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Abstract The conformational and dynamic behaviour of
three mannose containing oligosaccharides, a tetrasaccha-
ride with «l—2, and «l—3, and a penta and a heptasac-
charide with «1—2, x1—3, and «1—6 linkages has been
evaluated by molecular mechanics and dynamics simula-
tions and NMR spectroscopical methods. It is found that
they display a fair amount of conformational freedom, with
one major and one minor conformation per glycosidic
linkage. The evaluation of their recognition by banana
lectin has also been performed by STD NMR methods and
a preliminary view of their putative interaction mode has
been carried out by means of docking procedures.
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Introduction

Multivalent carbohydrate binding by lectins is critical for
bacterial and viral adhesion and cancer metastasis [1].
Indeed, the presence and recognition of high-mannose-type
oligosaccharides has been shown to play a key role in
protein quality control, with several intracellular proteins,
such as lectins, chaperones and glycan-processing enzymes,
being involved in this process [2]. In particular, a broad
range of proteins bind the high-mannose carbohydrates
found on the surface of the HIV-associated envelope
glycoprotein, gp120, and thus interfere with the viral life
cycle, providing a potential new way of controlling
infections, including HIV [3]. These proteins are thought
to recognize the high-mannose-type glycans with subtly
different structures, although the precise specificities are yet
to be clarified. In order to gain a clear understanding of
these protein—carbohydrate recognition processes and on
the way of controlling them, the access to well defined
mannose-containing oligosaccharides by means of organic
synthesis is of paramount importance [4, 5]. In addition, it
is advisable to provide these oligosaccharides with the
possibility of forming part of multivalent entities, forming
part of saccharide-containing clusters [6]. Indeed, it has
been demonstrated that synthetic oligomannose clusters
could mimic some of these carbohydrate epitopes (also
including those of the 2G12 antibody), providing antige-
nicity [7]. Recently, gold glyconanoparticles (GNPs) have
been prepared as new multivalent tools that mimic
carbohydrate presentation on the cell surface. GNPs are
highly soluble under physiological conditions, stable
against enzymatic degradation and non-toxic [8, 9].
Therefore, GNPs are adequate tools for basic studies in
carbohydrate interactions and for intervention in biological
processes [10, 11].
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Obviously, there are key implications of the precise
three-dimensional structure and dynamics of the oligosac-
charides in the recognition process and that knowledge is
critical for controlling these events [12]. Thus, as part of a
project devoted to the synthesis, interaction studies and
applications of gold glyconanoparticles [13], we herein
present the conformational study of three linear and
branched oligomannosides 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 gpl120 binding to
DC-SIGN. We also report a preliminary study of their
interaction with Banana lectin (Banlec), a dimeric plant
lectin from the jacalin-related lectin family, used as a model
[14]. It is widely recognized that plant lectins are excellent
model systems for the study of protein—carbohydrate
interactions because of their robustness and ready avail-
ability [15]. Moreover, lectins of the jacalin family have
been speculated to be involved in the interaction with
gp120 glycoprotein [3].

Experimental
Compounds

The studied oligosaccharides have been prepared with good
yields with a minimal number of building blocks, following
the one-pot self-condensation synthesis described by Wong
and coworkers [16]. The synthesis will be reported
elsewhere. Banana lectin was isolated and purified as
previously described [14].

NMR

NMR spectra of compounds 1-3 were recorded in D,O at
500 MHz on a Bruker AVANCE spectrometer at 298—
300 K. The 'H and '*C NMR spectra of 1-3 were assigned
employing a combination of 2D-TOCSY [17], NOESY
[18], T-ROESY [19], HSQC [20] and HSQC-TOCSY
experiments.

The T-ROESY and NOESY experiments were performed
in the phase-sensitive mode with the TPPI method for
quadrature detection in F1. Typically, a data matrix of 2K x
512 points was employed to digitize a spectral width of
4,000 Hz. Thirty-two to forty-eight scans were used per
increment with a relaxation delay of 2 s. Prior to Fourier
transformation, zero filling was performed in F1 to expand
the data to 4K x2K. Baseline correction was applied in both
dimensions. Selective 1D and 2D-NOESY and T-ROESY
experiments in D,O were carried out with mixing times of
100, 200, 300, 400, 500, 600 and 700 ms. NOE contacts are
collected in the Tables.
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The selective experiments were recorded employing a
double pulse field gradient spin echo (DPFGSE) module
[21]. NOE intensities were normalized with respect to the
diagonal peak at zero mixing time. Selective T measure-
ments were performed on the anomeric and several other
protons to obtain the above-mentioned values. Experimen-
tal NOEs were fitted to a double exponential function, f(f)=
pO(e P'(1—e P*) with p0, pl and p2 being adjustable
parameters [22]. The initial slope was determined from the
first derivative at time =0, f'(0)=pOp2. From the initial
slopes, interproton distances were obtained by employing
the isolated spin pair approximation.

HSQC experiments were carried out in order to obtain
the complete 'H and '*C assignment. A data matrix of 1K x
1K was used to digitize a spectral width of 4,000 Hz in F,
and 12,500 Hz in F,. Thirty-two scans were used per
increment with a relaxation delay of 1 s and a delay
corresponding to a J value of 145 Hz. '*C decoupling was
achieved by the WALTZ scheme. HSQC-TOCSY experiments
employed the same conditions including a 50 ms MLEV16
isotropic mixing time.

Chemical shifts and coupling constants are reported in
the supporting information section.

