenonexo-anomeric
distributions are shown in Figure 8 and the summary of the one (4-12%).
results gathered in Tables $35 of the Supporting Informa- Summary and Discussion of the Results for 1 and Zhese
tion. experimentally based distributions fbrand2 show (Figure 8)

pH 3.5 (Charged Nitrogen). The trajectories indicate the that the effect of the configuration &:2 of the azasugar and
presence of more than five minima in the distribution (Figure sugar residues on the conformational populations is evident at
8) with populations ranking between 5 and 29% forand both pHs. The distributions arourdl,zaman0f 1 also depend
between 1 and 40% f@&: Now, all of the NOE-derived distances  on the pH of the solution. Nevertheless, in all cases, the minor
and J-couplings are reproduced in a quantitative manner. A conformer is that which presents a 1,3-type destabilizing
simple visual inspection reveals clear differences for the interaction between the hydroxyl group@t2 and the vicinal
conformer distribution aroun®azamarand ®g|c torsions (either residue, as described in the Introduction and Chart 1. In
aza or not). FoPazaman the minor population is located around  particular, when OH-2 is equatorial, the minor conformation is
the exo-anticonformer (7%). Thexo-syn(50%) andnon-exo alwaysnon-exo-anomeriq4d—12%). When OH-2 is axial, the
(43%) conformers are almost equally populated. On the other exo-anti conformer is the less populated one—({@®%). The
hand, for ®gc and ®azaci6 the minor population is always increase of theexosyn population aroundbazamanof 1 when

located around theron-exo-anomericegion (7~—9%). Theexo- increasing pH is consistent with the proposed seven-membered
syn conformer always dominates the equilibrium {613%), ring (including the hydrogen) electrostatic’/hydrogen bond
and appreciable amounts of thgo-anticonformer (18-32%) interaction depicted in Figure 3. In fact, the interaction between
are also present. the intraring nitrogen and O-2 of the vicinal Glc unit is only

pH 10. (Neutral Nitrogen). According to the trajectories  possible for this conformation. The induced change in population
(Figure 8), many minima also contribute to the conformational ( ~20%, which corresponds to&G of ~0.4 kcal/mol) can be
equilibrium in these conditions. Nevertheless, some differences detected in this compound due to the high flexibility of the
in the population distributions are observed when increasing glycosidic linkages, with many populated regions of the potential
pH, especially for compound. These variations are the energy map. For other more rigid compounds, a 0.4 kcal/mol
consequence of the observed changes in both the J couplingshange would not be detectable. This energy value is also
and the NOE intensities (Tables S35 in the Supporting  consistent with the 0.5 units ofKg change.
Information). For instance, thevalues which involve azaMan Assuming the three ideal staggered orientatiexs{synnon
H-1 of 1 (Jn1aza-+s 8.8, Jniaza-nr 4.3 HZ), differ in about 2 Hz  exq and exo-ant) around the pseudoglycosidic torsions and
with those measured at pH 3.5. The populations of the different using the experimentally derived populations at both pHs for
minima range between 3 and 56% fbrand between 4 and  both compounds, thAG values for the rotameric equilibrium
46% for 2. may be estimated (Figure 9). The obtaindG values show

With these distributions all the experimental data are repro- the influence of the configuration at C-2. Indeed, for equatorial
duced in a quantitative manner. Regarding the conformation OH-2 groups AGexe-synnon-examounts to 1.33 0.35 kcal/mol,
around® angles, with or without nitrogen within the ring, the  while the AGexe-syn/exo-antisg|ye is 0.654 0.25 kcal/mol. For
trend observed at acidic pH is still mantained at pH 10. For axial OH-2 groups, theGexo-synnon-exps 0. 454 0.35 kcal/mol,
Dazaman the minor conformer igxo-anti(6%). There is a 20% while the AGexo-syn/exo-antig now 1,30+ 0.20 kcal/mol. Figure
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Figure 8. Trajectories of two independent 15 ns tar-MD simulations=(80) performed forl (top) and2 (bottom) at acid (left) and basic (right)

pH with AMBER 5.0. Four MD simulations were performed in total for each compound. Fourteen NOEs and four coupling constants were included.
The agreement between the back-calculated NMR parameters and the observed ones was excellent. The populations of every conformational family
are given. The top and right traces show the percentage of populations at any oriematieayrf, non-exo, exo-antirhe results of two of the
simulations are superimposed. The difference betwkgnof 1 and2 is evident, especially at low pH.

