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The conformational behaviour of three mannose-containing
oligosaccharides, namely, the 01—3[a1—6] trisaccharide, a
heptasaccharide with ¢1—2, a1—3 and 01—6 linkages and a
tetrasaccharide consisting of a1—3 and a1—2 linkages, when
bound to banana lectin (BanLec) has been evaluated by
trNOE NMR methods and docking calculations. It was found

that the molecular recognition event involves a conforma-
tional selection process with only one of the conformations
present in the free state of the sugar being recognised at the
lectin binding site.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The recognition of high-mannose-type oligosaccharides
plays a key role in protein quality control, with several in-
tracellular proteins, such as lectins, chaperones and glycan-
processing enzymes, being involved in this process."? A
number of proteins bind the high-mannose saccharides
found on the surface of the HIV-associated envelope glyco-
protein gpl20, thus interfering with the viral life cycle,
providing a putative manner of controlling a variety of in-
fections, including HIV.[* These proteins are thought to rec-
ognise high-mannose-type glycans with subtly different
structures, although the precise specificities are yet to be
clarified. In order to gain a better understanding of these
protein—carbohydrate recognition events and as a key step
for controlling them, access to well-defined mannose-con-
taining oligosaccharides by means of organic synthesis
methods is of paramount importance.[*>] In addition, the
possibility for these oligosaccharides to be part of saccha-
ride-containing clusters is also highly desirable.l! Indeed, it
has been demonstrated that synthetic oligomannose clusters
could mimic some of these carbohydrate epitopes (also in-
cluding those of the 2G12 antibody), providing antigenic-
ity.[l Recently, gold glyconanoparticles (GNPs) have been
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designed and used as new multivalent tools that mimic gly-
coconjugate presentation on the cell surface. As key advan-
tages, GNPs are highly soluble under physiological condi-
tions, stable against enzymatic degradation and, more im-
portantly, they are essentially non-toxic.[®! Therefore, GNPs
may be used as suitable tools for basic studies of carbo-
hydrate interactions and for intervention related to key bio-
logical processes.]

The precise three-dimensional structure and dynamics of
the saccharides have important implications in these re-
cognition events and, thus, an understanding of these par-
ticular aspects is crucial for controlling the recognition
events.['% Herein, as part of a project devoted to the synthe-
sis, interaction studies and applications of gold glyconano-
particles,''l we present the study of the banana lectin
bound geometries of three linear and branched oligoman-
nosides containing 1—2, 1—3 and 1—6 linkages. These
molecules have been prepared as components of mannose-
containing GNPs as potential microbicides that could block
HIV-1 gp120 binding to DC-SIGN. We have decided to use
banana lectin (BanLec) as the model lectin. BanLec is a
dimeric plant lectin from the jacalin-related lectin family.[*!
It is widely recognized that plant lectins are excellent model
systems for the study of protein—carbohydrate interactions
because of their robustness and ready availability.'3] More-
over, it has been speculated that lectins of the jacalin family
are involved in interactions with the gp120 glycoprotein.l!

Results and Discussion

The three oligosaccharides studied herein show struc-
tural features also present in the ManyGlcNAc, oligosac-
charide, although they may be considered as fragments or
non-natural modifications thereof. Therefore, experimental
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data on the structure and conformational behaviour of the
natural complete oligosaccharide and fragments thereof are
available from previous X-ray crystallographic and NMR
spectroscopic  studies.l'*!3] Computational studies using
molecular mechanics and dynamics simulations have also
been described for the (1—2)- and (1—6)-linked trimanno-
side.'®! These latter studies suggested little correlation be-
tween the motion of the two glycosidic linkages, (1—2) and
(1—6), which indeed behaved as they do in the correspond-
ing (1—2)- and (1—6)-linked dimannosides.'”l Therefore,
analyses of the tetra- (1), tri- (2) and heptasaccharides (3)
will be described independently.
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Tetrasaccharide 1

The conformational analysis of this molecule in the free
state was evaluated by using NOE-based NMR experiments
and molecular mechanics and dynamics calculations.!'®! Its
conformational behaviour may be described by a distribu-
tion of conformers that display exo anomeric conforma-
tions around all the torsion angles @ of the molecule and
fluctuations around negative and positive values of the ¥
aglyconic linkages. A superimposition of the different repre-
sentative conformers is given in Figure 1.