STD experiments [23] were performed without satura-
tion of the residual HDO signal for molar ratios between
15:1 and 50:1 of compound/protein. A train of Gaussian-
shaped pulses of 50 ms each was employed, with a total
saturation time of the protein envelope of 2 s and a maximum
B1 field strength of 60 Hz. An off-resonance frequency of d=
40 ppm and on-resonance frequencies between 6=—1.0 ppm
(protein aliphatic signals region) were applied. In all cases,
line broadening of ligand protons was monitored. The STD
experiments were repeated twice, with different batches of
the lectin. Basically, similar results were obtained in both
sets. In each case, the intensities were normalized (Table 4)
with respect to the highest response, which always corre-
sponded to one of the H-2 protons.

Molecular mechanics and dynamics calculations

All calculations were performed using the MacroModel/
Batchmin [24] package (version 7.0) and the MM3* force
field [25]. 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 [26].

The torsion @ angles [27] are defined as Hlpygna—
ClManA_O_CXManB and ¥ as HXManB_CXManB_O_
Clpana, for both 1—2 and 1—-3 linkages. For the 1—6
linkage, ¥ is CS5pan—COnman—O—Clpan. The torsion angle
around the C5-C6 linkage (@) is defined as O5-C5-C6—
06. Two different conformers were considered gt (w +60°),
and gg (0 —60°).



Glycoconj J (2007) 24:449-464

451

The numbering of the different oligosaccharides is given
in the corresponding schemes.

All the different possible staggered conformers around
all the glycosidic angles (and w for the 1—6 linkage) were
generated and optimized with MM3*. The GB/SA solva-
tion model for water was used. The probability distribution
was calculated from the energy values according to a
Boltzmann function at 300 K.

In addition, a conformational search procedure was car-
ried out using 15,000 steps of the Macromodel MC pro-
cedure. Again, the ¢ and ¥ linkages, and the C5—C6 bonds
were used as explicit variables during the Monte Carlo
search. Extended nonbonded cut off distances (a van der
Waals cut off of 8.0 A and an electrostatic cutoff of 20.0 A)
were used. The interatomic distances r reported in the Tables
under the MC/EM and MD header are averaged between
those calculated from a Boltzmann < r;® > average of the
MC search and those estimated by < 7;® > averaging of
the snapshots saved during the MD simulations.

The MD simulations were run using the MM3* force
field and van der Waals and electrostatic cutoffs of 25 A,
together with a hydrogen bond cutoff of 15 A. All
simulations were performed at 300 K, with a time step of
1.5 fs. Runs of 5 ns each were performed, starting from
different conformations of the molecules, selected from the
MC outputs, which differed at glycosidic linkage. Structures
were sampled every 5 ps and saved for later evaluation.

Docking The different stable conformers of 1, 2, and 3
were manually docked on both active binding site of
banana lectin by superimposing the terminal (reducing or
non-reducing) residues of the corresponding penta- or
heptasaccharide molecules on the existing mannose moie-
ties of the two deposited Man/lectin and XylMan com-
plexes (pdb codes, 1X1V and 2BNO, respectively in
references 37 and 38). For the tetrasaccharide, docking of
the four residues was alternatively attempted at both
binding sites. No minimization was performed. Those
solutions that led to steric hindrance or clashing were
discarded.

Results and discussion

The three synthetic oligosaccharides studied herein show
structural features also present in the MangGlcNAc,
oligosaccharide, although they may be considered as
fragments or non-natural modifications thereof. Therefore,
several experimental data on the structure and conforma-
tional behaviour of the natural complete oligosaccharide
and fragments thereof are available from X-ray crystallog-
raphy and NMR spectroscopy [28, 29]. Computational

studies have also been described for the (1—2) and (1—6)
linked mannotrioside, using molecular mechanics and
dynamics simulations [30]. These latter studies suggested
little correlation between the motion of the two glycosidic
linkages, (1—2) and (1—6), which indeed behaved as they
do in the respective (1—2) and (1—6) linked dimannosides
[31].

Therefore, for the study of these new oligosaccharides
1-3, a similar protocol to that used for the basic
trisaccharide 4 has been adopted.

The analysis will be described independently for the
tetra- (1), penta- (2) and the hepta- (3) oligosaccharides
(Scheme 1).

The tetrasaccharide (1)

The manual and Monte Carlo conformational search
yielded eight conformational families, whose low-energy
conformers are within 10 kJmol ' from the global mini-
mum (Table 1). These conformations mainly differed for
the value of ¥,_,5 and ¥,_,, torsion angles (Fig. 1). These
structures were used as the starting point of eight separated
3 ns MD runs. The collected output of the dynamic
simulations (24 ns simulation total, MC/SD set of Table 1)
as well as the representative conformers were compared
with those obtained through NMR data by using 1D and
2D-NOESY and T-ROESY spectra acquired at different
mixing times on a 500 MHz spectrometer.

The conformation and dynamics of the Manx1—2-Man
and Manaxl—3-Man linkages has been studied extensively
in oligomannoses, Man,GlcNAc,. Although in principle,
one conformer seemed to comply with the experimental
data [32], more recent computational [33] and experimental
[34] results suggest that these linkages exist in two distinct,
flexible conformations with similar ¢ value, in agreement
with the exo-anomeric effect (ca. —45+15°) and different
interconverting ¥ values in the positive and negative
ranges. In fact, transitions between the two conformations
are observed in the MD simulations starting from any of the
conformers. The two conformations are represented in
available X-ray structures of mannose oligosaccharides
and account for the set of three NOE contacts typically
observed across the glycosidic linkage [35]. For the
Manal—2-Man, the HI-H1’ contact can only arise from
positive ¥ conformers, the H5~H1 one only from negative
¥ geometries. The other observed NOE contact belongs to
the interglycosidic HI’-H2 pair, which is at NOE distance
in both conformations. For the Manal—3-Man glycosidic
linkage, the H2-H5' contact may be displayed for both
positive and negative ¥ geometries, while the H1'-H2 one
only from positive-¥ geometries. Other observed NOE is
the interglycosidic H1’'-H3 pair, again at NOE distance in
both conformations.
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Scheme 1 The three oligosac-
charides studied herein. From
top to bottom, 1, 2, and 3

