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Abstract

This work describes the structure of a fully sulfated maltotriose alpha—beta C—C linked dimer,
where a central glycosidic bond was substituted by a non natural, hydrolase-resistant C—C bond.
Such compound shows anti-metastatic properties being an inhibitor of the heparanase enzymatic
activity and of P-selectin-mediated cell—cell interactions. NMR spectroscopy was applied to
investigate the structure and conformational properties of this C—C linked hexasaccharide. The
presence of sulfate substituents and the internal C—C bond drives the two internal rings in an
unusual 1C4 chair conformation, while the external rings linked by glycosidic bonds retain the
typical 4C; conformation. The NMR results were confirmed by molecular mechanics calculations
using structure corresponding di- and tetrasaccharides as models.
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1. Introduction

The natural sulfated polysaccharides heparan sulfate and heparinl are involved in many
biological processes such as the modulation of heparanase enzymatic activity, inflammation,
coagulation, and angiogenesis.1-2 Due to its anticoagulant activity, heparin has been widely
used in clinics. The observation that cancer patients treated with heparin and low molecular
weight heparin prolonged their survival, suggested a possible use of heparin as anti-
neoplastic drug.3# Further studies demonstrated that heparin plays a role in the prevention
of cancer metastasis by inhibition of heparanase,®® a mammalian endo-glycosidase that is

© 2014 Elsevier Ltd. All rights reserved.
"Corresponding author. Tel.: +39 02 70641627; fax: +39 02 70641634.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Coletti et al.

Page 2

up-regulated in essentially all human tumors.”-8 Unfortunately the strong anticoagulant
activity of heparin prevents its use as antimetastatic drug because of bleeding risks. One of
the possible approaches to design heparanase inhibiting compounds, is to synthetize
mimetics that can interact with the binding site of the enzyme in a similar manner as heparan
sulfate, its natural substrate, but cannot be degraded, thus preventing the access of heparan
sulfate chains to the catalytic site. Heparan sulfate mimicking molecules having
antimetastatic activity but lacking anticoagulant activity, are currently being developed.9-12
Phosphomannopentaose sulfate (P1-88)1314 and maltohexaose sulfate,3 both considered as
functional mimetics of heparan sulfate, show promising antimetastatic, and anti-angiogenic
activity in mouse models. In this framework sulfated maltotriose C—C linked dimers
(SMTC), which are highly sulfated hexasaccharides obtained by radical dimerization of a
maltotriose derivative,1® have been investigated as antimetastatic agents. The choice of
using a hexasaccharide instead of a shorter chain was due to the evidence that a minimum of
six D-glucopyranosidic units is requested for their biological activity. In fact, the analogous
fully sulfated tetrasaccharides were found to be inactive.16 It has been shown that depending
on the configuration of the central C—C bond linking the two maltotriose moieties through
their anomeric carbons, SMTCs can inhibit heparanase.l’ Moreover, the alpha—beta
stereoisomer was also proved to be an inhibitor of P-selectins, which are vascular cell
adhesion molecules responsible for the interaction of tumor cells with blood constituents.1®
Therefore, considering that attenuation of metastasis could be achieved also by inhibition of
P-selectins, a-SMTC is the most promising compound among the three possible
diastereoisomers. This consideration prompted us to deeply investigate the structural
features of aB-SMTC that could be correlated to its biological activity. In this work NMR
spectroscopy and molecular mechanics (MM) calculations were used to characterize o -
SMTC conformational aspects.

