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Abstract

Sugars are crucial components in biosystems and industrial applications. In aqueous envi-
ronments, the natural state of short saccharides or charged glycosaminoglycans is floating
and wiggling in solution. Therefore, tools to characterize their structure in a native aqueous
environment are crucial but not always available. Here, we show that a combination of
Raman/ROA and, on occasions, NMR experiments with Molecular Dynamics (MD) and
Quantum Mechanics (QM) is a viable method to gain insights into structural features of sug-
ars in solutions. Combining these methods provides information about accessible ring puck-
ering conformers and their proportions. It also provides information about the conformation
of the linkage between the sugar monomers, i.e., glycosidic bonds, allowing for identifying
significantly accessible conformers and their relative abundance. For mixtures of sugar moi-
eties, this method enables the deconvolution of the Raman/ROA spectra to find the actual
amounts of its molecular constituents, serving as an effective analytical technique. For
example, it allows calculating anomeric ratios for reducing sugars and analyzing more com-
plex sugar mixtures to elucidate their real content. Altogether, we show that combining
Raman/ROA spectroscopies with simulations is a versatile method applicable to saccha-
rides. It allows for accessing many features with precision comparable to other methods rou-
tinely used for this task, making it a viable alternative. Furthermore, we prove that the
proposed technique can scale up by studying the complicated raffinose trisaccharide, and
therefore, we expect its wide adoption to characterize sugar structural features in solution.

Author summary

Saccharides are an essential part of many biosystems. Not only their identification but also
their structural characterization is crucial to understanding their role. For example, ani-
mal cells possess a surrounding aqueous layer rich in sugars. Although its sugar content is
known, the structures formed by these sugars in such a flexible and mobile environment
are lesser understood. A trustworthy characterization of their atomistic structure will fos-
ter our knowledge and contribute to drug development. This characterization is also
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crucial in developing accurate computer models needed to study such environments.
Unfortunately, many available structure characterization techniques are inadequate when
applied to flexible molecules such as saccharides. Therefore, new methods are welcomed.
We use molecular dynamics simulations and quantum chemical calculations to extract
structural data of sugars in solution when compared against experimental Raman/ROA/
NMR spectra. This combination of techniques allows interpreting aforementioned spectra
to extract structural features of saccharides. We get, for example, the molecular structure
of sugar rings (puckering confirmation) or the preferred orientation of bonds connecting
two sugar units (glycosidic bonds). We can determine the presence of different sugar moi-
eties in solutions and their proportions. Overall, this technique should contribute to the
understanding of sugars in their native aqueous environment.

This is a PLOS Computational Biology Methods paper.

Introduction

Carbohydrates are a key and diverse molecular group present in all living matter. It is crucial
in biological functions and structure, including plant scaffold (e.g., cellulose), primary energy
storage reservoir (e.g., starch/glycogen), or genetic code backbone (e.g., deoxyribose). The
function and structural properties of sugars in these examples are well understood. Other roles
of sugars have just started gathering attention, such as the role of branched polysaccharides
attached to proteins [1] or glycosaminoglycans found in glycocalyx [2]. Glycosaminoglycans
with their charged groups and hydroxyl groups are exceptionally hydrophilic and flexible,
exploring a vast number of conformational states [3]. Proper understanding of glycosamino-
glycans’ structural properties in their functional environment, i.e., aqueous solution, is crucial
to understanding their function [4]. However, correct and detailed structural determination of
saccharides has proved to be challenging. Although there are many well-established techniques
to extract atomistic details, most were developed for proteins or nucleic acids, and cannot be
easily applied to flexible molecules like saccharides. For example, saccharides are very hard to
crystallize, or often the obtained crystals are of insufficient quality for X-ray crystallographic
experiments [5]. Moreover, even successful determination of the 3D structure from X-ray
often yields incomplete structure due to the mobility of the saccharide moiety [6], or the
obtained structural details differ from the solution state [7, 8]. Saccharides also lack good natu-
ral chromophores hindering their study using the UV-Vis fluorescence spectroscopies. Nowa-
days, the methods of Nucleic magnetic resonance (NMR) are mainly used to study saccharides
in solution; however, even NMR has its problems such as overlapping signals or the need for
isotopically labeled compounds. All in all, saccharides are challenging to study using tradi-
tional structural techniques, which leads to an effort in exploring new structural methods for
their characterization. One promising method is Raman and Raman Optical Activity (ROA)
[9] spectroscopy. ROA is a Raman-based spectroscopic method where the difference in
Raman spectra when using right(Ir)/left(I;) circularly polarised light spectra is recorded, i.e.,
I(ROA) = Iz-I;. The advantage of Raman/ROA techniques when studying saccharides is a
transparent vibrational spectral region between 75 and 3100 cm™, as compared to more tradi-
tional infrared spectroscopy (IR) coupled with vibrational circular dichroism (VCD), which
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offer limited information due to the strong water absorption. Moreover, Raman/ROA spec-
troscopies are very sensitive to conformational changes in saccharides both in the fingerprint
[10] (75-1600 cm™) and CH stretching region [11] (2700-3100 cm™). Although Raman/ROA
spectroscopies are readily accessible experimentally, their experimental spectra alone provide
limited structural information due to their complexity and the substantial effects of the sur-
rounding water molecules. Simulations can disentangle the crowded spectra and extract the
underlying structural information. For example, the approach was used to investigate differ-
ences of two epimers, glucose and galactose [12], and to study their vibrational properties. It
also allows studying mixtures such as glucose/mannose [13], which spectra can be decoupled
to individual moieties. Another example is identifying conformers in flexible sugars such as
gluconic acid that contribute to the experimental spectra [14]. It has also been applied to study
sorbose/glucose in the aqueous solution in an extended vibrational range (75-3100 cm™) [11],
where the effects of small conformational changes of CH,OH group were linked to the overall
shape of spectra. The method is not limited only to monosaccharides as it has been applied to
the study of agarose trisaccharides in the gel phase to gain insight into its packing [15] or as in
the study of differently linked mannobioses [16]. The ROA spectra were also used to character-
ize glucose upon its phosphorylation and study the influence on conformational preferences
[3]. All of these studies show that Raman/ROA spectroscopies benefit from coupling to com-
puter simulations and that there is and interest of utilizing the techniques to study saccharides.