The a-Man-(1—2)- a-Man-linkage

Tetrasaccharide 1 displays two Manoxl—2-Man linkages,
dubbed ManA«l-2-ManB and ManBal—2-ManC.
According to the modelling procedure, the negative ¥
conformation (@, ¥ —55°, —22°) is slightly preferred over
the positive one (&, ¥ —33°, 57°) for both glycosidic
linkages, with a preference around 1.5:1. Indeed, a
continuum motion between the conformers is observed in
the MD runs (Fig. 3a). The relation between NOE signals
and proton—proton distances is well established and can be
worked out at least in a semi-quantitative manner using an
interproton relaxation matrix [36].
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The NOE intensities reflect the conformer population, and
therefore by focusing on the key, mutually exclusive NOE
interactions, is possible to characterize the different confor-
mations (Table 1, Fig. 1). For both Manx1—2-Man link-
ages, the observed H5'-H1 NOE intensity is always more
intense than the corresponding H1'H1. These observations
indicate that the conformational equilibrium in water
solution favours the negative-¥ conformer (extended geom-
etry) over the positive one (stacked geometry) for both the
terminal non-reducing and the central glycosidic linkages.
A 30:70 distribution between the positive and negative-¥
conformers, instead of the 40:60 MM3*-predicted one,
quantitatively accounts for the observed NOEs.
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Table 1 Calculated and experimental interproton distances (A) for 1 and the observed NOE contacts

d

Linkage Proton pair Average distance (A)° Exp. Distances (A) NOE intensity Distances (A) for conformers
(ISPA model)® (NOE/t-ROE) stacked-W/extended-¥

xl—2 H,/-H, AB* 2.9 AB® 3.2 Weak 2.6/4.3

H,/-H, BC*3.0 BC*3.3 weak

H,-H, AB 2.3 AB 2.4 Strong 2.2/2.6

H,/-H, BC 24 BC 24 strong

Hs-H, AB 2.5 AB 2.5 strong-med 3.6/2.3

Hs-H, BC 2.5 BC 2.5 strong-med

Hs'-H, AB 3.4 not detected not detected 4.4/3.0

Hs'-H, BC 3.2
«l—3 H,'-H3 CD* 2.4 CD*2.3 strong 2.2/2.5

H,/-H, CD 3.2 CD 3.2 weak 2.6/4.1

Hs'-H, CD 2.6 CD 2.5 medium 3.2/2.3

* AB and BC stand for the two Manax1—2Man linkages; CD refers to the Manal—3Man linkage of 1. In all cases, the corresponding

non-reducing moiety of a given linkage is primed.

® Averaged distances calculated from the </~ ®> ensembles estimated as described in the experimental section.

“Distances for compound 1 were derived using the isolated spin-pair approximation (ISPA) according to the protocol described in the
experimental section from 1D, 2D NOESY and T-ROESY data. Error estimation in the measurement are smaller than 0.2 A.

9 Estimated distances for the representative stacked (positive-¥) and extended (negative-¥) conformers for both Manx1—2Man and

Manax1—3Man.
The a-Man-(1—3)- a-Man linkage

In this case, the negative ¥ geometry (P, ¥ —33°, 57°) is
preferred over the positive one (@, ¥ —55°, —22°), with a
preference around 4:1. These expectations are indeed
satisfied by the NMR data. When considering the exclusive
NOE:s (Table 1), The H5'-H2 NOE intensity is always more
intense (estimated distance 2.5 A) than the corresponding
HI'-H2 (estimated distance 3.0 A). These observations
indicate that the conformational equilibrium in water

solution favours the negative ¥ conformer over the positive
one with a 70:30 distribution.

Thus, the conformational behaviour of 1 may be described
by a distribution of conformers, which display exo-anomeric
conformations around all the ¢ angles of the molecule and
fluctuations around the ¥ glycosidic linkages, preferably cen-
tered around negative ¥-values, but also fluctuating towards
positive values. A superimposition of different representative
conformers is given in Fig. 1, which also contains the super-
imposition of 100 snapshots from the MD simulations.

Fig. 1 Conformational studies on the (1—2) and (1—3) linkages of 1.
Left. Superimposition of the eight representative geometries that
encompasses the possible conformational space available to 1. Residue
C has been chosen for superimposition. Distances between the O4
atoms of residues A and D vary between 7.2 and 11.2 A, thus
indicating the existence of stacked-like and extended conformers.
@, HI'-C1'-0-C2; ¥_,,: CI'-O-C2-H2. ¢,_,3: HI'-C1'-0-C3;

¥, _,3: C1'-O-C3-H3. Calculations were run with MMOD 7.0, using
MM3* and the GB/SA water solvation model. Middle—S5 ns of MC/
SD dynamics simulation starting from the positive W torsion angle.
Right—5 ns of MC/SD dynamics simulation starting from the negative
¥ torsion angle. In all cases, the conformational flexibility may be
appreciated
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The individual representations of the eight representative
conformational families are gathered in the supporting
information.