Figure 1. Superimposition of the major conformers of 1 in the free
state according to MM3* calculations. The 1—3-linked residue has
been chosen for the superimposition.

In particular, the positive and negative regions of ¥ are
both represented in available X-ray structures of mannose
oligosaccharides and account for the set of three NOE con-
tacts typically observed across this glycosidic linkage.['"!
For the Manal—2Man linkage, the HI-H1’ contact can
only arise from positive ¥ conformers and the H5'-H]1 con-
tact only from negative ¥ geometries. The interglycosidic
H1'-H2 pair is at an NOE distance in both conformations.
For the Mana1—3Man glycosidic linkage, the H2-HS’ con-
tact may be observed for both positive and negative ¥ geo-
metries, but should be stronger for the latter arrangement.
Finally, the H1'-H2 linkage (see Figure 1 of the Supporting
Information) can only arise from positive ¥ geometries.
The interglycosidic H1'-H3 pair is again at an NOE dis-
tance in both conformations.

Tetrasaccharide 1 displays two Manal—2Man linkages,
dubbed ManAol—2ManB and ManBal—2ManC. In the
free state, a 30:70 distribution between the positive
and negative ¥ conformers for each Manal—2Man or
Manal—3Man glycosidic linkage quantitatively accounts
for the observed NOEs.

As mentioned in the Introduction, BanLec was chosen
as the model lectin to test the interaction abilities of these
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Figure 2. The binding of 2 to banana lectin as monitored by NMR spectroscopy. The figure shows sections of the anomeric region (right)
and H2 region (left) of the trNOESY spectrum (250 ms) of 1 in the presence of banana lectin (30:1 molar ratio). Cross peaks show the
same sign as diagonal peaks, indicating binding. Key trNOESs are indicated.
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Table 1. Calculated and experimental interproton distances [A] for 1 and the observed NOE contacts.

Linkage Proton pair Exp. distances in the Exp. distances in trNOE intensity!] Distancel®! for conformers:
bound state the free statel®°l positive ¥/negative ¥
(CORCEMA )bl
al—2 H1'-HI1 AB 3.4 AB 3.2 weak 2.6-3.4/4.1-4.4
H1'-HI1 BC 3.4 BC 3.3 weak
H1'-H2 AB 2.55 AB 2.4 strong 2.1-2.3/2.3-2.6
H1'-H2 BC 2.55 BC24 strong
H5'-HI1 AB 2.35 AB 2.5 strong-medium 2.4-3.0/2.3-2.9
H5'-HI1 BC 2.35 BC 2.5 strong-medium
H5'-H2 not detected not detected not detected 4.4/3.0
al—3 H1'-H3 CD 2.3 CD 23 strong 2.2/2.5
H1'-H2 CD 3.1 CD 3.0 weak 2.6/4.2
HS5'-H2 CD24 CD 2.5 medium 2.8/2.4

[a] AB and BC represent the two Mano1—2Man linkages, while CD refers to the Manal—3Man linkage of 1. In all cases, the correspond-
ing non-reducing moiety of a given linkage is primed. [b] The first column of data gathers the averaged interproton distances calculated
by the CORCEMA analysis of the trNOE cross peaks at four mixing times. [c] Distances for compound 1 in the free state were derived
from 1D and 2D NOESY and T-ROESY data by using the isolated spin-pair approximation (ISPA), according to the protocol described
in the Exp. Sect. Error estimation in the measurement is less than 0.2 A. [d] Experimental trNOESY intensities as deduced from intensity
volume measurement. [e] Estimated distances for the representative conformers of both Manal—2Man and Manal—3Man linkages in

the positive ¥ and negative ¥ regions.

oligosaccharides as its 3D structure when complexed with
mannose and other saccharides has recently been re-
ported.?%211 The addition of this lectin to NMR tubes con-
taining 1 induced broadening of its NMR signals (Fig-
ure 2).[%]

