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Introduction

Delineating the conformational flexibility of
trisaccharides from NMR spectroscopy
experiments and computer simulationsf

Mingjun Yang,? Thibault Angles d'Ortoli,z° Elin S&wén,® Madhurima Jana,**
Goran Widmalm*® and Alexander D. MacKerell Jr.*?

The conformation of saccharides in solution is challenging to characterize in the context of a single well-
defined three-dimensional structure. Instead, they are better represented by an ensemble of conformations
associated with their structural diversity and flexibility. In this study, we delineate the conformational
heterogeneity of five trisaccharides via a combination of experimental and computational techniques.
Experimental NMR measurements target conformationally sensitive parameters, including J couplings
and effective distances around the glycosidic linkages, while the computational simulations apply the
well-calibrated additive CHARMM carbohydrate force field in combination with efficient enhanced sampling
molecular dynamics simulation methods. Analysis of conformational heterogeneity is performed based on
sampling of discreet states as defined by dihedral angles, on root-mean-square differences of Cartesian
coordinates and on the extent of volume sampled. Conformational clustering, based on the glycosidic
linkage dihedral angles, shows that accounting for the full range of sampled conformations is required to
reproduce the experimental data, emphasizing the utility of the molecular simulations in obtaining an atomic
detailed description of the conformational properties of the saccharides. Results show the presence of
differential conformational preferences as a function of primary sequence and glycosidic linkage types.
Significant differences in conformational ensembles associated with the anomeric configuration of a
single glycosidic linkage reinforce the impact of such changes on the conformational properties of
carbohydrates. The present structural insights of the studied trisaccharides represent a foundation for
understanding the range of conformations adopted in larger oligosaccharides and how these molecules
encode their conformational heterogeneity into the monosaccharide sequence.

The monosaccharides are connected together to form oligo- or
polysaccharides through the O-glycosidic linkages. Therefore,

Saccharides, as well as various glycoconjugates, are essential
components in a broad range of biological processes. They serve
both structural and functional roles as molecular scaffolds,
energy storage units, post-translational modifications, molecular
recognition motifs, and modulatory factors, among others." In
addition, these molecules have industrial and biopharmaceutical
applications such as biofuels,” biocompatible and biodegrad-
able materials,® human vaccines,*® and excipients in drugs.”®
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the conformation of saccharides can be characterized by the
dihedral angles about the linkages.’* The intriguing relationship
between functional variation and conformational heterogeneity of
saccharides has stimulated intensive studies using both experi-
mental and simulation approaches in recent years.”*

The structure of saccharides is better characterized as an
ensemble of conformations in solution instead of one well-
defined state because of the intrinsic flexibility along the
glycosidic linkages, presenting challenges to both experimental
and theoretical studies. NMR spectroscopy is the most widely
used experimental techniques to provide distance or dihedral
distributions, lifetimes and relaxation rates of specific states
or processes in saccharides.'®*® These measurements can
characterize the accessible range of conformational space or kinetics
of a conversion for flexible saccharide molecules. However,
a detailed atomic representation from these studies is difficult
to obtain. To overcome this, computational simulations can
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complement experiments to describe conformational states at
an atomic level of detail. In practice, this represents a synergis-
tic approach in which conformational information from simu-
lations is validated by the experimental methods, allowing for
improvements in the computational methods with the
obtained atomistic models stimulating the design and applica-
tion of novel experimental analysis from which an improved
understanding of the structure-function relationship encoded
in saccharides may be obtained.

In this work, we aim to delineate the conformational hetero-

geneity encoded in different trisaccharides that constitute
the structural elements in more complicated oligo- or poly-
saccharides. To this end, five representative trisaccharides with
different monosaccharide compositions and linkage types with
a common theme, viz., vicinal disubstitution either as linear
(1 - 2),(1 » 3)linked or representing branched structures
by substituting a monosaccharide with (1 - 2)[1 - 3]
(1 - 3)[1 — 4]linked glucosyl residues, were subjected to
combined experimental and computational studies (Fig. 1). The
five trisaccharides were previously analyzed to different extents
using molecular mechanics conformational searches, Monte
Carlo or molecular dynamics simulations in conjunction with
NMR spectroscopy experiments.>'>® However, further improve-
ments in understanding the conformational properties of these
saccharides can be attained due to the advent of improved force
fields for carbohydrates,””** computational enhanced sampling
techniques®*°® and novel NMR experiments®”*® in conjunction
with further developed Karplus-type relationships®® that allow
for interpretation of transglycosidic heteronuclear *J¢y; coupling
constants and of homonuclear *jo¢ couplings. To this end, site-
specifically "*C-labeled versions of compound 3 were synthe-
sized, namely isotopologues having carbon-13 atoms at C1 or C2
of the glucopyranosyl residues thereby facilitating determination
of long-range "J¢ across the glycosidic linkages related to both
the ¢ and y torsion angles. In the simulations, the recently
developed replica-exchange with concurrent solute scaling and
biasing potential (HREST-BP) method®®> was employed to per-
form conformational sampling of the trisaccharides under the
CHARMM36 (C36) force field for carbohydrates. The C36 force
field has been carefully calibrated against both QM calculations
and experimental measurements****° and has been successfully
used for the study of (1 — 4)- and (1 — 6)-linked disaccharides
and oligo-saccharides.®'%"31%3536

The remainder of the paper is organized as follows. The
experimental measurements are first described followed by
synthesis and simulation details in the method section. The
computational section includes a description of approaches by
which the conformation of the trisaccharides can be defined.
Results of the conformational propensity of these trisaccharides are
then presented based on the NMR J coupling constants and effective
proton-proton distances combined with an atomic detail inter-
pretation of those results based on the computational data.
The conformational heterogeneity is discussed in terms of the
sampling along the glycosidic linkages and on the overall con-
formations based on clustering analysis using linkage dihedrals
and Cartesian coordinates.
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Fig. 1 Schematic of trisaccharides 1-5. Subscripts on glycosidic torsion
angles ¢ and y denote the number of the carbon on the ring not
containing the anomeric carbon involved in the glycosidic linkage. Atoms
are specified as unprimed (O-methyl glycoside sugar residue), singly, or
doubly primed as indicated next to the ring oxygen atoms of each residue.
Atomic positions that specifically have been *C-labeled in different versions
of compound 3 are highlighted by filled black circles.

Experimental section
General

The atoms in some of the middle residues are labeled by a prime
and the terminal groups are denoted by a prime or a double
prime (Fig. 1). Glycosidic torsion angles ¢ and i are denoted
by subscripts related to the substitution position (n) and
defined by H,-C;-0,-C,, and C;-O,-C,—H,, respectively. The
site-specifically '*C-labeled starting materials, o-[1-*C]glucose
and p-[2-"Clglucose, both 99 atom% "*C, were obtained from
OMICRON Biochemicals, Inc., USA.
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NMR spectroscopy

NMR experiments were carried out in D,O on trisaccharides 1-5
in the concentration range of 42-96 mM. The translational
diffusion experiments were repeated 8-10 times. A pulse field
gradient spin-echo experiment (PFG-LED)*! with a fixed diffusion
time (4 = 100 ms) and a pulsed field gradient increasing linearly
over 32 steps was used, ranging from 2 to 95% of the maximum
gradient strength being 55.7 G s~'. The pulsed field gradients
were calibrated using a doped water sample (1% H,O in D,O with
1 mg mL ™" GdCl;) and a literature value of 1.90 x 10~° m”> s~ for
the HDO diffusion coefficient in D,O at 25 °C.**

Measurements of transglycosidic heteronuclear carbon-
proton coupling constants were performed at 30 °C on a 700 MHz
Bruker AVANCE III spectrometer equipped with a 5 mm TCI
Z-gradient CryoProbe. Proton-proton cross-relaxation rates
were measured at 30 °C on 500 and 700 MHz Bruker AVANCE
spectrometers equipped with 5 mm TCI Z-gradient CryoProbes,
except for 1D NOESY experiments on compound 2 that were
performed at 37 °C on a 600 MHz Bruker spectrometer, or 1D
T-ROESY experiments for compounds 1 and 5 on 600 and 900 MHz
Varian Inova spectrometers equipped with a PFG triple-resonance
probe and a 5 mm triple resonance ColdProbe, respectively.
Translational diffusion measurements were performed on a
600 MHz Bruker AVANCE III spectrometer equipped with a
5 mm Z-gradient probe at 25 °C. Temperature calibration with
MeOD-d,** was carried out prior to each set of experiments.

Measurements of the transglycosidic carbon-proton coupling
constants were performed with ]-HMBC experiments.** A three-
fold low-pass J-filter (J = 140 Hz, 155 Hz and 175 Hz) was used
to suppress Jcu. Scaling factors of approximately 13.7 and 20.6,
calculated from x = A/, where 4 was at least 60% of the
inverse of the smallest coupling constant to be measured, were
used to scale the coupling in the indirect (F;) dimension.
A spectral width of 6 ppm for "H and 60 ppm for **C were used.
The experiments were performed with 2048 x 512 points and
32 scans per t; increment with the echo/antiecho method.
Forward linear prediction to 1024 points in the F; dimension
and subsequent zero-filling to 2048 x 8192 points was applied
prior to Fourier transformation. Coupling constants were extracted
from 1D-projections of the resonances of interest.