The pentasaccharide (2)

The conformational search yielded 16 conformational
families within 15 kJmol ' from the global minimum (see
Table 2). For 2, there is one additional degree of freedom
for the w;_,¢ torsion. Again, these structures were used as
the starting point of sixteen separated 2 ns MC/SD dynamic
runs. The collected output of the dynamic simulations
(32 ns simulation total, MC/SD set of Table 1) as well as
the representative conformers were compared with those
obtained through NMR as described for 1.

The conformation and dynamics of the Mana1—6-Man
linkages has also been studied extensively in MangGlcNAc,
and shorter oligosaccharides. This linkage usually popu-
lates a single conformation of @, centered around —60°; two
differently populated states for ¥, a major one around 180°
and a minor one with a value of 90° and two values for @
(gt, ®=60°, gg, w=—60°), whose respective populations
depend on the degree of branching [37].

Pentasaccharide 2 displays two Manol—2-Man link-
ages, dubbed ManAx1-2-ManB and ManEx1—2-ManD.
For 2, the negative ¥ conformation is again preferred over
the positive one for both glycosidic linkages, with a similar
preference to that described above (Fig. 2). The Manox1—3-
Man also displays a similar behaviour to that detailed for 1,
indicating that the correlation between the motion around the

Manax1—3-Man (between units B and C) and Manox1—6-
Man (between units D and C) linkages is small.

The simulations of 2 produced a complex picture of its
conformational behaviour. Besides the equilibrium between
the positive and negative ¥ values around the Mano1—3-
Man and Manal—2-Man linkages, the Manx1—6-Man
moiety displays additional flexibility with exchange be-
tween two @ conformers, namely gg and gr. Therefore, 2
seems to be a very flexible moiety (the details have been
collected in the Supplementary data section). According to
the simulations, the gg cluster may be correlated with the
presence of positive type conformers for ¥ of the (1—2)
linkage. The ¥, ¢ torsion is mainly represented by an anti-
type conformer, with ca. 180°, and with minor contribu-
tions for gauche-type geometries.

The exclusive NOEs described above may be used to
assess their presence in the conformational equilibrium. The
interatomic distances for the key proton pairs of all the
linkages are reported in Table 2. For the (1—2) linkage, no
NOE was detected for the H,-Hs proton pair, thus
indicating that the contribution of ¥, 4 torsion angles far
from the anti-region is indeed very minor. The Jysye, and
Jhsuew for the (1—6) linkage were estimated to be around
2.5 and 6.5 Hz, respectively, indicating the presence of both
gg and gt conformers, the latter being predominant. From
the NOESY and ROESY cross peaks and diagonal
intensities at the different mixing times, no indication of
distinct motion of the different branches was inferred.
Indeed, the volume intensities for the key proton pairs (and
H1 and H2 diagonal peaks) were very similar.

Table 2 Calculated and experimental interproton distances (A) for 2 and the observed NOE contacts

Linkage Proton pair Average®distance (A) Exp. Distances (A) NOE intensity Distance (A) for positive-W/negative-¥
(ISPA model)° (NOE/t-ROE) conformers
xl—2 H,-H, AB* 3.2 AB?* 3.3 weak 2.6/4.3
H/-H, ED® 3.0 ED® 3.2 weak
H,/-H, AB 2.3 AB 2.4 Strong 2.2/2.6
H,-H, ED 2.4 ED 2.4 strong
Hs-H, AB 2.4 AB 2.5 strong 3.6/2.3
Hs-H, ED 2.5 ED 2.6 strong-med
xl—3 H,/-H; BC2.6 BC*2.3 strong 2.112.5
H,/-H, BC 3.8 BC 34 weak 2.5/4.3
Hs-H, BC 2.5 BC24 medium 3.2/2.3
x1—6 H,-Hg, DC 2.4 DC 2.5 strong 24-2.7
H,-Hgp, DC 2.9 DC 3.1 weak 2.9-3.5
H,/-Hs DC 4.3 not detected not detected 4.2-4.7

* AB and ED stand for the two Manacl—2Man linkages, while BC and DC refer to the Manocl—3Man and Manal—6Man linkages, respectively.
In all cases, the corresponding non-reducing moiety of a given linkage is primed. For the Manaxl—6Man linkage, only the ¥ 180 angle is

considered.

® Averaged distances (<r ®>) calculated as described in the experimental section.

¢ Distances (A) were derived using the isolated spin-pair approximation (ISPA) according to the protocol described in the experimental section
from 1D and 2D NOESY and T-ROESY data. Error estimation in the measurement are smaller than 0.2 A.

9 Estimated distances for the representative stacked (positive-¥) and extended (negative-%) conformers for the Mano1 —2Man, Manecl —3Man and

Manx1—6Man linkages.
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Fig. 2 The putative conformers
of 2. Top left. Positive ¥ values
and gt conformation around ¥
angles. Right. Negative ¥ values
and gt conformation around ¥
angles. Bottom left. Positive ¥
values and gg conformation
around V¥ angles. Right. Nega-
tive ¥ values and gg conforma-
tion around ¥ angles

For both Manx1—2-Man linkages, the observed H5'—
H1 NOE intensity is always more intense than the
corresponding H1’-H1 (estimated distance 3.0-3.3 A).
These observations indicate that the conformational equi-
librium in water solution again favours the negative-¥
conformer over the positive one, especially for that between
units A and B. The experimental NOEs account for a ca
70:30 equilibrium between the negative and positive W-
areas, with a slightly larger contribution of the positive-¥
conformers for the ED fragment.