10 shows schematically the rotameric equilibrium between the these compounds have three bonds in the interresidue linkages,

three ideal conformers. Faxo-synconformers, the OH2/R

no important polar and/or steric interactions, apart from the 1,3-

interactions can be assumed to be equivalent for both configura-type, between the residues are likely to occur. In fact, it is known

tions, as depicted in the left-hand side of Figure 10. Therefore,

a simple subtraction of theAG values allows the direct
measurement of thAG contribution to the rotation aroun@
which arises from the interaction between OH-2 and the vici-
nal residue R. Thus, the addition®AG cost AAG =
AGelcexo-syn/non-exo_ AGManexo—syn/non—eaafor the exo—syn/nonexo
transition of® within a sugar with an equatorial hydroxyl group
in comparison with an axial one is 1.850.15 kcal/mol (Fig-
ure 10). In a similar way, the correspondidgAG for the
exo-syn/exo-antitransition AAG = AGgSxo-synexo-anti
AGyaXo-synexo-arfijs —0.75 4+ 0.05 kcal/mol. Both 1,3yn

that (1— 6)-linked oligosaccharides are rather flexible around
o andW linkages, due to the few interactions existent between
the two residue® Diastereotopic assignment of the prochiral
Hr and Hs protons was performed as described previolly.
The protocol was more complicated as a result of the pres-
ence of two contiguous CHunits, and we will detail this
analysis (Figure 11). Thé's for 3 are Ju-1aza H-lowfield 8.7 and
JH1-aza H-highfield4.3 Hz at pH 10.0 andyi-azaH-owfield 9.3 and
JH1-aza H-highfieldd.2 Hz at pH 3.5, indicating the existence of a
predominant conformation with aanti-type relationship be-
tween H-lzaman and Howseld, @and a syntype arrangement

diaxial interactions as well as other steric and polar effects are between H-1;amanand Highfiela, at both pHs. If we consider the

contained in theseAAG values. The existence of a slight

two possible staggered rotamers arodngd,with this arrange-

influence of polar effects is manifested by the observed influence ment (Figure 12), it is obvious that for thexo-anomeric syn

of pH upon the distribution.

Conformation of aza-C-f-Manl — 6Mang (3) and aza-
C-f-Glcl — 6Glcf (4). To isolate the effect of the 1,8yn
diaxial interaction, the conformational behavior arodpg,of
the (1— 6)-linked glycosides8 and4 was also studied. Since

conformation there is close proximity between the prasgn
t0 H-12amar@nd H-2zaman IN contrast, for th@ornrexo-anomeric
orientation, there is close proximity between C-6 andakngan

(25) Dowd, M. K., Reilly, O. J.; French, A. DBiopolymers1994 34,
625-638.
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Figure 9. Representation and relative free energies of the rotameric equilibrium at acidic and basic pHs for the different torsion arglds of
2. The experimental values for the methylene protons and the tar-MD predicted couplings are shown in parentheses.

Medium-strong NOEs were observed between Jdnanand = AGgSX0synnon-exo—  AGy,ex0-synnon-eXp for the exo-syn/
both H-& s of the remote sugar moiety (Figure 11). Indeed, nonexo transition and of—0.7 + 0.4 kcal/mol AAG =
these NOEs are even stronger than those betweepddajand AGg|txo-synfexo-anti. AGy,£x0-syn/exo-anfifor the exo-syn/exo-anti

H-6r s indicating that thenon-exo-anomeriorientation around transition. This 1.7 0.10 kcal/mol energy value for the 1,3-
®,,,0f 3 is highly populated in solutioff The assignment of ~ syndiaxial interaction between an equatorial OH and the
Hiowfield (8.7, 9.3 Hz) is therefore &and Hgnfield IS Hr (4.3, aglycon is in excellent agreement with the ab initio results
4.2 Hz). Note the difference in Cahiingold—Prelog order of reported by Houk et al. for an equivalent interaction in 2-ethyl-
the substituents i with respect tal. Once the diastereotopic  3-hydroxytetrahydropyran (1.5 kcal/mol) in vactio.