Proton-proton cross-relaxation rates were measured using 1D
'H,'"H-DPFGSE-NOESY and T-ROESY experiments.”*** Selective
excitations of anomeric protons were enabled using 30-70 ms
long SNOB-2 shaped pulses. For each anomeric resonance
excited, 6-8 different mixing times between 40 ms and 310 ms
were used with a relaxation delay of > 5 T;. The T-ROESY spin-
lock was applied with yB,/2n between 2.6 and 3.4 kHz. All spectra
were baseline corrected and integrated with the same limits in
all mixing times.

For trisaccharide 5 additional cross-relaxation rates were
determined at 278 K employing 1D 'H,'H-NOESY and 1D
'H,'"H-STEP-NOESY experiments.*® In these cases, selective
excitation was achieved by single or double PFGSE modules
utilizing 30 ms r-SNOB or i-SNOB-2 shaped pulses for the
NOESY experiment and 30-50 ms r-SNOB shaped pulses for

18778 | Phys. Chem. Chem. Phys., 2016, 18, 18776-18794

View Article Online

Paper

the STEP-NOESY experiment. The strengths of the first and
second gradient pairs were 15% and 40%, respectively, of the
maximum (55.7 G ecm™") for the NOESY experiments. For the
STEP-NOESY, the strengths of the gradients were set to 10% or
6.5% for the first and 45% or 15% for the second excitation,
respectively. During the STEP-NOESY experiment the resonance
from H3 from compound 5 was selectively excited and magne-
tization transferred to H4 using a 3.8 kHz DIPSI-2 spin-lock
with a duration of 20 ms prior to selective excitation of H4. In
the STEP-NOESY experiments, zero-quantum coherences were
suppressed using the scheme devised by Thrippleton et al.*’
where a 30-50 ms adiabatic Chirp pulse with a bandwidth of
20 kHz was applied together with a gradient pulse with 3% of
the maximum power. In the NOESY experiment a 20 ms
adiabatic Chirp pulse with a bandwidth of 40 kHz was used
in combination with a gradient pulse at 6% of the maximum
power. For the NOESY as well as the STEP-NOESY experiments,
10-13 cross-relaxation delays between 70-700 ms were collected
for each of the excited spins. A spectral width of 6 ppm was
sampled using 16 k data points and 512-3072 transients were
averaged. The repetition time was 8-10 s, i.e., in all cases longer
than 5 x Tj. Prior to Fourier transformation, the FIDs of the 1D
experiments were zero-filled to 262 k points and multiplied by
an exponential line-broadening function of 2 Hz. Baseline
correction was performed prior to integration which used the
same integration limits for all experiments within a series. The
areas of relevant peaks were divided by the area of the inverted
peak and least-square fitted to a first order function yielding
the cross-relaxation rate constant.

The *C NMR experiments were recorded at 290 K over
197 ppm with 65536 data points and the FIDs were zero-filled
to 524 k data points. *C resonances had a full-width-at-half-
maximum of 1.1 Hz prior resolution enhancement. To measure
13¢,13C coupling constants from 1D '*C spectra a Lorentzian-—
Gaussian window function (Ib = —1.2 to — 1.0, gb = 0.35-0.8) was
applied. The measurements of transglycosidic >/ and *Jc coupling
constants were also carried out using one-dimensional INADE-
QUATE experiments*® for compounds 3-c1’ and 3-c1” or selective
1D INADEQUATE experiments*® for compound 3-¢2//c2". The latter
employed "*C site-selective excitation with a Gaussian shaped pulse
of 40 ms duration. The evolution delay, 1/2 x Joc to achieve
antiphase C magnetization, was nominally set for Joc with a
magnitude of 6-8.5 Hz; an acquisition time of 4 s, 9216-18 432
transients and 128-256 k data points were used. Zero-filling was
performed to 512 k data points and an exponential line-broadening
function, Ib = 0.3 Hz, was employed. The transglycosidic *Jcy
coupling constants visible as additional splittings in the "H NMR
spectra of the resonances from H2 and H3 in compounds 3-c1’ and
3-c1”, respectively, were extracted by the J doubling methodology™
implemented in-house by a MATLAB script.

Synthesis

The synthesis of *C-labeled variants of 3, viz., B-o-[1"-*C]Glcp-
(1 - 2)BoGlep-1 — 3)]-a-p-Manp-OMe (3-c1’), B-p-Glep-
(1 — 2)[Bo{1”-"C]Glcp-(1 — 3)]-0-p-Manp-OMe (3-¢1”), and
B-o-[2'-*C]Glep-(1 — 2)[B-p[2"-"*C]Glep-(1 — 3)]-a-p-Manp-OMe

This journal is © the Owner Societies 2016
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(3-¢2'/c2") were synthesized as follows. A solution of donor ethyl
2,3,4,6-tetra-O-benzoyl-1-thio-B-p-glucopyranoside (0.22-0.53 mmol,
1.5 eq.) and acceptor methyl 4,6-O-benzylidene-o-p-mannopyrano-
side (0.15-0.35 mmol) in dry CH,Cl, was stirred for 20 min in the
presence of molecular sieves (4 A, 0.4 g) under N, atmosphere. NIS
(2.2 eq.) followed after 15 min by TfOH (0.15 eq.) were added at
0 °C. The reaction was monitored by TLC and left to stir at room
temperature for 1 h. The mixture was then quenched by addition
of NEt; (2.5 eq.) and was filtered through Celite. It was then diluted
with CH,Cl, and washed successively with solutions of satd
Na,S,0;, brine and dried over Na,SO,. The solvent was removed
in vaccuo and the residue thus obtained was purified by column
chromatography (TLC: R¢ = 0.40 Tol/EtOAc 3:1) to yield protected
disaccharides as a white powders (78-86% yield). The disaccharide
intermediate methyl 2,3,4,6-tetra-O-benzoyl-B-p-glucopyranosyl-
(1 - 3)-4,6-O-benzylidene-o-p-mannopyranoside (0.08-0.14 mmol)
and donor ethyl 2,3-di-O-benzoyl-4,6-O-benzylidene-1-thio-f-b-
glucopyranoside (0.16-0.28 mmol, 2 eq.) were stirred for 10 min
in dry CH,Cl, with molecular sieves (4 A, 0.2 g) at room
temperature under N,. The reaction mixture was then cooled
to 0 °C and NIS (2.6 eq.) was added. TfOH (0.2 eq.) was added
dropwise 15 min later at the same temperature. The reaction
was quenched by addition of NEt; after 2 h and filtered through
Celite. The solution was diluted in CH,Cl, and washed succes-
sively with solutions of satd Na,S,0;, brine and dried over
Na,SO,. The solvent was removed in vaccuo and the residue
thus obtained was purified by column chromatography (TLC:
R¢ = 0.75 Tol/EtOAc 3:1) to yield protected trisaccharides as a
colorless oils (72-78% yield).

To a solution of protected trisaccharide (0.06-0.09 mmol) in
80% AcOH (aq.) was added a few drops of THF. The reaction
mixture was heated to 70 °C for 2 h and monitored by TLC.
Once the reaction was completed, the mixture was diluted with
Tol and solvents were co-evaporated. The crude oil was purified
by column chromatography (TLC: R = 0.40 CH,Cl,/Acetone
3:1) toyield protected trisaccharides intermediates as colorless
oils (65-71% yield). Tetraol methyl 2,3-di-O-benzoyl-B-p-gluco-
pyranosyl-(1 — 2)[2,3,4,6-tetra-O-benzoyl-B-p-glucopyranosyl-
(1 - 3)]-a-p-mannopyranoside (0.04-0.06 mmol) was dissolved
in methanol (2 mL), a few drops from a 1 M solution of NaOMe
in MeOH were added to reach pH = 9 and the mixture was
stirred at room temperature overnight. TLC (R = 0.1, EtOAc/
MeOH/H,0 7:2:1) analysis indicated completion of the reaction
and the solution was neutralized with Dowex-H'. The resin was
filtered, washed with methanol and solvents were evaporated.
The product methyl -p-glucopyranosyl{(1 — 2)[p-p-glucopyranosyl-
(1 - 3)]-a-p-mannopyranoside was obtained in 89-93% yield as
white powders. The trisaccharide obtained was then purified on
t-C18 Sep-Pak®™ cartridges and isolated by gel permeation
chromatography using an AKTA™ system equipped with a
Superdex™ column (GE Healthcare, Uppsala, Sweden). The eluent
system was H,O with 1% BuOH at a flowrate of 1 mL min .
UV and RI detection were used to monitor elution. 'H and **C
NMR data were in complete agreement with literature data.>
HRMS of 3-c1: [M + Na]" m/z calculated for C,3">CH;,0,¢Na
542.1773, found 542.1783, 3-¢1”: [M + Na]" m/z calculated for
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Cy15"°CH;40,¢Na 542.1773, found 542.1788, 3-¢2/c2": [M + Na]"
m/z calculated for C;,"*C,H;,0;,4Na 543.1806, found 543.1824.