2. Results and discussion

2.1. Background and strategy of the study

Semi-synthetic SMTCs were obtained as shown in Scheme 1, by electrochemical reduction
over Ag electrode of acetobromomaltotriose,1® which is a derivative of the natural product
maltotriose, as shown in Scheme 1. Being a radical process, the dimerization of
acetobromomaltotriose affords the formation of three different acetylated C—C linked
hexasaccharide diasteroisomers in statistical ratio (aa:ap:pp = 1:2:1). Details of the
synthetic process have been previously published.119 After HPLC separation,
deacetylation, and sulfation, pure aa, ap, and bb SMTC diastereoisomers with average
sulfation higher than 78%, were obtained and tested as heparanase and P-selectin inhibitors,
both in vivo and in vitro experiments. Results obtained showed that the bb compound is not
active, while both aa and af diasterecisomers showed significant anti-heparanase activity.
In addition ab-SMTC was also able to inhibit P-selectins.18 The difference in biological
activity seems related to the configuration of the central C—C bond, which generates the
three diastereoisomers, and their allowed conformations. In this work the attention was
focused on aB-SMTC, which is the most biologically active and therefore the most
promising compound in this series. The ap-SMTC structural properties were characterized
combining NMR spectroscopy and molecular mechanics approach.
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As shown in Scheme 1, each ring of the ap hexasaccharide is designated by a letter, starting
from A from the external ring, and going to F for the opposite ring. This nomenclature was
used for aB-SMTC in a previous work,® where the corresponding *H NMR and 13C NMR
signals were assigned. The C—C structural element is defined by few features: (i) the
anomeric carbons configuration (a or B); (ii) the torsional angle degree of freedom &
(HC1—CC1l—cDPI1_HD1) (Scheme 1), a parameter defining the oligosaccharide shape
(linear or bent), that appears to be important in recognition by heparanase; (iii) the
glycosidic torsional state conformations inside each maltotriose unit, and (iv) the
conformation of glucose rings. This latter point is important for the scope of this study. In
fact, while glucopyranosidic residues in oligosaccharides linked by glycosidic bonds are
invariably in the %C4 chair forms, the conformation of these residues when they are linked
directly through their anomeric carbons by a single C—C bond is unknown, and could

be 4Cy, 1C, or a distorted conformation. These local conformations can be affected by the
sulfation degree of each residues, “driving’ their conformation in oligo- or polysaccharides,
as observed for glucuronic acid residues in chondroitin sulfates, normally found in #C4 form,
changing to 1C4 when chondroitin is fully O-sulfated.20

2.2. Strategy: NMR—molecular mechanics on models

2.2.1. NMR characterization—ap-SMTC and the corresponding nonsulfated precursor
aB-MTC were characterized by NMR spectroscopy, using 1H, TOCSY, HSQC, HMBC, and
NOESY techniques, and using a 600 MHz spectrometer. The 1H and 13C chemical shifts
together with 3Jyy coupling constants of nonsulfated hexasaccharides (ap-MTC) and their
sulfated derivatives (ap-SMTC), were reported by Guerrini et al.1® and by Vismara et al.1>
respectively. Despite the NOEs due to the vicinal protons, semi-quantitative analysis of the
apB-SMTC NOESY spectrum (Fig. 1), shows strong inter-glycosidic NOEs between B1 and
C4/C3 and between E1 and D3/D4, confirming the sequence obtained by HMBC spectrum.
A deeper analysis of the HMBC spectra of a-SMTC allows to discern the wrong
assignment of 1H and 13C resonances in Vismara et al.,1> where the signals of the previously
labeled residues ‘C’ and ‘D’ were inverted (i.e. resonances of the ring C were labeled D). In
Table 1 are reported intra-residue H—H vicinal NOEs for the central C—C linked glycan
(residue C and D), together with the corresponding inter proton distances, estimated by
modeling after the conformational analysis described in Subsection 2.2.2. On the other hand,
the analysis of intra-residue NOEs allowed establishing the chair conformation of the units.
While both residue B and E show strong H5-H3, typical for the axial orientation of
hydrogen atoms in #C4 conformation, a weak or null magnitude of this NOE was observed
for residues C and D. These results strongly suggest that the C—C bond, between residues C
and D, modifies their conformation from 4C to 1Cy4, similarly to what observed for the
glucuronic acid residues in fully sulfated chondroitin sulfate.20 This feature was never
observed before for maltose- and maltotriose-like structures, where all residues maintained
the 4C4 conformation. To verify the possibility that the C—C bond can affect the
conformation of the involved residues independently from the sterical effect of the sulfate
substituents, the NOESY spectrum was measured on the nonsulfated ap-MTC
hexasaccharide, using a 900 MHz NMR spectrometer. The presence of H5-H3 NOE (data
not shown) for all glucopyranosidic units indicated that all glucose residues are in the 4Cy
conformation, no matter if the sugar residues are linked directly by C—C or by normal
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glycosidic bonds. The change from 4C; to 1C, conformation of residue bound through C—C
bond is presumably due to a superposition of two effects: the sterical and/or electrostatic
repulsion between the bulky sulfate groups, and the C—C link connection involving the two
anomeric carbons of ap-SMTC.