assignment was performed, thevalues and the NOE-derived There has been some controversy about the conformational
distances were included in the tar-MD protocol as described similarity betweerO- and C-glycosides10-1226.27The results
above (Figure 13, Table S6 in Supporting Information). The described above have demonstrated that the conformation of
population of thenon-exoconformer is about 75% at either pH.  C-glycosides is primarily governed by 1,3-type interactions and,
Regarding the conformation around the-@56 linkage, two additionally, unambiguously confirm the existence of major
strong H-5 to both H-§s NOEs were observed, which together flexibility around their glycosidic linkages. This flexibility is
with two small Jus Hers couplings indicates the presence of a evidenced not only around the aglycorlé angl€ but also
majorgg rotamer around the C5C6 hydroxymethyl chain. The  around®. In particular, the flexibility is more clearly experi-
same protocol was used for compouh@zaGlc configuration). mentally characterized when sugars of ff¥€-manno series

In this case, the data could only be obtained at pH 10,9, ( are compared with thefi-C-gluco analogues. Slight dependence
azaHR8.0 Hz andly;-aza Hs3.2 HZ) providing evidence of a major  of the conformational equilibrium on pH (due to polar effects)
exo-anomeric symrientation (62-70%). A Glc-typical con- is observed, at least for ataglycosides.

formational equilibriur®23gg:gtfor the C5-C6 hydroxymethyl Regarding the question of wheth€rglycosides reproduce
group was also deduced from NQEdnalysis. Therefore, the  the conformational behavior of natu@tglycosides, our results
results obtained foB and4 for both ®,,,angles are similar to  indicate that, in principle, there is not a general answer. As
those reported above fdr and 2, respectively. Nevertheless, mentioned aboveC-glycosides are always more flexible than
the data foB indicate a higher percentagerwinexoconformers their parenD-analogues, and this has been already demonstrated
in comparison withl. Indeed, the absence of interactions for the different behavior arouni angle. Regarding the degree
between the azaMan residue and the remote sugar urdit of of similarity around®, for 5-C-gluco or -C-galacto (with
increases the amount nbn-exoconformers (now 72% at either  equatorial OH-2) analogues, the conformational distribution
pH). Following the protocol described above to estimate around this angle resembles, although only in a qualitative
AAG values, it can be deduced that the isolated 1,3-type manner, the distribution fg8-O-glycosides with a majoexo-
interaction produced an energy cost of 0.1 kcal/mol AAG anomeric synorientation® However, for thes-C-analogues
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important contributions oéxo-anti(between 17 and 32%) and  is 3.7 A for theexo-synand 2.5 A for thenon-exoconformer.
detectable participation ohonrexo (between 4 and 12%) There is one additional (H-1 Man/H-3 Gal) distance, but this
conformers are also manifested, in contrast with the almost cannot be used to distinguish between conformers since is short
exclusive participation oéxo-synconformers inO-glycosides. in both of them. The potential energy surface calculatedsfor
On the other hand, th&-manno€-glycosides (with axial OH- using the MM3* force field is shown in Figure 14. Glycosidic
2), largely deviate from the behavior usually observed in torsion angles are now defined €§; = Hlyan— Clyan—O—
O-glycoside$ by having up to 43% of th@on-exorotamer. C3gaand Wy = H3ga—C3ca—O—Clyan. The analysis of the
Although the energy values of 1s34ardiaxial interactions map of5 (mannoseries) shows that now only one minimum
described above have been obtained for @zglycosides, the dominates the surface (Figure 14): The globab-anomeric
corresponding values will be similar for regul@analogues minimum A has dihedral angles @fy = 52 4+ 20° andWy =
and somewhat larger for the correspondirglycosides because 5 4+ 30° and about 99% of population is located around this

the C—0O bonds are shorter than t@—C bonds. ForO- conformer. Additional minima By = —52 £+ 20° andWy =
glycosides, it is obvious that thexo-anomericeffect will be 0+ 30°) and C @y = 52 + 20° andWy = 180 + 10°) are
superimposed onto these factors. almost nonexistent. The negligible contribution of minimum C