Computational details

Molecular dynamics (MD) simulations were performed with the
program CHARMM®>* under the CHARMM36 additive force
field for carbohydrates®®*®*® and the CHARMM TIP3P water
model.>* Each one of the five trisaccharides was solvated
in a 32 A x 32 A x 32 A water box. In the simulations the
temperature was maintained using the Hoover extended system
algorithm with a thermal piston mass of 1000 kcal mol " ps—>.°°
A constant pressure of 1 atm was realized using the Langevin
piston algorithm with a collision frequency of 20 ps~' and mass
of 1630 amu.’” The covalent bonds involving hydrogen atoms
were constrained with the SHAKE algorithm and a time step
of 2 fs was used to integrate the equation of motion.>® The
nonbonded Lennard-Jones interactions were computed within
a cutoff of 12 A, with a smoothing switch function over the
range from 10 to 12 A. The electrostatic interactions were
treated by the particle mesh Ewald method with a real space
cutoff of 12 A, a charge grid of 1 A, and the 6th order spline
function for mesh interpolation.>”

Conformational sampling in the MD simulations was enhanced
by applying the recently developed Hamiltonian replica exchange
with concurrent solute scaling and biasing potential (HREST-BP)
method.*"® A total of 6 replicas were carried out for each system
and exchanges attempted every 1000 MD steps according to the
Metropolis criterion. In HREST-BP simulations, the scaling
temperatures were assigned to 303 K, 324 K, 351 K, 382 K,
414 K and 450 K, with the ground-state replica temperature
of 303 K selected to correspond to the experimental studies.
The Hamiltonian biasing potential was constructed using the
2-dimensional grid-based correction map (bpCMAP) along
the torsional dihedrals Os-C,-0,-C,/C;-0,-C,-C,.; for each
glycosidic linkage in the trisaccharides,*® where O,,, C,, and C,,.,
are atoms at the reducing-end monosaccharide of the linkage.
The distribution of scaling factors for the bpCMAPs across the
perturbed replicas was determined as previously described and
the acceptance ratio between different neighboring replicas was
examined to guarantee that sufficient exchanges were being
obtained.*® Each replica was simulated for 40 ns for the
production runs. All the production HREST-BP simulations
were carried out in CHARMM using the replica exchange
module REPDST with BLOCK to scale the solute-solute and
solute-solvent interactions,’*®® and with CMAP to apply the 2D
biasing potentials along each one of the glycosidic linkages,®"*>
respectively. For trisaccharide 1, a second 100 ns HREST-BP
simulation was carried out to examine the convergence of
sampling about the linkage motions, which shows adequate
conformational sampling obtained from a simulation time of
40 ns by comparing the free energy profiles with 40 and 100 ns
trajectories (see Fig. S1 in ESIT).

Coordinates from the 40 ns trajectory from the ground-
state replicas were saved every 1 ps for various data analyses.
The reparametrized Karplus equation JCX/SU09,*® which takes
the uncertainty and flexibility of the torsion angles, the in-plane

Phys. Chem. Chem. Phys., 2016, 18, 18776-18794 | 18779
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effect, and the inner oxygen substituents of the model com-
pound into account, was employed to compute NMR hetero-
nuclear proton-carbon and homonuclear carbon-carbon NMR
coupling constants, as shown in eqn (1)-(4)

*Jen(¢) = 6.54 cos*(p — 4) — 0.62 cos(¢p — 4) — 0.17 (1)

31cu(W) = 6.54 cos*(i) — 0.62 cos(i)) + 0.33
+ 0.6 exp(x cos(¢pos — 180))/exp(k) (2)

Yeclbes) = 3.72 cos™ (s + 4) — 0.08 + CIP (3)

sjcc(lﬁcﬂ =4.28 COSZ(‘//Cl) —0.11
+ 0.6 exp(i cos(¢os — 180))/exp(k) + CIP (4)

where the dihedrals are defined as ¢ = H;-C;-0,-C,, ¥ =
Cl_on_cn_Hm ¢05 = OS_Cl_On_Cm ¢C2 = Cz_cl_on_cn and
Vec1 = C1=0,~C,—C,,_; or C;-0,~C,~C,11, With Oy, C,, Hy, Cpig
and C,,_; being the atoms in the reducing end monosaccharide
of a given glycosidic linkage. 4 is a phase shift factor depending
on the stereochemistry of the linkage between the sugar
residues, which has a value of —12° for a-p-hexopyranoses
and +12° for B-p-hexopyranoses. This phase shift is adopted
to account for the impact of the O5 atom in the sugar ring along
the torsional angle ¢. k has a value of 8 and this term accounts
for the variable in-plane effect (VIP). The constant in-plane
(CIP) term has a value of 0.6 and was employed for a ¢, torsion
angle along the atom sequence C,'-0,-C,-C; of trisaccharide 3
to account for the terminal in-plane oxygen substituent (O1
atom in o-p-mannose). To provide insight into the deviation
between experimental and simulated coupling constants, these
quantities were also computed for trisaccharide 3 using density
functional theory (DFT) with the hybrid functional B3LYP and the
6-31G* basis set.**** A total of 100 evenly distributed trisaccharide
conformations were extracted from the ground-state replica for
the gas phase DFT calculations. For each trisaccharide conforma-
tion, two disaccharide models, B-p-Glep-(1 — 2)-o-p-Manp-OMe
and B-o-Glep-(1 — 3)-0-p-Manp-OMe, were constructed by capping
the previously substituted oxygen atom with a hydrogen atom to
examine the effect of the system size on the coupling constants
obtained from the DFT calculation.

From simulations, the effective *H,'H distances in trisac-
charides 1-5 were calculated according to eqn (5).

1/r = (rO)Ve (5)

The free energy or potential of mean force (PMF) along one
or two linkage dihedrals was computed from the unperturbed
ground-state replica under the NPT ensemble as,

6(0) = i [pRI3(@R) - w)ar |

(o (6)
= _1n{ZA(Q(R) - wi)/Ns}
ﬁ() j=1

where N is the number of snapshots recorded in the ground-
state replica and A(Q(R;) — ;) = 1 if Q(R;) is within the bin
[w; — Aw/2, w; + Aw/2] and otherwise A(Q(R;) — ;) = 0.

18780 | Phys. Chem. Chem. Phys., 2016, 18, 18776-18794

View Article Online

Paper

Results and discussions

Experimental and computational studies were performed for the
five trisaccharides shown in Fig. 1. The selected trisaccharides
include the monosaccharides glucose and mannose, which have
different anomeric configurations, with the monosaccharides
connected by (1 - 2), (1 — 3)- and/or (1 — 4)-glycosidic
linkages. Trisaccharides 1, 2, 4 and 5 are all composed of
glucose monosaccharides while there is one mannose residue
in trisaccharide 3. These represent a range of saccharide
structural variability and connectivity some of which occur in
larger biologically important oligo- and polysaccharides.®>®®

To delineate the conformational heterogeneity of these
trisaccharides, the J coupling parameters and 'H,'H-effective
distances, which are all conformationally sensitive, were measured
with NMR spectroscopy.'® To obtain an atomic-detail resolution
picture of the conformational properties and compare with experi-
mental measurements, MD simulations were carried out for
each trisaccharide in aqueous solution using the HREST-BP
enhanced sampling method.*® Previous studies have shown that
simulations with HREST-BP can enhance the sampling of differ-
ent conformational states along both the glycosidic linkages and
the noncontiguous monosaccharide-monosaccharide distances
and thus provide sufficient conformational sampling within
a simulation time of 40 ns for the trisaccharide systems (see
Fig. S1 in ESI}).*>* Simulations herein used the CHARMM36
additive force field for hexopyranoses,®*® which has been shown
to yield good agreement between the computed and experimen-
tally measured J coupling constants and effective 'H,"'H distances
for various disaccharides.”'*

NMR spectroscopy

Conformational aspects of trisaccharides 1-5 were investigated in
D,0 solution at 303 K where they have a rotational correlation time
7. & 235 ps, as determined from translational diffusion NMR
experiments being D, = 3.19 x 10~ '° (SD 0.06 x 10 %) m? s™* in
D,O at 298 K. The NMR observables *H,'H cross-relaxation rates and
homo- as well as heteronuclear spin-spin coupling constants
"Tec and *Jcy, respectively, were determined; these were used to
derive experimental proton-proton distances and analyzed
employing Karplus-type relationships for the latter. To this end 1D
"H,"H-NOESY and 1D "H,'H-T-ROESY experiments (Fig. 2)**** were
performed at high magnetic field strengths corresponding to a
"H resonance frequency of up to 900 MHz in order to obtain better
resolved spectra. In some cases severe spectral overlap limited the
analysis and a 1D STEP-NOESY experiment®® was carried out for
compound 5 (Fig. 3), which facilitated the cross-relaxation rate to be
obtained for the H4-H1” interresidue interaction in an efficient way
via a PANIC-based analysis of the NOE buildup curve.®”*® The 'H,"H
cross-relaxation rates for the trisaccharides were also obtained by
extrapolation to zero mixing time (Fig. 4a) as devised by Dixon et al.*’
and data for compounds 1-5 are compiled in Table 1. The corres-
ponding proton—proton distances, using 7 ®-averaged effective refer-
ence distances from the MD simulations (vide infra), in conjugation
with eqn (5) lead to experimentally determined "H,"H distances
in the trisaccharides (Table 2).
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Fig. 2 *H NMR spectrum of trisaccharide 1 (bottom) at 14.1 T; 1D *H,*H-T-
ROESY NMR spectrum (tmix = 210 ms) of 1 in which the anomeric proton H1”
has been selectively excited (middle); the corresponding 4 '*H-T-ROESY
spectrum with the anomeric proton H1’ selectively excited (top). The asterisk
denotes unknown impurities in the sample.