The accuracy of simulation protocols limits the extraction of structural features, and there-
fore, significant effort has been devoted to developing reliable and economical computational
protocols. Although there exist other calculation protocols to simulate Raman/ROA spectra
[17], most of the state-of-the-art protocols nowadays consist of ensemble averaging many
structures, usually tens to hundreds [12, 16, 18, 19], generated with MD simulations. The
microscopic structure of the first solvation layer (3-3.6 A cutoff) was found to be very impor-
tant [10-12, 14, 18-22], while the long-range polarization can be modeled either with contin-
uum solvation methods or using a larger shell of explicit water molecules (10-12 A cutoff) [13,
19]. The spectra are then calculated for solute-solvent clusters at the DFT level, usually using
the B3LYP or BPWO1 functionals, with a sufficiently large basis set [10, 23], e.g., 6-311++G**
or aug-cc-pVTZ. Since Raman/ROA tensor invariant calculations demand diffuse basis set
functions, while force field calculations generally do not, performing split calculations have
been proposed to speed up the calculations. For example, the rDPS basis set [24] consists of
calculating the force field part with 6-31G* basis set, while the tensor invariants with 3-21++G
basis set augmented with a semi-diffuse p functions with an exponent of 0.2 on hydrogen
atoms. For the final spectra calculations, the ensemble generated with MD needs to be opti-
mized at the quantum mechanics (QM) level of theory; however, complete optimization is det-
rimental [10]. Partial optimization approaches such as the Normal modes optimization [25] or
optimizing only the central molecule while freezing the rest of the environment [12] are used.
It was recently shown that a simple ten-step optimization without any restrains is sufficient to
capture the sought effects while being very simple [10]. Usually, some empirical correction of
calculated vibrational frequencies is performed [16], either as a simple one-factor scaling or
using more elaborate methods [10]. Many of the presented important factors were recently
thoroughly investigated on a set of six model monosaccharides, and as a result, an accurate
and cost-efficient computational protocol was proposed [10]. There, the interest was to study
various technical aspects of simulation of Raman/ROA spectra, while this work focuses purely
on the application of this protocol to interpret the experimental data and access structural
details of saccharides in an aqueous solution.

In this paper, we explore the boundaries of using Raman/ROA spectroscopies coupled with
computer simulations to extract structural details of saccharides in an aqueous solution. We
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show that rotation around glycosidic bonds of disaccharides leads to profound spectral
changes that unambiguously identify the most abundant rotamers. Moreover, we study popu-
lations of ring conformers using methyl-B-p-glucuronic acid as a model system aiming to dis-
tinguish between various puckered conformations and their relative weights [26]. The current
applicability of the simulation protocols to larger saccharides is tested on a raffinose trisaccha-
ride. We also extract anomeric equilibrium values on a set of well-characterized monosaccha-
rides and this approach is then extended to binary mixtures of known compositions to
determine the experimental mixing ratios. Lastly, we explore the effect of intermolecular inter-
actions on a model system of two stacked monosaccahrides. When possible, we compare our
results to MD/NMR data to highlight that Raman/ROA brings additional structural informa-
tion and that it can be used as a complementary technique to study saccharides in a water
environment.