The conformational behavior off&linked mannopyranoside  to the conformational equilibrium d& (although this geometry
5 was also studied to access the energetic contribution of theis also favored by thexo-anomerieffect) according to MM3*
stereoelectronic effect. A-mannoside was chosen since ac- calculations can be easily explained by the existence of two
cording to the data presented above, there are basically no 1,3destabilizing steric gauche-type interactions between the aglycon

type interactions for either thexosyn ornon-exoforms. Thus, and O5/C2 atoms as well as one $)8rdiaxial interaction with
the conformational equilibrium arourd should be primarily the OH at position 2 of the azasugar ring. The conformational
governed by thexo-anomericontribution. description of the glycosidic torsions bfcan be performed on

Conformation of O-#-Manl — 3Gal-OMe (5) in Water the basis of the above-mentioned NOEs (Table S7 in the
Solution. Compound5 was also chosen since it presents two Supporting Information, Figure 15). A full matrix relaxation
proton—proton distances sensitive morexcanomericpopula- analysis of the NOEs, together with the absence of NOE
tions, which in turn could be detected by NOE experiméhts. between Higa—H3c4 (Figure 15) indicates that the existence
In particular, the H-2 Man/H-3 Gal distance is exclusive (2.2 of nonexo conformers aroundbyan is below experimental
A) for the non exo-anomericonformer. This distance is 4.2 A detection. In this case, the MM3* surface quantitatively
for theexo-anomeric syregion. In addition, H-1 Man/H-4 Gal  reproduces the NOE data, and therefore, the major contribution
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of the exo-synconformation, with>99% population, is con-
firmed. According to both NMR and molecular mechanics
calculations, there is at least&9:1 ratio in favor of theexo-
synconformer versus thaonexoanalogue, which represents
a AGexo-symonexo of gt |east 2.75 kcal/mol.

The azamarp(l — 1) analogue 1) shows an approximate
AGexo-syfmonexo of gnly 0.45 kcal/mol, favoring thexocon-
former. Moreover, the azamgi{1 — 6) analogue J) shows a
AGexo-symonexo of —(,3 kcal/mol, even favoring theonexo-
anomericconformer. Therefore, assuming similar steric interac-
tions for bothexo-synand norrexo conformers (indeed, very
minor for these compounds) aroudgl,, of 1, 3, and5, the
additional stabilization of thexo-anomeric syconformation
provided by the stereoelectronic effectOaglycoside5 in water
amounts to at least 2.3 kcal/mol.

Figure 13. Trajectories of®,,, for two independent 15 ns tar-MD
simulations ¢ = 80) performed for3 (blue) and4 (red) at basic pH

with AMBER 5.0. Four MD simulations were performed in total for
each compound. Six NOEs and four coupling constants were included.
The agreement between the back-calculated NMR parameters and the
observed ones was excellent. The populations of every conformational
family are given. The difference betwedn,,,of 3 and4 is evident.

Conclusions

The experimental NMR results demonstrate a different
conformational behavior of az@-mannosidesl and 3 with
respect to az&-glucoside® and4 which strongly depends on
the configuration aC-2 of the azasugar residue. Isgrdiaxial
interactions of equatorially oriented hydroxyl groups with the
aglycon destabilize (at least 1.0 kcal/mol) ti@n-exo-anomeric



11328 J. Am. Chem. Soc., Vol. 121, No. 49, 1999

CE I M AT
120+ {120
60 {60

- Qo
60 < —--60
1201 {-120
0 0 &0 0 e 1m0 180

¢
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conformers aroundDb. In contrast, when the conformational
distribution around®,,; of C-mannosidel is compared with
that of O-mannosideb, it is observed that thexo-anomeric
synconformation is additionally stabilized by at least 2.3 kcal/
mol. Moreover, the difference betwe@n and azac-glycosides
is due to the C-linkage, not to the azasugar. Thus, if the
orientation aroundbgc (with intraring oxygen) ofl and 2 is
considered, a higher limit of 1.2 kcal/mol is obtained for the
energy difference between th&o-syrandnon-exoconformers,
even with the existence of a 1,3-type interaction for then-
exoconformer around this linkage. This value is also very much
below (at least 1.1 kcal/mol) the observed differenceSor
The demonstration of the existence of an important stereo-
electronic stabilization for thexasynconformer ofO-glycoside
5 has been achieved. The importance oféke-anomerieffec
as the major factor whyD-glycosides adopt their particular
conformation has been question@d!Our results indicate that
in the absence of stereolectronic stabilization high populations
of conformers which are not consistent with #we-anomeric
disposition may be adopted. This fact indicates thateke-
anomericeffect is indeed a key factor to determine the conform-
ational behavior ofp angles ofO-glycosides in water solution
(>2.3 kcal/mol). Moreover, the addition of trexo-anomeric
and 1,3-effects irD-glycosides with an equatori@®-2 of the
common natural serieg-gluco andf-galacto provides the
explanation for the unique existenceexfo-anomericonforma-
tions around® in these natural glycosides 8.3 kcal/mol).
Regarding the use @-glycosides a®©-glycoside isoesters,
it is evident that, due to the low-energy difference among
conformers, conformations different from the major one existing
in solution may be bound by the binding site of proteins without
major energy conflicts. These results, along with those previ-
ously obtained foC-lactose (with g3-glycosidic linkage), are
important for drug desigh?6-2”Evidently, topological features
of the protein binding site restricting ligand mobility and
demanding conformer selection, as well as the shifting of the
inherent dynamic equilibrium of the flexible-glycoside, can