The observed coupling constants (3Jyn) help in confirming the conformation of each
residue. The small 3Jy1_py» and 3J,_3 coupling constants found for the ring C in ap-
SMTC (3Jny about 1 Hz) suggest a gauche vicinal conformation, typical for 1C4 chair, thus
reinforcing the previous results. On the other hand, the 3Jy,_n3 and 3J3_p4 Of residue E of
about 8.8 and 9.3 Hz respectively, confirm the 4C; conformation of this unit. The &angle
determination for the aB-SMTC hexasaccharide was based on the 3J,.4 (C1-D1) coupling
constant (9.2 Hz) that matches with a trans conformation. The remaining

measurable 3J,4(D1-D2) of 1.9 Hz agrees with a gauche vicinal conformation that could be
found in both a and B 1C4 or a #Cy chairs. Three NOESY signals across the C—C bond in
aB-SMTC (Fig. 2) reinforce the previous indication on the @angle conformation: C2-D1,
D2-C1, and C1-D1 that are strong, absent, and strong respectively. Table 2 shows how the 8
angle for the C—C structure corresponds to value around —160° that qualitatively agrees
with a conformation close to the trans (180°) and far from the gauche(-) (-60°), this latter
being forbidden for this molecule, as discussed in the modeling description (Subsection
2.2.2). Noteworthy the C1-D1 NOESY is strong even if, for all the tested conformations,
the C1-D1 distance still remains fixed around 3 A. A possible explanation of this finding is
the superposition of C1-D1, and D6-D1 NOEs that probably allows to discern a virtual
stronger NOE magnitude (Fig. 1). Matching the NOESY constraints across the C—C bond
with the 1C4-1C, trans conformation of a-SMC model (see Subsection 2.2.2), and
adjusting the &angle, allowed to assign the a configuration to the D1 carbon of the ring D in
the aB-SMTC, whereas the residue C matches with a § configuration. Although affected by
an intense overlap of the signals, a strong C1-C5 NOESY cross-peak was observed for the
residue C (Fig. 1), matching with the b #C; instead of the hypothesized 1C, conformation,
even if, a strong spin-diffusion effects can be expected. Hence the occurrence of an
equilibrium between the two chairs of the residue C could not be excluded.

Analysis of the other inter-residue NOEs of the ap-SMTC (Fig. 1 insert), allowed to obtain
experimental constrains for the geometries of internal B-C and E-D and external A-B and
E-F glycosidic bonds (Scheme 1). The qualitative interpretation of such signals is
summarized in Table 3, where the signal intensity and the corresponding estimated distances
are reported. The fourth column shows the corresponding H1-H4 and H1-H3 distances for
the optimized ap-SMC tetrasaccharide model as obtained by molecular mechanics
conformational search procedure reported in Subsection 2.2.2. The predicted glycosidic
torsional angles (gep/ wep = —42/-7° and ¢gc/ wc = —44/-9°, see Fig. 3) based on the ap-
SMC tetrasaccharide analysis well comply with the corresponding NOESY signals
measured for ap-SMTC hexasaccharide related glycosidic junction.

2.2.2. Molecular modeling studies on di- and tetrasaccharides—To evaluate af-
SMTC structural features using a modeling based procedure, the fully sulfated
tetrasaccharide ap-maltose C—C linked dimer (ap-SMC), was used as a simplified model.
In such structure, where the ring sequence in Figure 3 reproduces the internal structure of
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aB-SMTC of Scheme 1, the two external rings were defined in 4Cy conformation and the
internal ones alternatively in #C4 or 1C, chairs. These two different conformations were
named as 4C1—-C4 and 1C4-1C, respectively, referring only to the two central residues. The
basic structure for the corresponding nonsulfated ap-MC (ap-maltose C—C linked dimer)
in conformation 4C;—4C; was taken from the previous study,® while the 1C,~1C4 conformer
was obtained by molecular editing of the previous model. All free hydroxyl groups were
sulfated and each sulfate group (—O — SO; ) was described with a -1 charge, being —14 the
total charge for each ap-SMC molecule.