Spin-spin coupling constants across the glycosidic linkage
are complementary to the interresidue proton-proton distances
obtained from NOE and T-ROE experiments and are analyzed and
interpreted by Karplus-type relationships. The heteronuclear */cy
coupling constants, compiled in Table 3, were determined by
J-HMBC (Fig. 4b) and 1DLR experiments.**”>”" Homonuclear /¢
as well as *Jc¢ coupling constants will supply additional informa-
tion on conformational preferences at glycosidic linkages. They
are attainable by eg 'H-detected IPAP DEPT-INADEQUATE
experiments,®” albeit at long acquisition times with high concen-
trations of compounds. Alternatively, isotopologues, *C-labeled at
the anomeric carbon and at the glycosyloxylated carbon atom,"*
i.e., the carbon at the linkage position of a glycosidic linkage,
efficiently results in six transglycosidic J couplings, viz., *Ju1’ cn
et wm ez e Jer,cin-1) Jer,cme), and *Jor cn, Where n is the
substitution position, although this requires synthesis of the
site-specifically labeled oligosaccharide.”” An alternative approach
to obtaining most of these homonuclear coupling constants is
to synthesize isotopologues that are only **C-labeled in the non-
reducing residue at the glycosidic linkage of an oligosaccharide,
e.g., in a rhamnose-containing disaccharide at C1’ thereby giving
information related to the i torsion angle’® as well as at C2’
for which the */c¢ coupling constant reports on the ¢ torsion
angle preferences.”*
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Fig. 3 Schematic of the STEP-NOESY experiment for measuring the
cross-relaxation rate between H4 and H1” in trisaccharide 5; selective
excitation of H3 (1), followed by isotropic mixing transfers magnetization
to H4, which then can be selectively inverted (2), for subsequent cross-
relaxation to H1” (bottom). *H,*H-NOE buildup curves for 5 obtained at a
600 MHz spectrometer frequency employing the PANIC approach in
which —//l; vs. tmix are plotted. The cross-relaxation rates are obtained
from the slopes of the fitted data: H4—H1" (filled blue triangles) and the
reference distance H1-H2 (filled green squares) (top); the NMR data of the
latter interaction were obtained from a 1D NOESY experiment.

Herein we have used this methodology by synthesizing site-
specifically *C-labeled isotopologues and isotopomers of com-
pound 3. The "H NMR spectral region 4-5 ppm is indicative of
differences between the three different *C-labeling patterns
(Fig. 5). In the doubly labeled compound 3-c2'/c2” it is evident
that for the terminal f-p-glucopyranosyl residues chz’m ~ 0 Hz
since the resonances from H1’ and H1” are doublets (3]H1,Hz x
7.7 Hz) devoid of any two-bond heteronuclear couplings,
consistent with the fact that the ZjCZ‘Hl coupling constant in
B-p-glucose is small.”> In contrast, the resonances of the
anomeric protons in 3-c1’ and 3-¢1” are split by Y, m = 161 Hz
as a consequence of the site-specific '*C-labeling (Fig. 5).
Furthermore, the presence of *Jcy across the glycosidic linkages
are readily observed since the multiplicity of the H2 and H3
resonances is a ddd (Fig. 5) and the magnitudes of these J
couplings (Table 3) were obtained using the J doubling procedure.*
The homonuclear *joc couplings related to the ¢ torsion angles
were obtained from 1D **C or 1D INADEQUATE NMR spectra®®*
(Fig. 6) of 3-c2'/c2” showing the splitting of the resonances from
the C2 and C3 atoms of the mannosyl residue. In a similar way
the *Jc¢ related to the y, and 5 torsion angles were determined
from the NMR spectra of the isotopomers 3-c1’ and 3-c1”,
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Fig. 4 (a) Plots of —/;(tmi)/[tmili versus tmix for the 1D *H,*H-T-ROESY
experiment applied to trisaccharide 1 (cf. Fig. 2). Selective excitation was
carried out for the resonance from H1’ and cross-relaxation observed to
H3 (red filled triangle), H1” (green filled diamond) and H2' (blue filled
square) were investigated. (b) Selected spectral region of the *H,**C-J-HMBC
NMR spectrum of 4 recorded with k = 20.6 showing the cross-peak between
C1” and H4. The 3JC1”,H4 coupling constant is obtained from the cross-peak
separation in the F;-dimension by dividing by the scaling factor k. The 1D
projection is plotted to the left the 2D spectrum.

respectively (Fig. 6). The *Joc coupling constant, which is
negative, at the glycosidic linkage carries information about
rotamers’® and torsion angle preferences.”” From the NMR
spectra of the isotopomers 3-c1’ and 3-¢1” the *cy/ ¢, and *Jcyr o3
were readily obtained, respectively (Fig. 6 and Table 3). It may be
noted that since the linewidths of the "*C resonances (full width at
half maximum) correspond to vepwpy & 1.1 Hz the determined
values in the 1D INADEQUATE spectra are not limited by cancella-
tion effects”® when "Joc > 2 Hz; the absence of some signals in the
spectra are also consistent with *joc < 1 Hz (Table 3).

Experimentally measured and simulation computed J coupling
constants and effective 'H,"H distances

The experimental J coupling constants and effective 'H,"H dis-
tances were measured along the rotatable glycosidic linkages of the
five trisaccharides. The experimental results may be used to
determine the conformations being sampled by the trisaccharides,
in part via the use of the Karplus equation to interpret the J
coupling constants. In addition, a detailed atomic picture of the
conformational ensembles being sampled by the trisaccharides
may then be extracted from the MD simulations, and the
ensembles of simulated conformations can be used to calculate
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the J couplings with the reparametrized Karplus relation
JCX/SU09 (eqn (1)-(4)),*° thereby allowing for verification of
the computational approach. The JCX/SU09 equation makes
several important corrections to better reproduce the experi-
mental measurements for carbohydrate molecules and has
been successfully used on different disaccharides.”**?°

The experimental and computed values of */cy couplings
are shown in Table 3 and plotted in Fig. 7. Qualitative agree-
ment was observed for all five trisaccharides with the largest
deviation being 1.1 Hz for the ¢, dihedral in trisaccharide 5
(4.3 vs. 3.2 Hz) and the smallest deviation being zero for i, in
trisaccharide 1 (3.8 vs. 3.8 Hz). The computed J couplings have a
root mean square deviation (RMSD) of 0.65 Hz with respect to
the corresponding experimental values along the torsional
angle ¢ and 0.54 Hz along the y torsion. A detailed examina-
tion shows that all the computed J couplings along the linkage
dihedral ¢ were overestimated if the c-anomer was the non-
reducing end monosaccharide (¢,/¢; of trisaccharide 1, ¢, of
trisaccharide 2, ¢; of trisaccharide 4), while the calculated
values with B-anomeric configurations included are underesti-
mated (¢3 of trisaccharide 2, ¢,/¢; of trisaccharide 3, ¢, of
trisaccharide 4, and ¢s/¢, of trisaccharide 5). As shown in
Fig. 8, a left-shift of the ¢ distribution can simultaneously
reduce the deviation for both o- and f-linked sugars. This
correction can be added through an additional term of the
phase shift @ in the following equation derived from eqn (1),

Jeu(¢) = 6.54 cos*(¢p — 4 — @) — 0.62 cos(¢p — 4 — @) — 0.17
7)

with @ = 6°, which represents a balance of the overestimated
and underestimated j couplings. With this correction the
RMSD is reduced from 0.65 to 0.35 Hz along the torsional
angle ¢ and the signed difference, ) (Jexp — Jearc)/N, is reduced
from 0.15 to 0.05 Hz, with N being the number of J couplings
along the torsional angle ¢. With this correction, the largest
deviation of J couplings along ¢ was 0.7 Hz for ¢, dihedral in
trisaccharide 5 (4.3 vs. 3.6 Hz) and the smallest deviation for ¢5
occurred in trisaccharide 3 with a value of zero (3.7 vs. 3.7 Hz)
(Table 3).