(26) Espinosa, J. F.; Cada, F. J.; Asensio, J. L.; Dietrich, H.; Mart
Lomas, M.; Schmidt, R. R.; Jirmez-Barbero, JAngew. Chem., Int. Ed.
Engl. 1996 35, 303-306.

(27) Espinosa, J. F.; Montero, E.; Vian, A.; Garcia, J. L.; Dietrich, H.;
Martin-Lomas, M.; Schmidt, R. R.; Imberty, A.; Cada, F. J.; Jifeez-
Barbero, JJ. Am. Chem. S0d.998 120, 10862-10871.

Asensio et al.

contribute to the final results. When a lectin imposes a constraint
by establishing interactions to both sugar units, then the mobility
will decrease and only a certain, topologically favored conformer
will fit into the binding site. Alternatively, the possibilities still
exist that the intramolecular mobility could be maintained, if
the entropic penalty exceeds the enthalpic gain by weak sugar
protein interactions, or that the conformation of the global
minimum reaches an optimalG value, as seen in the case of
ricin.’226 Consequently, the flexibility o€-disaccharides may

be a limitation to their use as therapeutic agents. Nevertheless,
these compounds are still excellent probes to study the com-
bining sites of proteins and enzyntéss well as test compounds

to access conformational properties of saccharides.

Experimental Section

Compounds.The synthesis of compounds 3%, and8% have been
described previousl§: Details of the synthesis d, 4, 6, and 7 will
be published elsewhefé. Recently an independent synthesis of
compound4 has been reported.

Enzymatic Assays The enzymatic activities of amyloglucosidase
(A. nigen, a-mannosidase (Jack bean), ghwdjlucosidase (almonds)
were determined by monitoring the releas@afitrophenol (PNP) when
p-nitrophenyle-p-glucoside, p-nitrophenylei-pD-mannoside, andp-
nitrophenyl 5-p-glucoside, respectively, were used as substfétes.
Enzymes and substrates were purchased from Sigma Chemical Co. The
reactions for each substrate were carried out ipl50f 50 mM sodium
acetate buffer (pH 5.6), using different inhibitor concentrations (091
mM), and started with the addition of the corresponding enzyme at
310 K. After 20 min the reactions were stopped by adding B0®f
1 M sodium carbonate, and the amount of released PNP was measured
at 400 nm by using a Perkin-Elmer spectrophotometer. Kinetic
parameters were calculated by fitting the initial velocities at six
concentrations of every inhibitor, by using the Sigmaplot program. A
competitive inhibition mechanism was assumed.

Molecular Mechanics and Dynamics Calculations.Molecular
mechanics calculations were performed with MMBas included in
MACROMODEL 4.5 as described'2A dielectric constant = 80
was used.

For the MD simulations, compounds—4 were built using the
X-Leap*® program. Atomic charges were derived from AM1 semiem-
pirical calculations. All molecular dynamics simulations were carried
out using the Sander module within the AMBER 5.0 package. As a
first step, several unrestrained MD simulations were run for all the
disaccharides, starting from different low-energy geometries and using
different values for the dielectric constart< 1*r ande = 80). No
quantitative fit of the experimental data was achieved in any case.