The conformational analysis of the a-SMC can be reduced to the determination of the most
probable states for the two glycosidic torsional angles (¢ep/ wep and ggc/ wic) between
rings E-D and B-C, and for the central torsional angle & (see Fig. 3). To achieve this goal
using the molecular mechanics approach, the first step consists of the glycosidic bond
torsional state analysis applying a combined torsional angle scan/energy minimization
procedure, that allows to draw a potential energy map as a function of the ¢/ visited states.
This procedure was applied on a further simplified system, the 2,3,6-hexasulfated-maltose in
its 4C1—1C,4 and 4C1—*C; chairs, that in approximation describes *half of ap-SMC
tetrasaccharide in the two chosen limit conformations. Figure 4 shows the potential energy
maps obtained using a color code, plotted as a function of the ¢/ torsional angles for the
2,3,6-hexasulfated-maltose disaccharides #C1—1C, (left panel) and #C1—4C; (right panel).
From a qualitative point of view few differences can be seen comparing the two plots,
meaning that 1C, or 4C4 chair conformation at the reducing end sugar, does not affect
significantly the glycosidic bond potential energy surface of the disaccharides.

The darker blue areas represent torsional angle states with the smaller potential energy for
both the tested conformers. Three energy minima were found for 4C;-1C4 conformer: the
first one has a wider area and is located approximately at —50/0° (i.e. in the center of the
map), while the remaining two are narrower and located at —25/-175° and —50/150°. For
the 4C1—*C; conformer the corresponding minima were located respectively —50/50°,
0/-175°, and -50/175°. For both conformers only the first cited energy minimum has
significant torsional states, while the second and the third ones correspond to conformers
where the H1-H4 or H1-H3 distances across the glycosidic bond are too long (>3.0 A) to be
supported by the qualitative interpretation of the NOESY spectrum of apSMTC
hexasaccharide, as seen in the NMR section (Subsection 2.2.1). Analogously the ¢/y scan
was applied to the two corresponding nonsulfated maltoses, having (as before) the reducing
end residue in 1C4 and 4C; conformations. Even in that case, the two potential energy maps
report few qualitative differences, and determine three energy minima (maps not reported).
As discussed before, only one minimum gives a meaningful glycosidic torsional state,
approximately located at —50/0°.

The glycosidic ¢/ y torsional angle states estimated from these potential energy maps, were
used to guess the initial conformation of the aBSMC tetrasaccharide in 1C4~1Cy4

and 4C1—*C4 conformation, together with the corresponding nonsulfated molecules. After
that, scan/potential energy minimization was applied on the central &torsional angle of each
structure (see Section 4 for setting details). It is important to specify that for each 6value
explored, the energy minimization stops when the gradient threshold condition is reached,
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meaning that the tested geometry corresponds to an energy minimum for the remaining
degrees of freedom of the molecule. Such approach gives an idea about the possible
conformations around the central C—C anomeric carbon linkage of both tetra- and
hexasaccharides. Figure 5 represents the potential energy profiles obtained for the four
tetrasaccharide models: ap-SMC (upper curves) and ap-MC (lower curves), where in both
cases red and black lines with filled dots correspond to 1C4~1C4 and 4C4—*C4 chairs
respectively. Qualitatively comparing the potential energy/@ profiles in Figure 5 it is evident
how the ap-MC curves show a smoother shape compared to ap-SMC ones. More accurate
apB-MC curves show three clearly defined minima and maxima, while a-SMC profiles
show only two physically meaning minima connected by one maximum for the red curve
and two maxima for the black curve, being respectively 1C,~1C4 and 4C1-*C; conformers.
In fact, for the ap-SMC in 1C,~1C,4 conformation (red upper curve in Fig. 5), the 8angle
region (approximately between [-120, 30°]) corresponds to several sterically forbidden
states, represented by at least two discontinuities of E(8), located approximately between
[-100, -90°] and [-11, 9°].