Methods

Target saccharides

We have chosen six pyranose monosaccharides: b-glucose (Glc), p-glucuronic acid (GlcA),
2-acetamido-2-deoxy-D-glucose (aka N-acetyl-p-glucosamine; GIcNAc), and their methyl
glycosides, methyl-B-p-glucoside (MeGlc), methyl-B-p-glucuronide (MeGlcA), and methyl-
2-acetamido-2-deoxy-B-p-glucoside (MeGIcNAc) to study how Raman and ROA spectrosco-
pies can be used to extract structural details of saccharides in solution (Fig 1). We have also
included four glucose or mannose containing disaccharides: o-p-glucopyranosyl-(1—1)-o-b-
glucopyranose (trehalose), methyl-1o-20-mannobiose (M12), methyl-1o.-30-mannobiose
(M13), and methyl-1o-6c-mannobiose (M16) to study the effects of rotation around glycosidic
bonds on Raman/ROA spectra (Fig 2; explicit atom definition of dihedral angles in S1 File).
An important feature of these disaccharides is that they are non-reducing, and therefore, they
do not epimerize to an o/p anomeric mixture. Lastly, we have also included a trisaccharide—
raffinose (Gal(a1-6)Glc(a1-2B)Fruf) (Fig 2, bottom), to test the performance of the simulation
protocol on a larger moiety.

Simulation details

Simulation of Raman/ROA spectra and connection to experimental data consist of several
steps. 1) A representative ensemble of structures is generated using molecular dynamics simu-
lations. 2) Raman/ROA spectra are calculated for each of the structures using quantum chemi-
cal methods, obtaining ensemble-averaged spectra. 3) We score the similarity of simulated
spectra with experiment, and when applicable, we find the best fit of simulated data to the
Raman/ROA spectra. 4) When possible, we compare our calculations to NMR data. Under-
neath, we explain each of these steps.

Ensemble generation. Molecular dynamics (MD) simulations were used to generate rep-
resentative ensembles used to simulate spectra of studied saccharides. All MD simulations
were performed using the Gromacs-2018.4 [29] simulation package patched with Plumed 2.5
[30]. The systems of interest were simulated at ambient conditions (p = 1 bar and T = 300 K)
using Glycam-6h [31] (sugars) and OPC3 [32] (water) models. The rest of the simulation
parameters are rather standard and are thoroughly described in S1 File. We performed three
types of calculations. ‘Unbiased MD’ simulations from which representative ensemble of struc-
tures were obtained, for which subsequently Raman/ROA spectra was calculated. ‘Free energy’
simulations which used well-tempered metadynamics MD [33] to calculate the free energy
profile along studied coordinate such as glycosidic dihedral angles or puckering coordinates.
We use those to find local minima on the free energy profiles for which we performed a third
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Fig 1. Investigated monosaccharides. The Figures were prepared with ChemSketch [27] and edited with Inkscape
[28].

https://doi.org/10.1371/journal.pcbi.1009678.g001

type of a simulation. These are ‘biased MD’ simulations that restrained the system around
selected local minima using harmonic position restrains for which ensemble average spectra
were calculated. The ensemble averaged spectra for each minima were used to best fit experi-
mental data therefore estimating their contributing weights to the overall spectra. Representa-
tive ensembles were obtained by uniformly extracting 250 structures from the ‘biased MD’ and
‘unbiased MD’ simulations. When studying Binary Mixtures and Crowding Effects 500 struc-
tures were used. Table 1 summarizes all performed simulations in this work. For further details
see Methods in S1 File.

Calculation of Raman/ROA Spectra. Raman/ROA spectra of simulated ensembles were
calculated using a previously developed hybrid simulation approach [10]. In brief, this simu-
lation protocol is a QM/MM based method using the Gaussian16 program package [34] that
consists of extracting snapshots from the MD trajectory, where the central molecule together
with surrounding water molecules (3 A cutoff) are kept. The water molecules are treated at the
MM level of theory, while the solute is calculated at the B3ALYP/6-311++G** level of theory
using the ONIOM method with electrostatic embedding [35, 36]. TIP3P [37] and Glycam-6h
[31] force field parameters were used to describe the MM part of the ONIOM method. The
long-range solvation effects are taken care of by using the COSMO implicit solvation model.
After preparation, the system is optimized in ten steps unrestrained optimization. After opti-
mization, we use the far-from-resonance coupled-perturbed Kohn-Sham theory [38, 39] at
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Fig 2. Investigated oligosaccharides. Investigated disaccharides: trehalose, methyl-1c-20-mannobiose (M12),
methyl-1o-30-mannobiose (M13), and methyl-1a-6a-mannobiose (M16), together with defined glycosidic dihedral
angles ¢, ¢,, and ¢5 (explicit atom definitions in S1 File). Bottom raffinose trisaccharide.

https://doi.org/10.1371/journal.pcbi.1009678.9002

532 nm (SCP180) and harmonic approximation to calculate vibrational frequencies and
Raman/ROA intensities. All calculated vibrational frequencies are rescaled using a frequency
scaling function ¢(¥, a, b, ¢, d) = ¢(v,0.982,1.00, 15,1210) [10]. Calculated intensities were
corrected for the temperature factor at 300 K and convoluted using Lorentzian with a full
width at half maximum (FWHM) ' = 7.5 cm™.