Thus, the conformational behaviour of the pentasaccharide
may be described by a distribution of different geometries,
which display exo-anomeric conformations around all the &
angles of the molecule and fluctuations around the ¥, _,, and
¥, _,; glycosidic linkages, preferably centered around nega-
tive W-values. Additional flexibility around @ at the 1—6
linkage is found. A superimposition of different representa-

Fig. 3 Conformational studies on 2. Left—superimposition of the
representative geometries that encompass the possible conformational
space available to 2. Residue C, which holds the two 1—3 and 1—6
linkages has been chosen for superimposition. Distances between the

tive conformers is given in Fig. 3, which also contains the
superimposition of 100 snapshots from the MD simulations
for both the gg and gt rotamers around @, while the
individual representations of the sixteen basic conformation-
al families are gathered in the supporting information.

The heptasaccharide (3)

The heptasaccharide 3 shows two Mano1—2-Man addition-
al moieties, which span out of each terminal Manxl—
2-Man unit already present in 2. Thus, 3 may be described as
a composition of 1 and 2. Indeed, now, one of the arms of 3
exactly corresponds to 1. The manual and Monte Carlo
conformational search yielded 32 conformational families
within 20 kJmol ' from the global minimum (Table 3).
Again, these structures were used as the starting point of
thirty-two separated 2 ns MD runs. The collected output of

04 atoms of residues A and E vary between 13.2 and 19.7 A. Right
superimposition of 100 snapshots taken from one of the 5 ns MD
simulations starting from the gt conformer around @

@ Springer



456

Glycoconj J (2007) 24:449-464

Table 3 Calculated and experimental interproton distances (A) for 3 and observed NOE contacts

Linkage Proton Average® distance Exp. distances (A) (ISPA NOE intensity (NOE/ Distance (A) for positive-W/negative-¥
pair A) model)® t-ROE) conformers
xl—2 H,’-H, AB* 3.2 AB* 3.3 weak 2.6/4.3
H,/-H, BC*3.3 BC*3.3 weak
H,/-H, GF* 3.1 GF*3.2 weak
H,-H, FE* 3.0 FE* 3.2 weak
H,/-H, AB* 2.5 AB* 2.4 strong 2.2/2.6
H,/-H, BC*2.4 BC*2.4 strong
H,/-H, GF* 2.4 GF* 2.4 strong
H,-H, FE®* 2.5 FE* 2.4 strong
Hs'-H, AB* 2.4 AB* 2.6 strong-med 3.6/2.3
Hs'-H, BC*2.5 BC* 2.6 strong-med
Hs'-H, GF* 2.5 GF* 2.6 strong-med
Hy-H, FE* 2.6 FE* 2.6 strong-med
al—3 H,/-H; CD*2.5 CD*2.3 strong 2.2/2.5
H,-H, CD* 3.7 CD*3.3 weak 2.6/4.1
Hs'-H, CD* 2.5 CD* 2.5 medium 32123
xl—6 H,'-Hg, ED® 2.4 ED® 2.4 strong 2.4-2.7
H,'-Hgp ED® 3.0 ED® 2.9 weak 2.9-3.5
H,'-H; ED" 4.3 not detected not detected 4.2-4.7

*AB, BC, GF and FE are a1 —2 linkages; CD, ED are «1—3, a1—6, respectively. In all cases, the corresponding non-reducing moiety of a given

linkage is primed. For the 1—6, only ¥ 180 is considered.

® Averaged distances (<~ ®>) calculated as described in the experimental section.
¢ Distances (A) were derived using the ISPA according to the protocol described in the experimental section. Error estimations are smaller than 0.2 A.
9 Estimated distances for the representative stacked (positive-¥) and extended (negative-¥) conformers.

the dynamic simulations (64 ns total simulation, Table 3) as
well as the representative conformers were again compared
with those obtained through NMR.

3 displays four Manxl—2-Man linkages: ManAo!l-2-
ManB, ManB«1-2-ManC, ManG«1-2-ManF, and ManF «1-
2-ManE, (for the 1—2 arm), and ManC«l-2-ManD, and
ManEx1—2-ManD (for the 1—3 and 1—6 arms, respec-
tively). The negative ¥ conformation is preferred over the
positive one, with a similar preference to that described
above. The ManCxl—3-ManD also displays a similar
behaviour to that detailed for 1 and 2. The predictions for
the Manxl—6-Man are also basically identical to those
described for 2. Again, for all Manocl —2-Man linkages, the
H5-H1 NOE intensity (Table 3) is more intense than the
corresponding H1’-HI. These observations indicate that
the conformational equilibrium in water solution favours the
negative-¥ conformers, with a estimated percentage around
75:25. The equilibrium also favours the negative (75%)
over the positive ¥ values (25%) around the Cxl—3D
linkage, since the experimental average C1’-D2 distance is
ca. 3.3 A, while that for C5-D2 is 2.5 A, in between those
expected for pure ¥ positive or negative conformers.

The NOE data for the Manol—6-Man moiety are in
agreement with a basically pure ¥ anti conformation,
although, as usual the calculations indicate the presence of
flexibility the gg and gt rotamers around the C5-C6 linkage

@ Springer

of unit D. The NOEs are accounted for a unique anti-¥
conformer. Generally speaking, 3 shows an exo-anomeric
conformation for @4, with contributions from both the gt
and gg conformers around ®. Again, based on the
simulations, the gg cluster may be correlated with the
presence of positive-type conformers for ¥ of the (1—2)
linkage, while the ¥, 4 torsion displays the anti-type
conformer. The Jysms, and Jysgsy, for the (1—6) linkage
were estimated to be around 3.0 and 5.5 Hz, respectively,
indicating the presence of both gg and gt conformers. Again,
from the NOESY and ROESY cross peaks and diagonal
intensities at the different mixing times, no indication of
differential flexibility for the two arms of 3 was deduced.