The increase of roughness in the potential energy profile curves going from nonsulfated to
sulfated tetrasaccharides is correlated to the increase of sterical hindrance around the C—C
linked region due to bulky sulfate groups, that reduce the number of physically available
states for the torsional @angle. In ap-SMC the region of sterically forbidden conformations
is wider compared to the two located discontinuities and it cannot be easily identified by
very high energy values, because the potential energy function does not describe accurately
the molecule behavior when some of its atoms are located at very small distances, that is
comparable to their van der Waals radius. The properties of the significant conformations,
corresponding to minima points of the energy profile in Figure 5, are reported in Tables 4
and 5 for the fully sulfated af-SMC and not sulfated ap-MC in the order.

The MM description of the fully sulfated C—C linked dimer ap-SMC in the 1C4~1Cy4
conformation has an absolute minimum at 180° (trans) and an additional conformation at
80° (gauche (+)). Differently the C;—*C; conformation has an absolute energy minimum at
-100° (gauche (-)) and an additional minimum at 170° (trans). Interestingly, the allowed
minima for 8in 1C,-1C, conformation of a-SMC have a smaller energy content compared
to what is found for 4C1—*Cy, (see Fig. 5 and Table 4). This analysis predicts for ap-SMC a
preferred 1C,-1C, trans conformation (8 = 180°), which is respectively 3.7 and 5.8 Kcal
mol~1 lower in potential energy scale compared to the 1C,~1C4 gauche (+) (6= 80°)

and 4C;—*C4 gauche (-) (6= -100°) conformations.

The conformational refining of a3-SMC was done setting €= 180° and the two glycosidic
bonds g;ep/ viep = #isc/ v;sc = —50/0° in accord to the potential energy maps in Figure 4, a
final energy minimization does not change significantly the parameters 8=-177°, ¢;ep/
wiep = —42/-7° and ¢ggc/ w;sc = —44/-9°, meaning that the conformation of the
tetrasaccharide could be estimated starting from suitably chosen disaccharides as models.
Using the same idea the C—C linked tetrasaccharide, reproduces at first level of
approximation, the longer hexasaccharide. A graphical representation of the ap-SMTC
hexasaccharide predicted conformation is given in the graphical abstract of this paper, where
the impact given by the central ring conformations 1C4~1C, or 4C1—4C4 on the whole
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structure, can be visualized. These results match qualitatively with 1H NOESY spectra
and 3]y coupling interpretation of ap-SMTC, as seen previously in NMR section
(Subsection 2.2.1).

The molecular mechanics conformational description of the 1C4~1C, and 4C1—*C;
nonsulfated ap-MC was carried out in order to understand if the conformational change
from 4C; to 1C4 chair predicted for the C—C linked residues of aB-SMTC is related to a
combination of the sterical hindrance effect of the sulfate groups and the C—C linked
connectivity involving the two anomeric carbons. From Figure 5 (lower curves) and Table 5,
aBMC in 1C4~1C4 conformation has an absolute minimum at = 180° (trans) conformation
lower in energy of about 1 Kcal mol~ compared to the two gauche (+) and gauche (-)
located at 60 and —60° respectively, showing approximately the same energy. Interestingly
the MC conformer 4C1—*C; shows a lower amount of energy for each value of 6, compared
to the 1C4—1C4 profile. In fact for aB-MC the “C1—*C; conformation has three minima
located at 180°, —=81°, and 60° (Fig. 5 lower black curve and Table 5 right) corresponding to
a transand two gauche conformations. Finally the MM description applied on ap-MC
predicts a preferred 4C1—*C4 trans (6 = 180°), followed by a “C;-*C; gauche (-) (6=
—-81°), and by the opposite gauche (+) (6= 60°), last two being higher in energy respectively
1.5 Kcal mol~1 and 4.7 Kcal mol~1 compared to the trans form. The energy difference
between the trans and gauche (-) states is then comparable to the average system thermal
energy at T = 300 K (about 0.3 Kcalmol™2), allowing both states to be populated, in fact the
Boltzmann factor between these two states predicts a distribution of 90% and 10% for the
trans and gauche (-). The opposite ratio between trans and gauche (=) states for & degree of
freedom, is supported by the experimental data shown by Guerrini et al.19 where 3J,y4(C1-
D1) measured on maltose C—C linked dimer is 2.5 Hz. In fact this value is consistent with a
mixture between a more populated gauche (-) and a less populated trans conformations,
corresponding to coupling constant values of 0.8 Hz and 9.8 Hz respectively, as estimated
by ‘Maestro9.8 * graphical interface.