Accurate estimation of the coupling constants requires suffi-
cient conformational sampling of the trisaccharide, faithful
description of the energy landscape of the system by the force
field, and accurate estimates of the coupling constants by the
Karplus equation. According to previous studies and the conver-
gence check in this work the duration of the HREST-BP simulation
is adequate to obtain sufficient conformational samplings
and,*~® thus, this point will not contribute significantly to the
discrepancy between experiment and simulation. This leaves the
remaining two issues; however, they are coupled and are hard to
separate completely. To shed some light on the possible causes of
the discrepancy, QM calculations of *Jc;; coupling constants were
performed at DFT/B3LYP/6-31G* level for 100 conformations of
trisaccharide 3 and for the associated disaccharides in the same
conformations. The resulting */cy; couplings are very close to each
other for the trisaccharide and corresponding disaccharides along
both ¢ torsional angles in the linkages, with a RMSD of 0.22 Hz
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Fig. 5 Selected region of 'H NMR spectra of compound 3-c2'/c2’ (top),
compound 3-c1’ (middle) and compound 3-c1” (bottom) recorded at 16.4 T
and a temperature of 290 K. The site-specific **C-labeling of C1’ and C1”
splits H1’ and H1”, respectively, by 161 Hz; the influence of *Jcy/ 1z and
3Jcy s are clearly visible for compounds 3-c1’ and 3-c1”, respectively.

and 0.20 Hz for ¢ = H1'-C1-02-C2 and ¢ = H1"-C1"-03-C3
(Fig. 9a and b), respectively. This suggests that the DFT result is
not sensitive to the system size variation in *J/cy coupling
constant calculations. The coupling constants derived from
Karplus eqn (1) and (7) are compared with those from the
DFT calculation (Fig. 9c and d). The Pearson’s correlation
coefficients were computed for the *Jcy values from the Karplus
equation and from DFT analysis, yielding values of 0.86 and
0.86 for eqn (1) and (7) along ¢ = H1'-C1'-02-C2, respectively,
and 0.83 and 0.82 for eqn (1) and (7) along ¢ = H1"-C1"-03-C3,
respectively. However, the RMSD with respect to the DFT result
is about 0.3 Hz larger for the coupling constants computed with
eqn (7) than those from eqn (1) along both ¢ dihedrals. Noting
that the phase shift of the Karplus curve for the ¢ torsion angle
is inherently dictated by an electronegative substituent along
the coupling pathway,”®*® and the above mentioned inability to
separate contributions from force field sampling and Karplus
equation to the differences, the development of more accurate force
fields, e.g. the Drude polarizable force field for carbohydrates,**
appears to be required to provide an improved understanding
of the origin of these differences.

For J couplings along the torsional angle y, the signed
difference is —0.37 Hz, suggesting this J coupling is overesti-
mated from simulation except for , in trisaccharide 3 (5.1 vs.
4.7 Hz) (Fig. 7 and Table 3). In addition to the torsional angle y,
this J coupling value also depends on the dihedral ¢os to
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Fig. 6 C NMR resonances from C1-C4 of the mannose residue in
trisaccharides 3-cl’, 3-c1” and 3-c2'/c2’ extracted from 1D spectra (in-
phase peaks) and from 1D INADEQUATE spectra (anti-phase peaks).
Chemical shifts are reported in ppm.

account for the variable in-plane (VIP) effect as expressed in
eqn (2). However, for the trisaccharides we studied here, the
contribution from the VIP term is negligible since the dihedral
distribution of ¢os concentrates around 74° and —72° for glyco-
sidic linkages with the o- and B-anomeric configurations at the
non-reducing end monosaccharide, respectively. The RMSD
between experimental and computed J couplings is 0.54 Hz. The
smallest deviation of zero was observed for i/, in trisaccharide 1
(3.8 vs. 3.8 Hz) and 5 in trisaccharide 3 (4.3 vs. 4.3 Hz) and the
largest deviation of 1.0 Hz for i in trisaccharide 2 (4.7 vs. 5.7 Hz).

In trisaccharide 3, some additional */cc coupling constants
were measured related to ¢ca, Yc1,cne1, a0d Yer,cn—1 (Table 3).
The %jcc ~ 3.0 Hz related to the ¢ torsion angles in 3 are
consistent with anti-periplanar orientations at the torsion
angles C2'-C1’-02-C2 and C2"-C1"-03-C3 and the prevalence
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Fig. 7 Comparison of the computed and experimental NMR J coupling
constants (in Hz). Black filled circles and triangles represent the computed
J coupling constants from eqgn (1) and (2) and red diamonds are calculated
with eqgn (7).
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Fig. 8 Plot of Karplus equation for *Jcy (in Hz) along the torsional angle ¢
(in degree) based on eqgn (1) (top) and the probability distribution of ¢ in
each trisaccharide for the sugar residues having the a- or B-anomeric
configuration at the non-reducing end (middle and bottom panels,
respectively). Red arrows indicate that an additional left-shift of the
distribution can reduce the systematic deviation between computed and
experimental values. The probability distribution of ¢ was computed using
the frames recorded in the ground state replica of HREST-BP simulations
with a bin size of 6°.

of the exo-anomeric conformation. This conclusion is further
supported by the *Jcc ¥ —2 Hz at the glycosidic linkages.”® In
addition, the latter /¢ values support s torsional angles close
to zero degrees, i.e., a syn-conformation as the major one at the
glycosidic linkages.”” The simulation overestimated the experi-
mental J coupling by ~ 0.5 Hz for the torsional angles ¢¢, and
Wci1,cne1- However, the data set is too small to apply a suitable
correction to eqn (3) and (4) for the J coupling calculation. For
the J couplings related to cq,c,—1 the simulations predicted
%Joc < 1 Hz, in very good agreement with experimental estimates.

The overall agreement for 'H, H-effective distances is indeed
good between the experimental and simulated results (Table 2).
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Fig. 9 3Jcy coupling constants computed from Karplus egn (1) and (7) and
DFT/B3LYP/6-31G* calculations for trisaccharide 3. (a) Comparison of *Jcyy
coupling constants from each conformation of the trisaccharide and the
corresponding disaccharide along glycosidic dihedral ¢ = H1'-C1'-02-C2.
(b) Comparison of 3JCH coupling constants from each conformation of
the trisaccharide and the corresponding disaccharide along glycosidic
dihedral ¢ = H1”-C1"-03-C3. (c) Comparison of *Jcy; coupling constants
computed from Karplus equations and DFT for each trisaccharide
conformation along glycosidic dihedral ¢ = H1'-C1'-02-C2. (d) Com-
parison of 3Jcy coupling constants computed from Karplus equations
and DFT for each trisaccharide conformation along glycosidic dihedral
¢ = H1"-C1"-03-C3.

The largest deviations 0.11-0.14 A, 0.17 A, 0.27 A, 0.29 A and
0.30 A were observed for H1'-H1” in trisaccharide 1, H1"-H5"
in trisaccharide 2, H1”-H3 in trisaccharide 3, H1'-H2” in
trisaccharide 4, and H1”-H5 in trisaccharide 5, respectively.

Conformational preferences of the monosaccharide rings and
exocyclic hydroxymethyl group

The conformational preferences of a trisaccharide can be
represented through the states of the exocyclic hydroxymethyl
groups, the ring puckers, and the relative orientations of
the monosaccharides along the glycosidic linkages. From the
simulations, the conformational propensity of the ring puckers
and exocyclic hydroxymethyl rotations were examined in each
monosaccharide. The pucker analysis, represented with Cremer-
Pople parameters (R, 0, ¢), shows a stable *C; chair state near § = 0°
for all the monosaccharides, including o/p-p-glucopyranose and
a-p-mannopyranose within the 40 ns HREST-BP simulation (see
Fig. S2 in the ESIf).*’ This observation is in agreement with
previous experimental and computational studies which suggest
a preferred *C; chair conformation for the gluco- and manno-
configured hexopyranoses around 0 = 0°.'*%" The exocyclic
hydroxymethyl group samples three different conformations as
defined by the O5-C5-C6-06 torsion angle, with comparable
populations at the gt (0°-120°) and gg (—120° to 0°) states
and a relatively small population at the ¢tg (—180° to —120°) &
(120°-180°) state (see Fig. S3 in ESIt). This result suggests a
preferred conformational conversion between the gt and gg states
over the tg state, which is in agreement with previous observations
from both experiments and simulations.'*® Taken together,
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similar conformational sampling was observed in the ring puckers
and the exocyclic hydroxymethyl groups for all the included
monosaccharides. Accordingly, in the following discussion, we
will mainly focus on the conformational preferences along the
glycosidic linkages, which control the flexibility and structural
packing patterns in the oligo- or polysaccharide molecules, as
well as the overall conformations of the trisaccharides as defined
by the Cartesian coordinates.