A superimposition of different representative conformers
is given in Fig. 4, which also contains the superimposition
of 100 snapshots from the MD simulations for both the gg
and gt rotamers around w, while individual representations
of basic conformational families are gathered in the
supporting information.

Therefore, these mannooligosaccharides are rather flex-
ible molecules, and a fair amount of conformational space
is available to them [38]. In principle, they could interact
with a variety of mannose-binding proteins and, as a first
model lectin, we decided to choose banana lectin (Banlec)
[39, 40], whose 3D structure in the complex with mannose
and other saccharides has been recently reported [39, 40].
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/|
Fig. 4 Conformational studies on 3. Superimposition of the represen-
tative geometries that encompass the possible conformational space
available to 3. Left. Superimposition of 80 snapshots from the MD
simulations of 3 starting from the gt geometry for w. Middle.
Superimposition of 80 snapshots from the MD simulations of 3

Banlec is a homodimer belongs to a subgroup of the jacalin-
related lectin family that binds to glucose/mannose, but is
unique in recognizing internal al—3 as well as 313
linkages at the reducing termini. It has been described that
presents two sugar-binding sites per monomer [39, 40].

C-1 BF-1  AG-

FB-2 A G2

starting from the gg geometry for w. Right—superimpostion of
selected structures from the MC run for 3 showing the available
conformational space. Residue C, which holds the two 1—3 and 1—6
linkages has been chosen for superimposition. Distances between the
04 atoms of residues A and E vary between 9.5 and 24.0 A

The interaction of these mannooligosaccharides with
banlec was demonstrated by using NMR [41]. In all cases,
for 1-3, the addition of the lectin to the NMR tubes
containing the oligosaccharides induced broadening of their

corresponding NMR signals.
EA-2
M J‘l \/\(U-
\'\W*“‘"v\, k,

b

sanalansdh

pom Q1)

CH-1 Al

DB.CA2

50 45
Fig. 5 STD experiments for the complexes of a 3, b 2, and ¢ 1,
complexed to Banana lectin. The estimated molar ratio lectin/sugar is
ca. 100/1. In b and ¢, the bottom spectra are the regular 1D 1H NMR of

T T T T 7T T T T T

40 35
the sugar in the presence of the lectin. The top spectra are the
corresponding STD responses after saturating for 2 s at 6—1 ppm. In all
cases, the highest response is at the terminal units, especially for H-2
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Table 4 Estimated STD intensities for the complexes of 1-3 with Banana lectin

Atom ManA ManB ManC ManD

H-1 (%) 70 50 50 —

H-2 (%) 100 60 60 80

Atom ManA ManB ManE ManD ManC

H-1 (%) 45 25 45 30 -

H-2 (%) 100 45 100 75 2

Atom ManA ManB ManC ManD ManE ManF ManG
H-1 (%) 20 20 15 - 8 20 20
H-2 (%) 100 60 60 25 35 60 100

The estimated molar ratio lectin/sugar is ca. 100/1. STD responses were measured after saturating for 2 s at &—1 ppm). In each case, the intensities are
normalized at the highest response, which corresponds to one of the H-2 protons. For 1, the highest STD intensity is observed at the non-reducing
end, residue A, followed by that at D seems also be high, although is partially obscured by the residual water signal. For 2, the highest response is
observed at both terminal non-reducing ends, A and E. For 3, the highest response is again at both terminal non-reducing ends.

STD experiments were then used to further ascertain the
interaction [42, 43]. The corresponding spectra are given in
Fig. 5. In each case, the intensities are normalized (Table 4)
at the highest response, which always corresponded to one
of the H-2 protons, especially belonging to the non-
reducing ends. This fact may indicate the direct involve-
ment of the H-2 region of the non-reducing ends in the
binding to the lectin (see below).

For 1, clear STD effects for all the H-2 protons were
deduced. The STD effects were smaller for the anomeric
signals. The highest STD intensity was observed at the non-
reducing end, residue A, followed by that at D. This fact may
indicate that the binding event takes place preferentially around
these non-reducing residues. Especially, the H-2 protons
received the highest saturation, probably indicating major
binding through O-2. The different STD effects at H-2 and H-
1 (Table 4) are probably due to their different orientation in the
pyranose ring, also in agreement with the fact that the
intensities at the H-3 region are also higher than for H-1.
The percentages of STD intensities are given in Table 4.

For pentasaccharide 2, the highest response is observed
at both terminal non-reducing ends, A and E. Indeed, as for
1, major STDs are observed for both H-2 signals of the
external residues.

The STD for the 3/banlec sample shows the highest
response at both non-reducing ends. Again, major enhance-
ments for H-2s of the more external 1—2 linked residues
and minor enhancements for the anomeric protons.

Although attempts for crystallization and further NMR
experiments are presently being carrying out in our
laboratories, by using docking procedures, we have
performed a preliminary docking analysis of the possible
binding modes of 1-3 to banlec [44].

First, the possibility of every saccharide to simulta-
neously access the two binding sites at a given monomer
was evaluated. For that, the different possible conforma-
tions in solution were considered.