The molecular mechanics analysis of af-SMC shows also how the 1C4~1C4 conformations
allows a smaller sterical hindrance compared to the 4C1—*Cy, this results become
understandable decomposing the potential energy difference between the two tested
conformation (1C4—1C4 and 4C4—*C;) in the internal degree of freedom terms: connectivity
energy term (stretching and bending), torsion, van der Waals, and electrostatic, as reported
in the last row of Table 6. Table 6 shows how the connectivity term (stretching and bending)
of the potential energy, has the greater differences between the two conformations, while
differently from what expected, the electrostatic contribution is significantly less important,
at least in this static description. This result shows how the sterical hindrance plays a major
role in driving the conformation of the C—C linked rings, from 4C;-*C; to the

favorite 1C,-1C,.

3. Conclusions

In this study the conformational characterization of the fully sulfated maltotriose C—C
linked dimer aB-SMTC is presented, based on NMR measurements and on molecular
mechanics conformational search on analogous di- and tetrasaccharides. A deeper structural
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investigation for this ap-SMTC oligosaccharide is required, due to its unusual chemical
structure, and for a promising inhibitory activity of heparanase and P-selectins. NOE
spectroscopy and coupling constant 3], investigation of af-SMTC suggested that both the
C—C ring connectivity and the presence of sulfate groups determine the preferred 1C, chair
conformation of the two directly C—C linked residues; on the other hand, external residues
not involved in the C—C bond linkage maintain the 4C; conformation commonly found for
glucopyranosidic residues in natural oligosaccharides where extra-ring connectivities are
allowed through glycosidic bonds. Potential energy analysis and coupling constant 3Jy
measurements predict also for ap-SMTC a trans conformation for the central torsional
angle (6), in agreement with a qualitative interpretation of the NOESY spectrum, while the
gauche (=) appears to be preferred for the analogous nonsulfated structure, in agreement
with the corresponding 3] constants published previously by Guerrini et al. 19 and
partially with the modeling description presented in this paper. The molecular mechanics
approach suggested also the sterical hindrance as the main parameter affecting the preferred
chair conformation of C—C linked residues, while electrostatic repulsions among sulfate
groups appear to play a minor role. Extending this study to the acetylated precursor of the
ap-SMTC, where the acetyl group substituents do not have an electrostatic charge, but still
maintain a significant sterical hindrance, should allow a better understanding of the role of
these driving forces on the chair ring conformational equilibrium for this restricted class of
oligosaccharides.

4. Experimental section

4.1. NMR experiment and sample preparation

About 15 mg of ap-SMTC was dissolved in 0.6 mL of deuterium oxide. NMR spectra of
apB-SMTC were measured at 303 K using a 600 MHz Bruker Avance spectrometer equipped
with a high sensitivity 5 mm TCI cryoprobe. 7.5 mg of ap-MTC was dissolved in 0.6 mL of
deuterium oxide, then the sample was characterized using a 900 MHz Bruker Avance,
equipped with a high sensitivity 5 mm TCI cryoprobe. Two-dimensional (2D) NMR
experiments were conducted using edited HSQC, COSY, HMBC, TOCSY, and NOESY
(using different mixing times 300 and 500 ms), recorded for quadrature detection in the
indirect dimension and acquired using 8-128 scans per series of 1024 x 320 data points, with
zero filling in F1 (4096) prior to Fourier transformation. HSQC experiments were recorded
with a spectral width of 12 ppm in F2 and 70 ppm in F1 with a relaxation delay of 2 s.
NOESY experiments were recorded using a spectral width of 3.9 ppm in both the
dimensions and with a relaxation delay of 7 s. COSY and TOCSY experiments were
recorded using a spectral width of 3.9 ppm both in F1 and F2, with a relaxation delay of 2 s.
HMBC experiments were recorded using a spectral width of 7 ppm in F2 and 90 ppm in F1,
with a relaxation delay of 2 s and 128 scans. The temperature of the experiments was set at
303 K.