Saturated transfer difference (STD) is also a straightfor-
ward NMR method that permits ligand binding to recep-
tors to be determined.**?* Thus, STD experiments were
used to further study the interaction, as also depicted in
Figure 1 of the Supporting Information. For 1, clear STD
effects for all the H2 protons were deduced by visual inspec-
tion, the STD effects being smaller for the anomeric signals.

trNOE experiments were then used to deduce the confor-
mation of the saccharide bound to the lectin.?>24 26 Ag
previously shown, for ligands that are not bound tightly
and for which exchange between the free and bound states
occurs at a reasonably fast rate, the transferred nuclear
Overhauser enhancement (trNOESY) experiment provides
an adequate means for determining the conformation of the
bound ligand.??>2%] In the bound state, strong and negative
NOE cross peaks were observed for 1 in the presence of the
lectin at a 20:1 ligand/receptor molar ratio, even at short
mixing times (Figure 2 of the Supporting Information).
This observation contrasts with findings noted for the free
state, for which NOE cross peaks were weakly positive and
clearly indicates sugar recognition by the lectin (Table 1).

A CORCEMA-based full-relaxation matrix analysis(?”]
of the cross peaks was performed to deduce the experimen-
tal proton—proton distances in the bound state, which were
then compared with those estimated for the free sugar. For
both Manal—2Man linkages, the HI'-H1 and H1'-H2
cross peaks were weaker in the bound than in the free state,
while the H5'-H1 and H5'-H2 ones were stronger. These
observations are in agreement with a shift in the conforma-
tional distribution towards negative ¥ angles. Similar be-
haviour was deduced for the Manal—3Man linkage. In this
case the H1'-H2 and H5'-H2 cross peak intensities in the
bound state relative to those of the free one agree with a
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significant population of the negative ¥ region, whereas a
strong H1'-H3 contact does not allow discrimination be-
tween the positive and negative regions. Therefore, the lec-
tin modifies the conformational equilibrium of 1, shifting
the conformational populations. According to the NOE
data, the tetrasaccharide still retains a certain conforma-
tional mobility, but there is a high predominance of nega-
tive conformers for the ¥,_,, torsion angles and positive
ones for the ¥;_.; torsion angles (above 80%), as depicted
in Figure 3 of the Supporting Information.

Trisaccharide 2

The conformational behaviour of this trisaccharide in the
free state and bound to different lectins has been extensively
studied.[?® 32 The results indicate that there is a single con-
formation for the exo anomeric torsion angle @, centred
around —60°, with the concomitant presence of conforma-
tional mobility around the w;_,¢ torsion (equilibrium be-
tween the gg and gt conformers) with additional more re-
stricted fluctuations around ¥,_,;. Thus, the combination
of these degrees of freedom covers the conformational
space available to 2.

For trisaccharide 2, major STDs (Figure 4 of the Sup-
porting Information) are observed for both H2 signals of
the external residues as well as a minor effect for H6R of
B and/or H2 of C. This pattern seems to indicate major
recognition of the 1—3 arm.

WWW.eurjoc.org 1579
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Table 2. Calculated and experimental interproton distances [A] for 2 and the observed NOE contacts.

Linkage Proton pair Exp. distances in the trNOESY intensity!*] Distance for conformers:
bound state (CORCEMA )[2-b] positive ¥/negative P14

al—3 H,-H; AB 24 strong 2.1/2.5

H,"-H, AB overlap weak 2.5/4.3

Hs'-H, AB 2.5 medium 3223
al—6 H,-Hgr CB24 strong 2.4-2.77

H,'-Hgs CB29 weak 2.9-35

HyHgr >3.1 very weak N.a.