From the X-ray structure of each of the monomers of
banlec when complexed to two mannose moieties, the
distance between the two O-4 atoms of the bound sugars

Fig. 6 The two more plausible modes of interaction of tetrasaccharide
1 with banana lectin, according to docking simulations and STD
experiments. Either the reducing or non-reducing moieties of 1 may be
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docked at either binding site without major steric conflicts. The STD
spectrum show all H-2s with high intensity
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ranges between 13 and 14 A. For 1, the distance between
the O-4 atoms of residues A and D oscillates between 7 and
11 A, depending on the conformation around ®/¥ of both
1—2 and 1—3 linkages. Therefore, there are no possibilities
for one tetrasaccharide entity being simultaneously bound to
both binding sites. The possibility of docking every mannose
residue to each of the two binding sites was then explored. It
was deduced that either both terminal Man residues (either
the reducing or non-reducing ones) may be docked at both
binding sites without major steric conflicts. The other
oligosaccharide may point out of the binding site or provide
additional contacts with the protein surface (Fig. 6). Regarding
the internal residues, only residue B might also produced a
positive docking model, but only at one of the binding sites,
while the binding of residue C seems to be forbidden by
steric conflicts. The putative binding modes are given in the
supporting information. The STD experiments point toward
major binding through the non-reducing end, in better
qualitative agreement with one of the binding modes shown
in Fig. 6 (left).

For the pentasaccharide, the distance between the two O-
4 atoms of the 1—2 linked terminal residues ends oscillate
between 13 and 20 A, thus producing the possibility of
simultaneous binding to the two Man-binding sites. Indeed,
for the gg conformer around the 1—6 linkage, and the two
1—2 and the 1—3 linkages adopting the more stable
negative-¥ conformations, there is possibility of simulta-
neous binding, as shown in Fig. 7. However, in this
branched case, the reducing moiety cannot be docked in
any of the binding sites without producing major steric
conflicts between one of the arms and the protein. Only the
possibility of binding the non-reducing terminal Man
moieties indeed occur. The STD experiment shows their
H-2s with enhanced intensity with respect to the others in
qualitative agreement with this model.

Fig. 7 Docking of pentasaccharide 2 at banana lectin binding site.
The two non-reducing mannose moieties at both 1—3 and 1—6 arms
can be docked simultaneously at both binding sites. The STD
experiment shows their H-2s with enhanced intensity with respect to
the others

Fig. 8 One of the plausible modes of interaction of heptasaccharide 3
with banana lectin. Either non-reducing moiety of 3 may be docked at
either binding site without major steric conflicts. The STD spectrum
show the H-2s of the mannose moieties occupying the non-reducing
ends with the highest intensity

For the heptasaccharide, the distance between both O-4
atoms of the two terminal Man residues oscillates between
10 and 24.0 A, but now simultancous binding of two
terminal mannoses is not a possible solution for the major
conformations around the glycosidic linkages. However,
independent binding of any of them is allowed without
major steric conflicts (Fig. 8). On the other hand, binding
the internal Man1—2 linked residue belonging to the 1—3
arm may also take place, providing a satisfactory docking
solution. Nevertheless, the STD intensities are in qualitative
agreement with those solutions that predict interaction of
the non-reducing ends with the lectin, as that shown in
Fig. 8.

In all cases, for 1-3 a variety of intermolecular lectin-
sugar hydrogen bonds and van der Waals contacts provide
the stability for the complex formation. These are basically
equivalent to those already described [39, 40].

Therefore, according to the docking studies, several
solutions are accessible for binding of these oligosacchar-
ides to banlec. Moreover, different binding modes of the
three saccharides to the same lectin are probably occurring.
In any case, the STD experiments allow deducing that the
three oligosaccharides effectively interact with this lectin
and that they may be used for elaboration to allow their
multivalent presentation (See Appendix). Further studies
are taking place in our labs to explore these possibilities.
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Appendix

Supporting Information

Table 5 1H and 13C NMR Chemical shifts for compounds 1-3

Compound 1
Atom ManA ManB ManC ManD Atom ManA ManB ManC ManD
H-1 497 5.23 5.29 4.81 C-1 102.2 100.6 100.7 99.8
H-2 3.99 4.03 4.00 4.06 C-2 69.9 78.5 78.6 69.4
H-3 3.76 3.87 391 3.84 C-3 70.3 70.0 70.0 78.5
H-4 3.56 3.61 3.62 3.69 C-4 66.8 67.0 66.9 65.9
H-5 3.67 3.66 3.68 3.59 C-5 73.2 73.2 73.2 73.1
H-6* 3.82 3.81 3.80 3.83 C-6 60.8 60.9 60.8 60.9
H-6B 3.68 3.67 3.69 3.68
Compound 2
Atom ManA ManB ManE ManD ManC
H-1 4.98 5.29 4.96 5.08 4.79
H-2 4.00 4.03 4.00 3.94 4.07
H-3 3.77 3.92 3,78 3.87 3.83
H-4 3.57 3.61 3.57 3.62 3.82
H-5 3.68 3.69 3.69 3.61 3.72
H-6* 3.82 3.81 3.82 3.83 3.92
H-6B 3.68 3.68 3.69 3.68 3.64
Atom ManA ManB ManE ManD ManC
C-1 102.2 100.8 102.3 97.9 100.0
C-2 69.9 78.5 69.9 78.7 69.4
C-3 70.3 70.0 70.3 70.2 78.9
C-4 66.8 66.9 66.8 66.9 65.4
C-5 73.3 73.2 73.2 72.7 71.3
C-6 60.9 61.0 61.0 60.9 65.3
Compound 3
Atom ManA ManB ManC ManD ManE ManF ManG
H-1 4.97 5.23 5.29 4.79 5.06 5.21 4.97
H-2 4.00 4.03 4.03 4.07 3.94 4.03 4.00
H-3 3.77 3.87 3.92 3.83 3.87 3.87 3,78
H-4 3.57 3.61 3.61 3.82 3.62 3.61 3.57
H-5 3.68 3.66 3.69 3.72 3.61 3.66 3.69
H-6" 3.82 3.81 3.81 3.92 3.83 3.81 3.82
H-6B 3.68 3.67 3.68 3.64 3.68 3.67 3.69
Atom ManA ManB ManC ManD ManE ManF ManG
C-1 102.2 100.6 100.8 100.0 97.9 100.6 102.3
C-2 69.9 78.5 78.5 69.4 78.7 78.5 69.9
C-3 70.3 70.0 70.0 78.9 70.2 70.0 70.3
C-4 66.8 67.0 66.9 65.4 66.9 67.0 66.8
C-5 73.3 73.2 73.2 71.3 72.7 73.2 73.2
C-6 60.9 60.9 61.0 65.3 60.9 60.9 61.0
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The two major putative conformers according to MM3*
calculations. Left, negative ¥ values. Right, positive ¥
values.