Free energy landscape along the glycosidic linkages

The conformational preference between the connected monosac-
charides is represented with two torsion angles, ¢(H;-C;-0,~-C,,)
and ¥(C;-0,-C,-H,,), defined for the (1 — 2)-, (1 - 3)- and
(1 - 4)-glycosidic linkages. In the simulations, the ¢ dihedral
adopts a global minimum on the free energy landscapes from
—54° to —30° for an o-anomeric form and 48° to 54° for a
B-anomeric form as the non-reducing end monosaccharide,
respectively (Fig. 10 and Table 4). Here the non-reducing end
monosaccharide refers to the sugar unit that includes atoms H,
and C; in the definition of ¢(H;-C;-0,-C,,). For ¢ dihedrals
with a sugar residue having an a-anomeric configuration at the
non-reducing end monosaccharide, there is only one stable
state sampled in the region (—60°, 0°). This is seen with the
(1 - 2)-and (1 — 3)-linkages in trisaccharide 1, the (1 — 2)-
linkage in trisaccharide 2, and the (1 — 3)-linkage in tri-
saccharide 4. On the other hand, for the sugar residues having
the B-anomeric configuration there are additional sub-states
observed around ¢ = £180° or ¢ = —15° in some glycosidic
linkages besides the most stable conformation within ¢ € (0°, 60°)
(Fig. 10). This is present in the (1 — 2)- and (1 — 3)-linkages in
trisaccharide 3, the (1 — 4)-linkage in trisaccharide 4, and the
(1 — 3)- and (1 — 4)-linkages in trisaccharide 5. The observa-
tion of the sampled distribution along ¢ is in agreement with
the prediction from the exo-anomeric effect and crystallo-
graphic structures.®® The conformation along the y dihedral
has multiple sub-states as shown in the free energy maps,
suggesting additional flexibility along this linkage dihedral.
For all five trisaccharides, the global minima along y is posi-
tioned around the syn-periplanar conformation at y = 0°
(Fig. 10). Specifically, if the B-anomeric configuration is present
at the non-reducing end unit, the global minima along y are
positioned at the regions of 0° < i < 36° and, if the a-anomeric
form is present instead, the range —36° < ) < 0° occurs. The
exception occurs for the (1 — 3)-linkage in trisaccharide 4
where the global minimum is at i = 24° (Table 4), but in this
case the global energy minimum region is elongated covering
both positive and negative values at the y torsion angle. This
result for }y was also observed in many crystal structures for
gluco- and manno-configured hexopyranoses as the non-reducing
end unit.***

Dihedral-based clustering analysis of the trisaccharide
conformations

The structural flexibility of saccharides allows for a range of
conformations to be sampled in solution, suggesting that the
oligo- or polysaccharides may not typically be characterized in
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Fig. 10 2D Potential of mean force (PMF) profiles along the glycosidic
linkage dihedrals in trisaccharides 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e). The
definition of the torsion angles (in degree) is shown in the structural
models in Fig. 1.

Table 4 Location of global minimum in the free energy landscape about
the glycosidic dihedrals ¢ and ¥ (°)

Trisaccharide ¢y (linkage 1)* ¢/y (linkage 2)*
1 —36/—-24 —54/-36

2 48/12 —42/-24

3 48/24 54/36

4 —30/24 48/12

5 54/24 54/0

“ Linkage 1 is defined for the linkage including the monosaccharide
with one prime at the non-reducing end and linkage 2 includes the
monosaccharide with double primes at the non-reducing end. See Fig. 1
for the structural models.
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Fig. 11 Index of free energy minima for each glycosidic linkage used in
the dihedral-based clustering. The a-(1 — 3)-linkage in trisaccharide 1 is
used as an example. Torsion angles are given in degree.

120

terms of a single 3D structure. This requires that these mole-
cules be represented by an ensemble of conformations and
to define this ensemble two approaches were undertaken. The
first involved defining conformations based on the internal
coordinates defined by the dihedrals at the glycosidic linkages
and the second involved the range of conformations in terms of
Cartesian coordinates (see below). Defining the conformations
based on glycosidic linkages used cluster analysis for each
trisaccharide, with the analysis performed on the different local
minima sampled on the free energy surface of each linkage. As
shown in Fig. 11, individual conformational states for each
linkage are defined based on different ranges of the ¢/
dihedrals associated with individual, local minima as deter-
mined from the above free energy landscapes. An index number
is assigned to each region to be subsequently used as the basis
for cluster analysis. Although this partitioning of ¢/ space has
the possibility of including more than one local minima in a
given region or splitting one local minimum into two regions in
some cases, the definitions used here are generally applicable
to carbohydrate molecules and approximately corresponds to
different free energy minima for the glycosidic linkages.

To apply this approach for each recorded snapshot from
the simulation, the conformation of each glycosidic linkage is
identified and assigned the corresponding index number. With
trisaccharides this involves two index numbers associated with
the two glycosidic linkages defining the overall conformation of
each trisaccharide. For example, 1/0 represent the conforma-
tion with the first linkage at ¢ € (—120°, 0°)/yy € (0°, 120°) and
the second linkage at ¢ € (—120°, 0°)/y € (—120°, 0°). In this
approach all conformations in a specific cluster are in the same
local minima on the free energy landscape as defined by the
glycosidic linkages. We refer to these as glycosidic linkage, or
GL, clusters. As shown below, conformations in the same GL
cluster can vary in terms of Cartesian coordinates; however,
as they occupy the same minima these different “Cartesian
conformations” can readily interconvert without encountering
any high free energy barriers. This is because all conformations
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in a given GL cluster are in the same local minima along every
glycosidic linkage such that the interconversion between con-
formations can occur without encountering significant energy
barriers. GL clusters, therefore, provide a high dimensional
representation of the carbohydrate conformation as compared
to the 1D- or 2D-PMF profiles. Furthermore, the hydrogen
bonding interactions, J coupling constants, and proton-proton
effective distances can be analyzed for the conformations
present in each given GL cluster to provide more structural
insights into the conformational heterogeneity of saccharide
molecules.

In trisaccharides 1, 2 and 3, both (1 — 2)- and (1 — 3)-
glycosidic linkages are included but with different monosac-
charides or anomeric configurations. According to the GL
clustering, the first two clusters in trisaccharide 1 accounts
for 89% of the total population (Table 5). The largest cluster
corresponds to the global minimum of the two linkages in the
free energy landscape, that is, ¢3 € (—120°, 0°)/}y3 € (—120°, 0°)
& ¢, € (—120° 0°)/y, € (—120° 0°). The second cluster
is located at one local minima about the first linkage, ¢; €
(—120°% 0°)/3 € (0° 120°), and the global minimum of the
second linkage ¢, € (—120° 0°)/{, € (—120° 0°).

To better understand the structural factors that govern the
conformational preference, possible inter-monosaccharide
hydrogen bonding interactions were monitored in the simula-
tions. The result shows one stable interacting pair in GL cluster
1 (HO4-02""), while in GL cluster 2 two interacting pairs are
significantly sampled involving the HO2-O5' and OH2-06’
pairs. Beyond the largest two clusters, the remaining clusters
comprise around 10% of the sampled conformations, of which
no stable hydrogen bonding interactions were found (Fig. 12
and 13), indicating the contribution of inter-monosaccharide
hydrogen bonding interactions in stabilizing the most populated
conformers. We also examined the water-mediated hydrogen bond-
ing interactions in the simulation. Table 6 shows a very small
occupancy ratio (~0.07) of this interaction over the whole trajectory,
which is dominated by the contribution from GL cluster 1.

For the J coupling constants and effective "H,"H distances,
the agreement is very good between experimental and simu-
lated results. The largest deviation was 0.4 Hz for J coupling
constants along torsional angle ¢; (3.4 vs. 3.8 Hz) if the

Table 5 Dihedral-based clustering for trisaccharide 1°
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corrected eqn (7) was used (Table 3) and 0.11 for the effective
distance between H1' and H1'"’ (2.37-2.40 vs. 2.26 A) (Table 2).
Interestingly, the simulated values of different effective proton-
proton distances for the first five GL clusters show large
variations with respect to the experimental results as shown
by the RMSD value (Table 5), while the weighted average with
the respective cluster populations results in very good agree-
ment to the experimental measurements (Tables 2 and 3).
This observation indicates that the simulation can faithfully
reproduce the distribution of thermodynamically accessible
conformations of this trisaccharide molecule, yielding the over-
all good agreement with the NMR data.

Trisaccharide 2 differs from trisaccharide 1 in the anomeric
configuration of the central monosaccharide, with B-p-gluco-
pyranose replacing the a-p-glucopyranose in trisaccharide 1
(Fig. 1). There are again two largely populated clusters observed
for trisaccharide 2, which account for 82% of the total popula-
tion (see Table S1 in ESI{). The largest cluster, occupying 60%
of the overall conformations, corresponds to the global minima
in the free energy surfaces of the two glycosidic linkages, ¢; €
(0°, 120°)y3 € (0°, 120°) & ¢, € (—120° 0°)y, € (—120°% 0°).
The second GL cluster positions within ¢; € (0°, 120°)/y5 €
(—120°%, 0°) & ¢, € (—120°% 0°)/y, € (—120°, 0°). One stable
hydrogen bond interaction was observed in GL clusters 1 and 2
between HO2 and O2'’ (Fig. 13 and Fig. S4 in ESIt). In GL
cluster 2 there is a another stable hydrogen bond interaction
HO4-05’. GL clusters 3 and 4 account for populations of 9.1%
and 7.0%, respectively. Interestingly, the stable HO4-O5’ inter-
action pair exists in the conformations of cluster 3, while no
stable interaction was observed in cluster 4. For this molecule,
the water-mediated hydrogen bonding interaction has an occu-
pancy ratio of 0.14, with these interactions more frequently
observed in GL clusters 1 and 4 (Table 6). The two largest J
coupling constant deviations were observed along torsional
angles 3 (4.7 vs. 5.7 Hz) and ¢, (3.1 vs. 3.5 Hz) and about
the effective 'H,'H distances for the intra-saccharide H1''-H5"’
(3.82 vs. 3.65 Hz) and the inter-saccharide H1''-H2 (3.22 vs.
3.34 Hz), both of which are long distances (relative to the
intraresidual reference distance) differing by ~0.15 A between
experiment and simulation (Tables 2 and 3). The decomposition
of simulated results also shows a large variation in different