H,-H; CB not detected not detected 4.2-4.7

[a] AB represents the Manal—3Man linkage, while CB refers to the Manal—6Man linkage. In all cases, the corresponding non-reducing
moiety of a given linkage is primed. For the Manol—6Man linkage, only ¥ = 180° is considered. [b] The first column of data gathers
the averaged interproton distances calculated from the CORCEMA analysis of the trNOE cross peaks at four mixing times. Error
estimation in the measurement is less than 0.2 A. [c] Experimental trNOESY intensities as deduced from intensity volume measurement.
[d] Estimated distances for representative conformers of both Manal—3Man and Manol—6Man linkages in the positive ¥ and negative

¥ regions.

The trNOESY experiments (Figure 2) provided in-
teratomic distances for the key proton pairs of all the link-
ages, as reported in Table 2. For the (1—3) linkage,”® the
H1’-H3 NOE does not permit differentiation between the
positive and negative ¥ regions. However, the relatively
strong H5'-H2 cross peak indicates a major contribution
of negative ¥|_,; torsion angles in the bound state. For the
(1—6) linkage no H1'-HS5 cross peak was observed, thus
indicating a major anti conformer around ¥, also in agree-
ment with the relative NOE values for the HI'-H6R and
H1’-H6S proton pairs, which are similar to those observed
for the free state. Moreover, the H4-HO6R contact was very
weak in the trNOESY spectrum, pointing towards the re-
cognition of a major gg rotamer for the (1—6) linkage in
the bound state, although binding of the gt geometry can-
not be ruled out. According to these data, the lectin modi-
fies the conformational equilibrium of 2, shifting the con-
formational populations towards a major bound con-
former,?3! as depicted in Figure 5 of the Supporting Infor-
mation.

Heptasaccharide 3

The heptasaccharide 3 shows two Manal—2Manol—2-
Man branches that emanate from each terminal Man unit
and which are also present in the trisaccharide 2, as de-
scribed above. Thus, this oligosaccharide may be described
as a composition of 1 and 2. Indeed, one of the arms of 3
corresponds exactly to tetrasaccharide 1. The conformation
of the free molecule was analysed (Table 3, Figure 3)
through the use of MD simulations and NMR spectro-
scopic data (1D and 2D NOESY and T-ROESY).['#]

The negative ¥ conformation was in all cases preferred
over the positive one, with a similar preference to that de-
scribed above for free 1 (Figure 3).

Indeed, in the free state, for all Manal—2Man linkages,
the observed H5'-H1 NOE intensity was always signifi-
cantly more intense (estimated distance 2.5 A) than that ob-
served for the corresponding H1'-H1 pair (estimated dis-
tance 3.3-3.4 A).'81 The conformational equilibrium also
favours negative over positive ¥ values around the
1580
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Figure 3. Conformational studies on 3. The figure shows the super-
imposition of the representative geometries that encompass the
possible conformational space available to free 3. Calculations were
run with MMOD 7.0, using MM3* and the GB/SA water solvation
model.

H2N(H2C),0

ManCal—3ManD linkage as the experimental average
C1’-D2 distance was approximately 3.3 A and that for C5'—
D2 was 2.5 A, closer to that expected for negative ¥ con-
formers. Thus, the conformational equilibrium in water fav-
ours negative ¥ conformers, with an estimated distribution
of around 75:25.118]

For the Manal—6Man moiety again a basically pure ¥
anti conformation was predicted with the existence of both
gg and gt rotamers around the C5-C6 bond of unit D.

Eur. J. Org. Chem. 2007, 1577-1585
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Table 3. Calculated and experimental interproton distances [A] for 3 and observed NOE contacts.

Linkage Proton pair Exp. distances in the Exp. distances in the trNOE intensityl Distancel® for conformers:
bound state free state (ISPA positive Y/negative ¥
(CORCEMA,)a-b1 model)#-<!