4.2. Molecular mechanics conformational characterization

The software used for molecular editing and computational description is ‘Maestro-9.0/
Macromodel-9.8". The Force Field used is the Amber* including Homans parameter for
carbohydrates, where the atomtype assigned for each described atom belongs to the
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Macromodel atomtype set. Non bonded interactions are treated using the standard cut-off
technique, setting it to: 12.0, 7.0, and 4.0 A for electrostatic, van der Waals, and hydrogen
bond interactions respectively. The water solvent environment around the molecule is
implicitly described by a continuum with a fixed dielectric constant value 80.0. The energy
minimization procedure (batchmin) applied several times during the conformational search
(before each torsional angle scan, and for every applied torsional angle step), uses 5000
minimization steps, or an energy gradient threshold of 1073 KJ mol~ A=1. The energy
minimization algorithm applied is the default method (PRGC) implemented in
‘Macromodel-9.8” software. The torsional angle scan/energy minimization procedure
applied on the previously mentioned models of: 2,3,6-hexasulfated-maltose disaccharides, is
done changing glycosidic ¢/y angles one at a time within a range of [-180, 180] degree
using an angle step of 15°, after every torsional angle increment an energy minimization
procedure is applied using 5000 steps or until the energy gradient reaches the absolute value
1073 KJ mol~1 A~1. The torsional angle scan/energy minimization applied on the 8 degree
of freedom, was done using an interval [-180, 180°] with an angle increment of 10°, while
the potential energy minimization applied to every angle increment includes at least 5000
steps or a gradient threshold of 1073 KJ mol~1 A1,
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Residue sequence: A-B-C-D-E-F

E1-D3 E1-D4 F3.50
l ' a l I 5.55
I ll 5.60

B1-C3 B1-C4 ’

aﬂf I

C1+D5+D6

Figure 1.
IH NOESY spectrum of ap-SMTC recorded at 600 MHz. The 1H signals in accord with the

HSQC spectrum are indicated by two types of label: a letter indicating the glycan ring of the
sequence A—B-C-D-E-F, followed by a number corresponding to the position inside each
residue. Red labels underline NOESY across the C—C bond. The insert is the enlargement
of the NOESY spectrum from 5.70 to 3.90 ppm in F2 and from 5.80 to 5.45 ppm in F1,
highlighting the H1-H4 and H1-H3 interglycosidic signals for the residues external to the C
—C link.
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Figure 2.
Suggested conformation of the C—C linked residues (rings C and D) belonging to ap-SMC

in agreement with data reported in Figure 5. The picture shows the arrangement of central
residues in 1C, conformation and a torsional angle 6= 180° as obtained by molecular
mechanics analysis and interpretation of the NOESY spectrum reported in Subsections 2.2.1
and 2.2.2. Arrows show protons correlated by NOESY signals as reported in Table 2.
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Figure 3.
Two possible conformations of the sulfated apmaltose CAC linked dimer (apSMC)

considered in this study as a simplified model of the af-SMTC. Left: 4C1—4C4, where the
four rings E, D, C, and B show the #C; chair conformation. Right: 1C,~1C4 where the two
central rings C and D are reported in 1C, chairs, while the external rings E and B are
represented in the #C4 conformation as usual for sulfated glucose units.
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0 50 100 150 -150 -100 -50 0 50 100 150

¢ (°) ¢ (°)