Therefore, MD-tar simulations were carried out for compouheld.
NOE-derived distances were included as time-averaged distance
constraints and scalar coupling constants as time-averhgedpling
restraints. Ali—8(76 average was used for the distances and a linear
average was used for the coupling constants. Jtalues are related
to the torsionr by the well-known Karplus relationsHid

J= Aco¢ () + Bcosf) +C

A, B, andC values were chosen to fit the extended KarplAstona
relationshigt for every particular torsion. At the end of the simulations
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(29) Johnson, C. R.; Kozak, J.; Zhu, Z., to be published.
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(31) Allinger, N. L.; Yuh, Y. H.; Lii, J. H.J. Am. Chem. Sod989
111, 8551-8558. The MM3* force field implemented in MACROMODEL
differs of the regular MM3 force field in the treatment of the electrostatic
term since it uses chargeharge instead of dipotedipole interactions.

(32) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R,;
Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. &.Comput. Chem.
199Q 11, 440-467.

(33) Schafmeister, C. E. A. F.; Ross, W. S.; RomanovskilLFaP,
University of California: San Francisco, 1995.
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Figure 15. Left: 1D-DPFGSE NOESY spectra &fat 500 MHz, 303 K, RO, mixing time, 800 ms. Key NOEs are noted. (a) Inversion of H-2

of the Man residue. (b) Inversion of H-1 of the Man residue. (c) Regular 1D spectrum. Right: Schematic representation of the main conformation
of 5. Observed NOEs are indicated in gray. Non-observed NOEs are indicated in black.

the averaged values were calculated using both the regular Karplus NMR Spectroscopy The NMR experiments were recorded on a
and the complete Altona equations and compared to the experimentalVarian Unity 500 spectrometer. 2-D NOESY experiments used the
ones. standard sequence, while 1-D selective NOE spectra were acquired
Trial simulations were run using different simulation lengths using the double echo sequence proposed by Shaka and co-wirkers.
(between 1 and 15 ns) and different force constants for the distancesFive different mixing times were used for the 1-D NOE experiments:
(between 10 and 30 kcal/mol?Aand J couplings (between 0.1 and 200, 400, 600, 800, and 1000 ms. NOESY back calculations were
0.3 kcal/mol HZ) constraints. Different values for the exponential decay performed as describég!?
constant (between 100 ps and 1.5 ns) were also tested. These . .
preliminary runs showed that for flexible moleculeslast, the use of Acknowledgment. Financial support by DGICYT (Grant
exponential decay constants shorter than 1 ns produced unstabld®?B96-0833) and TMR-EU (FMRX-CT98-0231) is gratefully
trajectories and led in some cases to severe distortions of the pyranoseacknowledged. The work at Wayne State University was
rings. In contrast, good results were obtained when using exponential supported by a grant (CHE-9801679) from the National Science
decay constant values of 1 ns or larger. It has been estifiatbdt Foundation. J.L.A. thanks CAM and MEC for fellowships. A.G.
simulation lengths of-1 order of magnitude larger than the exponential  thanks GV for a fellowship. We thank Dr. C. Vicent and Dr. P.
decay constant should be used to generate reliable estimates of averaggy Nieto for discussions. We also thank Dr. P. Vogel (U. of

properties. Thus, the final trajectories were run using an exponential Lausanne) for discussing results prior to publication. This paper

decay constant of 1.5 ns and a simulation length of 15 ns. . . . . .
It is also knowi™ that, when using large force constants for the is dedicated to Professor P. jnan the occasion of his 62nd

coupling constraints, the molecule can get trapped in high energy, birthday.

physically improbable, incorrect minima. To solve tifidgdse minima . - - . -
problem, low values (between 0.1 and 0.3 kcal/mof)Hgere used Supporting Information Available: Tables StS7 with the

for the J coupling restraints force constants. H NMR assignmen'Fs of compounds-4 and the details of the '
Two final 15 ns MD-tar simulations (starting from different low- ~Molecular mechanics and MD-tar calculations (PDF). This

energy conformations) were run for each disaccharide in both the Material is available free of charge via the Internet at
protonated and nonprotonated forms. Population distributions obtained http://pubs.acs.org.

starting from different initial geometries were almost identical, indicat- JA9922734

ing that the simulation length is adequate for a proper convergence of
the conformational parameters. Average distancelasmdues obtained (34) Stott, K.; Stonehouse, J.; Keeler, J.; Hwang, T.-L.; Shaka, A. J.
in this way were found to correctly reproduce the experimental ones. Am. Chem. Soc995 117, 4199.