Cluster 3Jcalc 3Jcalc 3Jcalc 3]calc

index? Population/% (H1'-Cn) (C1’-Hn) (H1'/-Cn) (C1'’-Hn) RMSD® R° Fa1/-ms TH1/-H1” TH”-H2! TH1”-H3 Tai/-mz’ RMSDS R°
00 67.7 4.03.5) 5.0 3.2(2.6) 3.8 0.4(0.3) 0.94(0.99) 2.38 223  2.61 428 243 031  0.99
10 21.3 51(4.7) 4.4 3.2(27) 3.6 0.9(0.7) 0.32(0.55) 2.18 2.26  2.55  3.16 245 021  0.97
20 3.2 4.6(4.1) 6.6 3.4(2.8) 4.4 1.2(1.1) 0.96(0.99) 3.62  2.29 245  4.85 244 081  0.81
01 2.4 42(3.7) 4.8 4.8(4.3) 3.9 1.0(0.7) 0.13(0.62) 2.38  3.50 224 585 249 113  0.91
40 2.1 4.3(4.7) 5.3 3.4(2.8) 4.2 0.6(0.8) 0.95(0.83) 2.17  2.27  2.55  2.62 246 045  0.72
Sum 96.7

¢ The first 5 clusters listed in this table are out of a total of 22 clusters sampled for trisaccharide 1; the 3 cale coupling constant and effective 'H,'H
distance ryy were computed for each cluster. The values in parenthesis were computed with eqn (7) and the other J coupling constants were
computed with eqn (1-2). ” The cluster index was defined in Fig. 11 and the conformation of the two linkages was represented by two
corresponding numbers. ¢ The Pearson’s correlation coefficient R and RMSD values were computed for each GL cluster against the experimental
measurements. For J coupling constants, the RMSD and R values in parenthesis correspond to *J..c computed from eqn (7). For the 'H,"H
distances, the R and RMSD were computed against the experiments at 900 MHz (see Table 2).
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Fig. 13 Structural models of the hydrogen bond interactions (dashed line)
in different GL clusters of trisaccharides 1-4. (a) GL cluster 1 (left) and 2
(right) of trisaccharide 1. (b) GL cluster 1 (left) and 2 (right) of trisaccharide

2. (c) GL cluster 1 (left) and 2 (right) of trisaccharide 3. (d) GL cluster 1 (left)
and 3 (right) of trisaccharide 4.

GL clusters, suggesting the influence of different conformational
states to the measured J coupling constants and effective
distances (see Table S1 in ESI}). Taken together, the simulation
can well reproduce the experimental measurements for this

This journal is © the Owner Societies 2016

View Article Online

PCCP

trisaccharide and the contributions for various conformational
states are further decomposed into different GL clusters.
Unlike a linear connection through the (1 — 2)-and (1 - 3)-
glycosidic linkages in trisaccharides 1 and 2, trisaccharide 3 is a
model of a branched molecule with only one reducing end
monosaccharide mannose (Fig. 1). For 3, the first 2 clusters
account for 91% of the total population. They correspond to the
most stable states in the linkage dihedral space, ¢, € (0°, 120°)/
W, € (0° 120°) & ¢3 € (0°, 120°)/y3 € (0°, 120°) for the largest
cluster and ¢, € (0°, 120°)/}y, € (0°, 120°) & ¢5 € (0°, 120°)/
W3 € (—120° 0°) for the second cluster (see Table S2 in ESIt).
One highly populated inter-monosaccharide hydrogen bond,
HO6'-02"’; between the two terminal adjacent glucosyl
residues is formed in cluster 1, stabilizing this conformation.
In addition, a HO4-05"" hydrogen bond was found in clusters 2
and 4 of this trisaccharide (Fig. 13 and Fig. S5 in ESI}). The
longer range HO6'-02'" hydrogen bond appears to stabilize
the conformation of GL cluster 1 to a greater extent than the
HO4-05" hydrogen bonds that occur across the glycosidic
linkage in adjacent monosaccharides even though the latter
occurs with a higher probability. Water-mediated hydrogen
bonding interactions have an occupancy ratio of 0.11 with the
largest contribution from GL cluster 1 (Table 6). The agreement
for J coupling constants along ¢ and  is very good, with the
largest deviation observed for torsion angle v, (5.1 vs. 4.7 Hz)
and the other three dihedrals less than 0.1 Hz (Table 3). This
good agreement was also observed for the effective 'H,"H
distances with the largest discrepancy of 0.19 A between H1'
and H2 (2.23 vs. 2.42 A) (Table 2). However, the simulation
overestimated the *J.. by approximately 0.5 Hz for torsion angles
¢co and Yci-cpe1- Importantly, though, the values differ at
the two glycosidic linkages indicating that torsional preferences
and/or dynamics are not the same at these two linkages. Cluster
analysis (see Table S2 in ESIt) shows that the corresponding
J coupling constants in GL cluster 1 are all overestimated
with respect to the experimental values along ¢, and Y1 cne1,
e.g. Jco' c2s Joar c3y Joi'-c3, and Joir ca. Under the assumption that
eqn (3) and (4) used to compute the J coupling constants are
accurate, this result suggests that conformations in the first GL
cluster were over-sampled in the simulation. However, in the
current study, we cannot identify if this discrepancy arises from
deviations from the ideal parameterizations in eqn (3) and (4) or
the relative population of conformational sampling (see Table S2
in ESIt). Overall, the agreement between experimental and
simulated observations is satisfactory for this trisaccharide.
Both trisaccharides 4 and 5 are representing branched
oligosaccharide structures connected through (1 — 4)- and
(1 - 3)-glycosidic linkages. The same (1 — 4)-linkage is present
in the two molecules between the a-p-glucose and B-p-glucose at
the reducing and non-reducing ends, respectively, (Fig. 1). This
type of linkage is present in cellobiose. However, the (1 — 3)-
linkages differ with respect to the anomeric configurations in
the non-reducing end monosaccharides, with a-p-glucose in
trisaccharide 4 and B-p-glucose in trisaccharide 5. The anomeric
difference results in significantly different conformational
heterogeneity of the two molecules. For trisaccharide 4, the
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Table 6 Occupancy of the water mediated hydrogen bonding interactions in the entire trajectory and the first five GL clusters?

Trisaccharide 1 Trisaccharide 2

Trisaccharide 3 Trisaccharide 4 Trisaccharide 5

GL cluster 02/-02"" 04-HO®/ 04-HO6'' 04-02" 04-HO®'

1 0.09 (0.06) 0.17 (0.10) 0.12 (0.09) 0.05 (0.03) 0.23 (0.06)
2 0.05 (0.01) 0.08 (0.02) 0.06 (0.01) 0.07 (0.02) 0.24 (0.06)
3 0.03 (0.00) 0.06 (0.01) 0.18 (0.01) 0.06 (0.00) 0.00 (0.00)
4 0.01 (0.00) 0.15 (0.01) 0.03 (0.00) 0.11 (0.00) 0.32 (0.02)
5 0.00 (0.00) 0.00 (0.00) 0.16 (0.00) 0.07 (0.00) 0.17 (0.01)
Entire trajectory (0.07) (0.14) (0.11) (0.06) (0.16)

N
S

“ Occupancy (occ) was computed as occ = ’l

, with N, ¢; and t¢a the number of water mediated hydrogen bonding events for a given pair of

atoms, the lifetime of the ith event, and the. total simulation time for a given conformation pool, respectively. The water-mediated hydrogen
bonding event was defined active when the distance is less than 2.4 A between water atom and the respective donor or acceptor of both atoms in
the given pair. The occupancy was computed relative to the conformations in a given GL cluster only and all frames in the entire trajectory (values
in parenthesis). The inter-saccharide atom pair with the largest occupancy value was listed in this table for each trisaccharide system.