al—2 HI'-H1 AB >3.4 AB 3.3 2.6-3.4/4.1-4.3
HI'-H1 BC >34 BC 3.3 not
H1'-H1 GF >34 GF 3.2 observed
HI'-H1 FE >34 FE 3.2
HI'-H2 AB 24 AB 24 strong 2.1-2.3/2.3-2.6
H1'-H2 BC23 BC24 strong
H1'-H2 GF 2.4 GF 24 strong
H1'-H2 FE 2.3 FE 2.4 strong
H5'-HI AB 2.9 AB 2.6 strong-medium 2.4-3.0/2.3-3.1
H5'-HI BC 2.9 BC 2.6 strong-medium
H5'-HI GF 2.9 GF 2.6 strong-medium
H5'-HI FE 2.8 FE 2.6 strong-medium

al—3 H1'-H3 CD 23 CD 23 strong 2.2/2.5
H1'-H2 CD 3.4 CD 3.3 weak 2.6/4.2
H5'-H2 CD 2.6 CD 25 medium 2.812.4

al—6 H1'-H6a ED 2.4 ED 24 strong 24-2.7
H1'-H6b ED 3.0 ED 2.9 weak 2.9-35
H1'-HS5 ED not detected not detected not detected 4.2-4.7

[a] AB, BC, GF and FE represent the o1—2 linkage, whereas CD and ED refer to al—3 and a1—6 linkages, respectively. In all cases,
the corresponding non-reducing moiety of a given linkage is primed. For the 1—6 linkage, only ¥ = 180° is considered. [b] The first
column with data gathers the averaged interproton distances calculated from the CORCEMA analysis of the trNOE cross peaks at four
mixing times. [c] Distances for compound 3 in the free state were derived using the isolated spin-pair approximation (ISPA) according to
the protocol described in the Exp. Sect. from 1D and 2D NOESY and T-ROESY data. Error estimation in the measurement is less than
0.2 A. [d] Experimental trNOESY intensities as deduced from intensity volume measurement. [e] Estimated distances for representative
conformers of both Manal—2Man and Manal—3Man linkages in the positive ¥ and negative ¥ regions.

The STD for the heptasaccharide/BanLec sample (Fig-
ure 6 of the Supporting Information) again shows major
enhancements for the H2 protons of the more external
1—2-linked residues and minor enhancements for the an-
omeric protons, although enhancements for the external
protons as well as that of the 1—3-linked moiety are ob-

trNOESY experiments were also performed in order to
further explore the binding features of 3 (Figure 4). Drastic
differences are observed in the trNOESY spectrum of the
heptasaccharide 3 in the presence of banana lectin. The
H1'-H1 cross peaks essentially disappear for all 1—2 link-
ages, indicating a major shift of these linkages towards

servable. negative ¥ values. Moreover, the H5'-H1 cross peak also
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Figure 4. The binding of 3 to banana lectin as monitored by NMR spectroscopy. The figure shows sections of the anomeric region of
the free state (right, ROESY, 400 ms mixing time) and bound state (left, trNOESY, 250 ms mixing time) of 3 in the presence of banana
lectin (30:1 molar ratio). In the trNOESY, cross peaks show the same sign as diagonal peaks, indicating binding. Key trNOEs are
indicated.
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displays weaker intensities (vs. the intra-residue H1/H2 con-
tacts) relative to those in the free state. This strongly re-
stricts possible values of @ and ¥ to around -30 = 10 and
-20=*=10 for the 1—2 linkages. In this area, the H1'-H1
distances are larger than 4 A, while the H5'~H1 distances
are around 2.9+ 0.2 A, in agreement with the NMR experi-
mental results.

For the 1—3 linkage, the bound conformer is not clearly
defined and indeed the NOE data for the HI'-H3, H1'-
H2, and H5'-H2 cross peaks are between those expected
for the negative and positive ¥ regions. This probably me-
ans that this linkage retains a certain amount of conforma-
tional mobility in the bound state. A similar situation may
be attributed to the intrinsically more flexible 1—6 linkage.
In any case, the conformational mobility of the heptasac-
charide is significantly reduced by the protein, especially
for the four 1—2 linkages. A view of the putative bound
conformers is shown in Figure 7 of the Supporting Infor-
mation.

Docking Experiments

As a further step, and with this experimental infor-
mation, 3D models of the possible complexes formed be-
tween 1-3 and banana lectin were built using both manual
docking and AutoDock procedures. As mentioned before,
BanLec was chosen as a model lectin.[2%2! It is a homodi-
mer and belongs to a subgroup of the jacalin-related lectin
family that binds to glucose/mannose and presents two
sugar-binding sites per monomer.