Figure 4.
Potential energy maps for 2,3,6-hexasulfated maltose having the reducing residues

in 4C1-1C4 (left panel) and C1—*C4 (right panel) conformations, obtained by the torsional
angle scan/energy minimization procedure. The energy scale is in Kcal mol~2, while angles
are expressed in degrees.
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Figure 5.
Potential energy profile (Kcal mol~2) as a function of the @torsional angle (HC1-CC1-cDP1-

HD1) for the sulfated-ap-maltose C—C linked dimer (ap-SMC, upper curves) and
apmaltose C—C linked dimer (ap-MC, lower curves). For both ap-SMC and af-MC
models the red and black lines with filled dots correspond to the conformers with the C—C
linked residues in 1C4~1C4 and 4C1—4C4 chair respectively. &angle and potential energy
values of interesting minima are reported in round brackets.
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Scheme 1.
Schematization of the synthetic procedure for ap-SMTC. Letters A, B, C, D, E, and F

indicate each hexasaccharide glucose ring.
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Table 1
H-H NOESY signals of ap-SMTC showing residues C and D measured at mixing time of

300 ms

Intra residue conformation
NOESY Intensity Distance (A) 1C, Distance (A) “C;
Cl-C2 Srong 25 3.0
C2-C3 Srong 25 3.0
C3-C4 Srong 2.6 3.0
C1-C3 Weak 4.2 2.9
C3-C5 Weak 4.2 2.3
C1-C5 Srong 4.0 25
D1-D2 Srong 2.4 2.3
D2-D3 Srong 2.6 3.0
D3-D4  Strong 25 3.0
D3-D5 Absent 4.2 2.3
D6-D1 Srrong* 25-3.0 >4.0

The reported distances were obtained from the modeling of ap-SMC in both forms: 1C4—1C4 transand 401—4C1 gauche, following the

conformational search in Subsection 2.2.2. The bold face types highlight qualitative agreement between NOESY measured intensities and H-H
distances obtained at the end of the conformational search. The (*) underlines the strong H-H NOESY of the D6-D1 superposed to D1-C1 signal.
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Table 2
Qualitative NOESY intensities between selected protons across the C—C bond of af-
SMTC
C—C interresidue conformation
NOESY Intensity Distance = @HC-CC1-CP1_HPL)
C2-D1 strong 2.7 -160.0
2.8 -170.0
2.9 180.0
D2-C1 absent 3.3 -160.0
3.2 -170.0
31 180.0
C1-D1 strong 3.0 -160.0
3.0 -170.0
3.0 180.0

The inter proton distances and the corresponding torsional angle HC1_cCl _cD1_yD1 yqes are obtained starting from the simplified model ap-
SMC after the conformational search in Subsection 2.2.2, adjusting the &angle around the trans conformation, until a qualitative match between
NOESY intensities and distances becomes possible (see Subsection 2.2.1). The @angle values that better agree with the NOESY are underlined in

bold.
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Table 3

Inter-glycosidic H1-H4 and/or H1-H3 NOESY signal intensities and qualitative
estimation of the corresponding inter-proton distances for the af-SMTC
Interglycosidic conformation

NOESY Intensity  Distance MM Conformation

B1-C4 strong 2.4-2.7 3.0

B1-C3 strong 2427 22

E1-D4 strong 24-2.7 2.3

E1-D3 strong 2.4-2.7 2.8

F1-E4and A1-B4 Srong 2.4-27

F1-E3and A1-B3  Weak >3.0

Page 19

The fourth column reports the corresponding measured inter-glycosidic H-H distances from the af-SMC model obtained by molecular mechanics
analysis as reported in Subsection 2.2.2.
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Table 6
Potential energy decomposition (Kcal mol™1) in different terms: stretching, bending,

torsion, van der Waals, and electrostatic for 1C,~1C, transand 4C,—*C; gauche(-) of ap-

SMC
ap-SMC Stretching + Bending Torsion VdW  Electrostatic
1c-1Cy 37.0 56.9 -14.2 28.6
4Ci-*C,y 41.4 574 -12.3 278
Difference ({C,~*C,) -—44 -0.5 -19 08

The fourth row includes the differences between the second and the third ones. The sum of stretching and bending terms represents the contribution
of the connectivity on the potential energy.
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