two largest clusters comprise 85% of the total population (see
Table S3 in ESIt) while those in trisaccharide 5 only accounts
for 50% of the population (see Table S4 in ESIf). For the
two trisaccharides, the largest cluster involves the free energy
global minima for the glycosidic linkages: ¢3 € (—120°, 0°)/i/3
€ (0°, 120°) & ¢, € (0°, 120°)/}y, € (0°, 120°) for trisaccharide 4
and ¢; € (0°,120°)/3 € (0°,120°) & ¢4 € (0°, 120°)/tf4 € (0°, 120°)
for trisaccharide 5. In trisaccharide 4, one stable hydrogen
bond between HO2 and O5’ is formed in GL clusters 1, 3 and
4 with an additional interacting pair involving HO2’ and O5”
between the terminal glucosyl residues in clusters 1 and 3
(Fig. 13 and Fig. S6 in ESIt). For this system, the water-
mediated interactions are very weak and only have an occu-
pancy ratio of 0.06. In trisaccharide 5 no stable hydrogen bond
interactions were observed, which, together with the large
number of clusters that sample relatively small amounts of
conformation, indicates additional conformational flexibility
due to the lack of stabilizing inter-monosaccharide hydrogen
bonds. Alternatively, the water-mediated hydrogen bonding
interactions most frequently observed in this molecule with
an occupancy ratio of 0.16. Such hydrogen bonding interactions
occur in GL clusters 1, 2, 4, and 5 (Table 6). The simulations
overestimate the J coupling constants by 0.6 and 0.5 Hz for
torsion angles 3 (4.5 vs. 5.1 Hz) and v, (5.4 vs. 5.9 Hz) in
trisaccharide 4 and 0.6 and 0.7 Hz along dihedrals 5 (4.8 vs.
5.4 Hz) and ¥4 (5.3 vs. 6.0 Hz) in trisaccharide 5 (Table 3). For
the effective 'H,"H distances, the largest two discrepancies were
observed for H1'-H2"' (3.56 vs. 3.27 A) and H1'-H1"’ (3.99 vs.
4.10 A) in trisaccharide 4 and for H1''-H5 (3.30 vs. 3.60 A) and
H1'-H3 (2.34 vs. 2.49 A) as well as H1"'-H4 (2.62 vs. 2.45 A) in
trisaccharide 5 (Table 2). Table S3 in ESI} shows that the first 3
GL clusters all overestimate the J coupling constants along /3
and Y, in trisaccharide 4. The similar overestimation of SJC,H
was also observed from the simulation of 5 along torsional
angles /3 and Y, (see Table S4 in ESIt). It is interesting to note
that the third most populated cluster of trisaccharide 5, with
index 45 and a population of 19%, contains a significantly
populated anti-yy conformation (Fig. 10). This indicates that
the enhanced conformational heterogeneity as seen from the
dispersed distribution of the GL clusters and the free energy
landscape of the glycosidic linkages may indicate the presence

18790 | Phys. Chem. Chem. Phys., 2016, 18, 18776-18794

of conformational epitopes in more complex oligosaccharide struc-
tures, such as lipopolysaccharides from Moraxella catarrhalis where
an anti-y conformation is present at the corresponding p-(1 — 4)-
linkage. Accordingly, trisaccharide 5 represents a structural
element of a larger oligosaccharide.®®°*

Taken together, specific hydrogen bonding patterns are found
in different GL clusters of a given trisaccharide, suggesting
specific interactions that stabilize respective conformational
states. Notably, the conformational heterogeneity differs signifi-
cantly with variations in the anomeric configuration of only one
monosaccharide as observed from the comparison between
trisaccharides 4 and 5. Such an effect indicates that small
changes in the composition of a polysaccharide can have a
significant impact on the overall conformational properties.

3D spatial distribution of the trisaccharide conformations

GL clustering identifies conformers of a saccharide that are in
the same local minima on the free energy landscapes of the
glycosidic linkages. However, this clustering method does not
present a direct 3D spatial distribution of the conformations.
To show the spatial extension for individual GL clusters, we
computed the Cartesian coordinate-based RMSD distributions
and the spatial 3D probability distribution for the trisaccharides.
For each GL cluster, the ‘central conformation’ was determined
based on the conformer with the smallest deviation relative to
the remaining conformations in the cluster. Then RMSD values
for all conformations in each cluster were computed with respect
to the central conformation. In addition, the RMSD values were
calculated for all conformations for each trisaccharide relative to
the central conformations of the top five GL clusters. The RMSD
distributions shows that most conformations associated with
each GL cluster are distributed around one major peak within
a range of 1.5 A in most cases (Fig. 14, solid lines). This is
consistent with the GL clusters being defined based on the
local minima in the 2D glycosidic linkage free energy surfaces.
However, GL cluster 3 of trisaccharides 3 and 5 has a broader
distribution out to 2.2 A. Concerning the RMSD values calculated
for all the conformations in the trisaccharides with respect to the
central conformation of individual GL clusters (Fig. 14, dotted
lines), the RMSD distributions are significantly larger than in the
individual GL clusters, with RMSD values of 3 A. The largest
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Fig. 14 Distribution of the RMSD values for the first five dihedral-based
clusters in each simulation of trisaccharides 1-5. Solid lines represents
RMSD values computed using conformations only in the given cluster with
respect to the central conformation of the cluster; dotted lines correspond
to the RMSD for all conformations in the trajectory relative to the same
reference as the respective solid line with same color represented. Each
conformation in one cluster or the whole trajectory was first aligned to the
reducing-end monosaccharide, i.e. the O-methyl glycoside residue, of the
reference state and then the RMSD was computed for all atoms in the other
two monosaccharides. GL clusters are colored black for cluster 1, red for
cluster 2, green for cluster 3, blue for cluster 4 and cyan for cluster 5.

extent of conformational sampling is observed for trisaccharides
3, 4 and 5, representing branched structures, compared to the
linear trisaccharides 1 and 2. The combination of the GL cluster
and RMSD analysis indicates that sampling of conformations
beyond a single GL cluster leads to an expected increase in
sampling of Cartesian coordinate space. However, even within a
given GL cluster the extent of Cartesian coordinate sampling is
significant and likely to occur on short time scales given the lack
of significant barriers between conformations.

Besides RMSD, the spatial distribution can also be represented
by the volume of the sampled conformations. To compute the
sampled volume, a 3D map with a voxel size of 1A x 1A x 1 Awas
constructed around each saccharide and then each non-hydrogen
atom of an aligned conformation was assigned to a grid. The
sampled volume is the total number of voxels occupied by at least
one atom. This analysis was performed for all conformations
sampled by each trisaccharide or for individual GL clusters
(Fig. 15). The most highly populated clusters typically sample
the largest volumes, though with trisaccharides 2, 4 and 5, GL
cluster 2 samples larger volumes. This indicates that specific
hydrogen bond interactions that stabilize a GL cluster may lead
to a decrease in conformational variability.

Analysis of the volumes sampled by the saccharides offers a
convenient approach to visualize the extent of conformational
sampling. Shown in Fig. 16 are 3D spatial distributions sampled
by trisaccharide 4 overlaid on a selected conformation of the
trisaccharide (Fig. 1). As is evident, a broad spatial range of
conformations is being sampled by the trisaccharide. Notable is
the sampling of similar, but slightly different spatial regions by
GL cluster 1 vs. 2 and, as expected, a wider range of sampling
occurs when all conformations are taken into account.
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Fig. 15 The occupied volume for conformations in the first five clusters or
the whole trajectory (cluster 0) in the simulations of trisaccharides 1-5
based on the number of occupied voxels. The spatial occupancy
was computed by aligning the reducing-end monosaccharide of each
conformation to the reference state and then assigning each non-
hydrogen atom of a conformation into one voxel. The voxel size is defined
as1Ax1Ax1A

The range of the spatial distributions sampled in the different
GL clusters being similar is expected because of the presence of
only two glycosidic linkages. With additional glycosidic linkages
that would be present in complex oligo- or polysaccharides,
small deviations in the dihedral space sampled in different GL
clusters can be anticipated to result in larger accumulated
spatial differences. This spatial difference may correspond to
different packing patterns, which are stabilized by favorable
long-range hydrogen bond interactions. In such cases, the
inter-monosaccharide nonbonded interactions in conjunction
with the localized glycosidic linkage conformations will play
an important role in dictating to the overall conformational
sampling of complex saccharides.
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Fig. 16 3D spatial distribution of the sampled conformations for trisac-
charide 4. The occupied volume for the entire trajectory, GL clusters 1 and
2 are shown in wireframes and colored in gray, red and green, respectively.
The solid surface in gray represents the van der Waals surface of a selected
conformation of the trisaccharide. Conformations were aligned based on
the O-methyl monosaccharide (Fig. 1).
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Conclusions

For the five studied trisaccharides the simulated results repro-
duce well the experimental J coupling constants and effective
'H,'H distances. Whereas the NOE-based experiments give a
good description of the 3D-structure of an oligosaccharide,
they are limited by the (r °) averaging making the detailed
interpretation somewhat less precise with respect to subtle
conformational differences, the J-based experiments are excellent
in picking up small perturbations from the environment (solvent)
per se or due to changes in structure such as with the five
trisaccharides investigated herein. However, the combination
of the two types of experiments facilitates a powerful way to
elucidate the conformational space sampled by the molecules.
Detailed analysis of the simulation results additionally provides
an atomic-level interpretation of the conformational heteroge-
neity of the trisaccharides, from which the impact of mono-
saccharide compositions and linkage types can be identified.
Notably, accounting for the full range of sampled conforma-
tions, as defined by clustering of the conformational states
based on the glycosidic linkage dihedrals, is required to repro-
duce the experimental data. These results stress the usefulness
of the MD simulations in obtaining a high-resolution descrip-
tion at the atomic level of detail of the conformational hetero-
geneity of the oligosaccharides.

The present study shows that the variation in anomeric
configuration can result in significant difference in the con-
formational preferences of the trisaccharides. In addition, the
inter-monosaccharide hydrogen bonding interactions also
play a critical role in defining the conformational sampling of
the trisaccharides. The present observations will facilitate our
understanding of how trisaccharides contribute to conforma-
tional heterogeneity in more complicated saccharides, as well as
enable the determination of structure-function relationships,
which will help to direct the rational design of oligo- and
polysaccharides with specific functions, such as those that are
used in the development of vaccines where the presentation of
key structural epitopes is essential for immunogenic response.
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