Although attempts at crystallization and further NMR
experiments are presently being carried out in our laborato-
ries, we have performed a preliminary docking analysis of
the possible binding modes of 1-3 to BanLec.

First, the possibility of each saccharide simultaneously
accessing the two binding sites of a given monomer was
evaluated. For this, the different possible bound conforma-
tions deduced above from the trNOESY experiments in
solution were considered.

From the X-ray structure of each of the monomers of
BanLec complexed to two mannose moieties, the distance
between the two O4 atoms of the bound sugars ranges be-
tween 13 and 14 A.120211 For 1, the distance between the O4

atoms of residues A and D oscillates between 7 and 11 A,
depending on the conformation around @ and ¥ of both
the 1—2 and 1—3 linkages. According to these numbers, it
is not possible for one tetrasaccharide entity (or the trisac-
charide) to be simultaneously bound to both binding sites.
The possibility of docking each mannose residue to each of
the two binding sites was then explored.

According to the AutoDock protocol, by considering the
trNOESY-based bound conformation, that is, with all the
1—3 and 12 linkages in the negative ¥ region, the best
solution shows that the tetrasaccharide is intimate with the
Asp38 binding area of the lectin. The terminal non-reduc-
ing end occupies the position of the bound mannose,?" giv-
ing the contacts already described for the monosaccharide,
especially hydrogen bonds with Asp38 and van der Waals
contacts with Phel31. The two residues ManB and ManC
also provide sugar—protein contacts; Tyr83 (polar and non-
polar contacts) and His84 hydrogen bond with ManC,
whereas Asp35 establishes a hydrogen bond with ManB.
There is a second available solution for which the second
Man residue (ManB) replaces the bound Man in the crystal
structure. In this case, Tyr83 establishes hydrogen bonds
with both ManB and ManD, whereas His84 forms polar
contacts with ManD. Thr6l1 interacts with ManA, Gly60,
Lys91 Asp35 and Asp38 with ManB (Figure 5). According
to the AutoDock calculations, ¥ torsion angles in the nega-
tive region preclude the recognition of the tetrasaccharide
with the reducing end or ManC in this binding site. More-
over, the second binding site, in the vicinity of Glyl5, can-
not accommodate the tetrasaccharide with the NMR-de-
rived bound geometry without major steric conflict (Fig-
ure 8 of the Supporting Information). Thus, two possibil-
ities exist for BanLec to bind tetrasaccharide 1, always in
the same region and indeed with very similar contacts. In
particular, the NMR results cannot distinguish between
these two possible binding modes.

For the trisaccharide, docking of two different mannose
residues of the 1—3 branch was attempted with either the
gg or gt conformers at the 1—6 linkage. Both binding sites
provided acceptable solutions, but only when the non-re-
ducing mannose of the 1—3 arm interacted with the lectin.
The major interactions were provided for ManA in both
cases and, either for the interaction with Asp38 or Glyl5

Figure 5. Representation of the two possible modes of interaction of tetrasaccharide 1 with banana lectin. Either the terminal non-
reducing (left) or its contiguous Man moiety (right) of 1 may be docked at the Asp38 binding site without major steric conflict.
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Figure 6. Docking of trisaccharide 2 at both banana lectin binding sites. The two non-reducing mannose moieties at the 1-3 arm could
be docked with major steric conflict. Either the gg (left) or gt (right) rotamers at the 1-6 linkage are possible. In the top part, the D38
binding site is shown. In the bottom part, the G15 binding site is represented.

areas, both the gg or gt rotamers of mannose B were plaus-
ible. Indeed, no major contacts with the protein for this
residue were evident from the docking solutions, giving rise
to the possibility of simultaneous binding to the two Man
binding sites.