Representative low-energy conformations of Manox1—2-
Man of 1. a The positive (stacked, S) ¥ conformation (P,
¥ —33°, 57°); b The negative (extended, E) ¥ conformation
(D, ¥ —55°, —22°). Characteristic NOE contacts are
indicated by the blue arrows. In both cases, there is close
proximity for the HI’-H2 proton pair.

Representative low-energy conformations of Mano1—3-
Man (a, b) of 1. Left The positive ¥ conformation (@, ¥
—33°, 45°); Right The negative ¥ conformation (@, ¥ —58°,
—16°). Characteristic NOE contacts are indicated by the
blue arrows. In both cases there is close proximity for the
H1’-H3 proton pair.

Conformational studies on the (1—2) and (1—3) link-
ages of 1. &,_,,: HI'-C1'-0-C2; ¥,_,,: C1'-O-C2-H2.
®,_,5: HI'-C1'-0O-C3; ¥,_,5: C1'-O—-C3-H3. Calculations
were run with MMOD 7.0, using MM3* and the GB/SA
water solvation model. Left Variations of ¥ during the 5 ns
of MD simulation on the (1—3) linkage. Negative ¥ values
are very predominant. Middle Variations of ¥ during one of
the 5 ns MD simulations on the (1—2) linkage for the BC
fragment, starting from positive ¥. Equilibrium between
positive and negative ¥ values is evident. Right Variations
of ¥ during the 5 ns of MD simulation on the (1—-2)
linkage for the AB fragment starting from positive V.
Equilibrium between positive and negative ¥ values is
evident. In both cases, when the starting conformer is the
negative ¥ geometry, this is the predominant one.

Left Variations of ¥,_,3 during the 5 ns of MD
simulation on the (1—3) linkage. The negative ¥ area is
strongly predominant. Middle Variations of ¥;_,; during
the 5 ns of MD simulation on the (1—2) linkage for the BC
fragment starting from positive ¥. The equilibrium around
¥ is evident, with predominance of the negative values.
Right Variations of ¥ _,3 during the 5 ns of MD simulation
on the (1—2) linkage for the AB fragment starting from
positive . The equilibrium around ¥ is evident, with
predominance of the negative values.
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Left Variations of @/¥ during the 5 ns of MD simulation
on the (1—3) linkage. Negative ¥ values are strongly
predominant. Middle Variations of /¥ during the 5 ns of
MD simulation on the (1—2) linkage for the AB mannobiose
fragment starting from positive ¥. The equilibrium between the
positive and negative ¥ values is evident. Right Variations of
@/ during the 5 ns of MD on the (1—2) linkage for the GF
fragment starting from positive ¥. The equilibrium between
positive and negative ¥ values is evident.

Two additional modes of interaction of tetrasaccharide 1
with banana lectin, according to docking simulations and
STD experiments. Either the reducing or non-reducing
moieties of 1 may be docked at either binding site without
major steric conflicts. The STD spectrum show all H-2s
with high intensity.

Different conformers of heptasaccharide 3, as predicted
by MM3*-based Monte Carlo calculations

Top panel

The twelve more stable conformers produced by changes
in ¥ angles around the different 1—2 and 1—3 glycosidic
linkages, while maintaining a g¢ conformer around .

The two superimpositions show the accesible conforma-

tional space, while maintaining a gt conformer around w,
and flexibility around the 1—2 glycosidic linkages.

Yo yieed e
LA A
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Bottom panel

The four more stable conformers produced by changes in
¥ angles around the different 1—2 and 1—3 glycosidic
linkages, while maintaining a gg conformer around .

The superimposition at the bottom show the conforma-
tional space accesible for both gg and g7 conformers around
o, while keeping the same conformation around the
1—3 arm and flexibility around the two 1—2 glycosidic
linkages at the 1—6 arm.

g, e T

Different conformers of pentasaccharide 2, as predicted
by MM3*-based Monte Carlo calculations

A.—The four more stable conformers produced by
changes in ¥ angles around the different 1—2 and 1—3
glycosidic linkages, while maintaining a g¢ conformer
around .

B.—Superimpositions showing the accessible conforma-
tional space, while maintaining a gt conformer around w,
and flexibility around the 1—2 and 1—3 glycosidic
linkages.

C.— The superimposition at the bottom show the
conformational space accesible upon motion at the terminal
end of the 1—6 arm. Left.— For the gt conformer around @
Right: For both gt and gg conformers around .
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The different conformers of 1, as predicted by MM3*-based
Monte Carlo calculations

11.
(:(Z/:{ i .
13.
14.
The eight more stable conformers produced by changes
in ¥ angles around the different 1—2 and 1—3 glycosidic
linkages. 15.
16.
17.
18.

T3 1.
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