For the heptasaccharide, taking into account the
trNOESY-derived conformation with all the 1—2 linkages
in the negative ¥ area (Figure 6), there is only one major
solution from the AutoDock calculations and that displays
a positive ¥;_,3 value (Figure 7). The complex obtained
shows that the terminal Man residue of the 1—3 arm occu-
pies the position of the Man residue at the Asp38 binding
site. Binding at the Gly15 site using the experimental NMR
geometry is not possible without major steric conflict. In
the best solution, the three residues of the 1—3 arm, as well
as the branching moiety, provide contacts with the protein
similar to those described above for the first solution of the
tetrasaccharide. Asp35, Asp38, Tyr83, His84 and Phel3l
provide the intermolecular lectin—sugar hydrogen bonds
and the van der Waals contacts required to stabilize the
complex.[3433]

Therefore, a combination of NMR methods and docking
simulations has provided plausible solutions for the binding
of these oligosaccharides to BanLec. Conformational selec-
tion processes take place in both the saccharide and lectin.
For the smaller sugars, different binding modes of the sac-
charides to the same lectin probably occur. In any case, the
NMR experiments reveal that the three oligosaccharides ef-
fectively interact with this lectin and that they may be used
as recognition points in more complex multivalent synthetic
systems. Further studies are taking place in our laboratories
to explore these possibilities.
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Figure 7. Representation of the best (AutoDock) mode of interac-
tion of heptasaccharide 3 with banana lectin. The non-reducing
moiety at the 1-3 arm of 3 may be docked at the Asp38 binding
site without major steric conflict.

Experimental Section

Compounds: The oligosaccharides studied were prepared in good
yields with a minimal number of building blocks according to the
one-pot self-condensation synthesis described by Wong and co-
workers.*I The synthetic procedure will be reported elsewhere. Ba-
nana lectin was isolated and purified as described previously.l?]

NMR Spectroscopy: NMR spectra of compounds 1-3 were re-
corded in D,O at 500 MHz with a Bruker AVANCE spectrometer
at 298-300 K. The 'H and '3C NMR spectra of 1-3 were assigned
employing a combination of 2D-TOCSY,?” NOESY,*® T-
ROESY,T HSQCH and HSQC-TOCSY experiments. For studies
of 1-3 in the free state, concentrations of 5 mMm for 1 and 2, and
3 mm for 3 were used.

The T-ROESY and NOESY experiments were performed in the
phase-sensitive mode with the TPPI method for quadrature detec-
tion in F1. Typically, a data matrix of 2 k X512 points was em-
ployed to digitise a spectral width of 4000 Hz. Between 32 and 48
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scans were used per increment with a relaxation delay of 2 s. Prior
to Fourier transformation, zero-filling was performed in F1 to ex-
pand the data to 4 X 2 k. Baseline correction was applied in both
dimensions. The corresponding shift was optimized for the different
spectra. In order to describe the conformational behaviour of 1-3,
selective 1D and 2D NOESY and T-ROESY experiments in D,O
were carried out.

These selective experiments were recorded employing a double-
pulse field-gradient spin-echo (DPFGSE) module.*'l NOE inten-
sities were normalised with respect to the diagonal peak at zero
mixing time. Selective 7 measurements were performed on the an-
omeric and several other protons to obtain the above-mentioned
values. Experimental NOEs were fitted to a double exponential
function, f(r) = po(e ”"")(1 — e "), where py, p; and p, are adjustable
parameters.[*?l The initial slope was determined from the first deriv-
ative at time ¢ = 0, f'(0) = pop». From the initial slopes, interproton
distances were obtained by employing the isolated spin-pair
approximation (ISPA).

Chemical shifts and coupling constants are reported in the Sup-
porting Information.

For the free molecules, NOESY cross peaks for the tetrasaccharide
were slightly positive at room temperature, while those for the hep-
tasaccharide were moderately negative. NOESY cross peaks for the
trisaccharide were clearly positive.

For the bound ligand, trNOE experiments were performed as de-
scribed previously!??! with a freshly prepared ligand/lectin solution.
trNOESY experiments were then performed with mixing times of
50, 100, 200, 250 and 300 ms for an approximately 20:1 molar ratio
of ligand/protein. For the three molecules a concentration between
2-3 mm of the ligand was employed. No purging spin-lock period
was employed to remove the NMR signals of the macromolecule
background as they were basically not observable owing to the
large size of the receptor. First, line-broadening of the ligand pro-
tons was monitored after addition of the lectin. Strong negative
NOE cross peaks were observed, in contrast to the free state, indi-
cating binding of the sugars to the protein preparation. The theo-
retical analysis of the trNOEs of the sugar protons was performed
using CORCEMAP7! and a relaxation matrix with exchange, as
described previously.[333] Different exchange rate constants were
employed to obtain the optimal match between experimental and
theoretical results of the intra-residue cross peaks of the six-mem-
bered rings which have a relatively fixed geometry. The overall cor-
relation time 7. for the free state was always set to 0.18 ns for the
trisaccharide, 0.25 ns for the tetrasaccharide and 0.5 ns for the hep-
tasaccharide. 7, for the bound state was set to 12 ns. To fit the
experimental trNOE intensities, off-rate constants between 100 and
1000 s ! were tested. Optimal agreement was achieved for kop =
100-300 s71.

T-ROESY experiments were also carried out to exclude spin-dif-
fusion effects. A continuous wave spin-lock pulse was used during
the 250 ms mixing time. Key NOEs were shown to be direct cross
peaks as they are opposite in sign to the diagonal peaks.[>3]

STD experimentsi*¥! were performed without saturation of the re-
sidual HDO signal for molar ratios between 15:1 and 50:1 of com-
pound/protein. A series of Gaussian-shaped pulses of 50 ms each
was employed with a total saturation time for the protein envelope
of 2's and a maximum Bl field strength of 60 Hz. An off-resonance
frequency of & = 40 ppm and on-resonance frequencies between o
=-1.0 and -2.0 ppm (protein aliphatic signals region) were applied.
In all cases, line-broadening of the ligand protons was monitored.

Molecular Mechanics and Dynamics Calculations: Initial calcula-
tions for the free molecules were performed using the MacroModel/
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Batchmin!*¥ package (version 7.0) and the MM3* force field.[*’]
Charges were taken from the force field (all-atom charge option)
and water solvation was simulated using MacroModel’s generalized
Born GB/SA continuum solvent model.[4°]

The torsion angles @ are defined as Hlyjana—Clyana—O—-CXnang
and ¥ as HXpypangCXmang—O—-Clyana for both 1-2 and 1-3
linkages. For the 1—6 linkage, ¥ is CS5yan—COnman—O—Clyan. The
torsion angle around the C5-C6 linkage (w) is defined as O5-C5—
C6-06. Two different conformers were considered gt (w = +60°)
and gg (w = —60°). The numbering of the different oligosaccharides
is given in the corresponding schemes.*”! The GB/SA solvation
model for water was used. The probability distribution was calcu-
lated from the energy values using the Boltzmann function at
300 K.

Docking Calculations: First, the different stable conformers of 1, 2
and 3 were manually docked on both active binding sites of banana
lectin by superimposing the terminal (reducing or non-reducing)
residues of the corresponding tri- or heptasaccharide molecules on
the existing mannose moieties of the two deposited Man/lectin and
XylMan complexes (pdb codes, 1X1V and 2BNO, respectively, in
ref.?% and ref.?!)). For the tetrasaccharide, attempts were made to
dock the four residues alternately at both binding sites. No mini-
misation was performed. Those solutions that led to steric hin-
drance or clashing were discarded.

Then the NMR-based solutions were used as input geometries for
AutoDock 3.0 simulations*®! with the multiple Lamarckian Ge-
netic Algorithm. The lectin coordinates were obtained (1X1V and
2BNO0) from the Protein Data Bank.*]

Grids of probe atom interaction energies and electrostatic potential
were generated by the AutoGrid program present in AutoDock 3.0.
Grid spacings of 0.6 and 0.375 A were used for the global and local
searches, respectively. For each calculation, 100 docking runs were
performed using a population of 200 individuals and an energy
evaluation number of 3 X 10°.

Supporting Information (see footnote on the first page of this arti-
cle): NMR spectra and conformational structures of 1-3 in the free
and bound states. Chemical shifts of compounds 1 and 3.
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