To asses the quality of simulated spectra we used the overlap integral S defined in Eq (1).

S Is,m( V)L, (V)dV 0
\/‘/: max Iym =~ f::ax Iexp ( )dﬁ ’

min

where I, and I,, represent the simulated and experimental spectra that are to be compared.
Notably, the calculation protocol compares Raman/ROA simulation spectra to experimental
ones individually, i.e., it scales calculated intensities to match experimental using two scaling
factors pramanProa- As an effect, the circular intensity difference (CID, CID = Ii’;ﬁ) ratios are

not necessarily preserved, but effectively the difference we observe is small (~2.5%). Note that
this does not affect any structural predictions because these are evaluated using the overlap
integral, which is agnostic to any scaling of intensities. Furthermore, in our method CID is eas-
ily accessible as it is just scaled by a known constant and therefore could potentially be used as
an additional source of structural data [40]. For more details, refer to former work [10] and SI.
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Table 1. Performed MD simulations. Summary of MD simulations performed in this work.

Conformation of Glycosidic Bonds (trehalose, M12, M13, and M16)

1 unbiased MD 500 ns
2a free energy metadynamics MD in ¢,/¢,/¢; glycosidic dihedral angles
2b biased MD md1/md2/md3/md4/md5/md6é conformer regions 200 ns
Probing Puckering Conformations (MeGlcA)
1 unbiased MD 500 ns
2a free energy metadynamics MD in g, g,, and g, puckering coordinates
2b biased MD 1C/4C1/08,/"Ss puckering conformer regions 50 ns
o/ anomeric equilibrium constant (Glc, GlcA, and GIcNAc)
unbiased MD 500 ns for each of the o/ anomer
Raffinose Trisaccharide
unbiased MD 500 ns
Binary Mixtures
unbiased MD 500 ns for pure MeGlc and MeGlcNAc
Crowding Effects
unbiased MD 500 ns for a single MeGlc
unbiased MD 500 ns for two MeGlc in close proximity®

“ using a flat bottom potential with a COM-COM distance < 0.5 nm

https://doi.org/10.1371/journal.pchi.1009678.t001

The Best Fit to Experimental Raman/ROA Spectra. The experimental spectra are calcu-
lated as a cumulative average of all spectra produced by any accessible state of the system dur-
ing the experiment. We strive to find relevance of each of selected states and their contribution
to the final spectra. For this, computationally, we first calculate ensemble average spectra for
each state (I, /r0s) Such as o/B anomer forms or various molecular conformations. We seek

to find their contribution to the overall simulated spectra,

spectra

I}Sii;nmun/ROA(A) = ZAI ’ I:,igjzman/ROA’ (2)
i=0

where A, is the weight given to a specific state i and A is the vector of weights. The set of

weights A, is calculated based on the similarity of simulated (I" /roa) and experimental spec-

tra, i.e., by minimizing the following cost function F:
F<A) =(1- Skamm(g))Q +01- SROA(Z))Za (3)

where S,,,,.,(A) and S, (A) are overlap integrals defined in Eq 1. The robustness of found

Raman

best fit solution, i.e., the uncertainty of obtained set of weights A, is determined by numerically
finding weights that fulfill Sy, + Sgo, > 0.99(See 4 S¥)). The spread of the weights val-

Raman
ues {A7" A™*} is reported as the uncertainty of the best fit solution.

Calculating conformer weights using NMR *J spin-spin coupling constants. The
ensemble average *J coupling constants were determined using Karplus equation [41] for gly-
cosidic bonds of M12 and M13 disaccharides using raw MD data. We also used QM calcula-
tions for glycosidic bonds of M12 and M13 disaccharides and puckering of MeGlcA. The QM
derived coupling constants were calculated using optimized snapshots used for Raman/ROA
calculations stripped of all water molecules at mPW1PW91/pc-J2 [42] level of theory, together

with the CPCM continuum solvation. To speed up the calculations, only the Fermi contact
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term was considered. As in Raman/ROA spectra calculations, we determined weights of each
conformer region by minimizing G,

coupling constants
G(A) _ Z ($];im 73]}3147)2, (4)

i=0
here *J5™ is th, bl d simulati li
where °J;" is the ensemble averaged simulation spin-spin coupling constant,

conformers

3]isim — Z Aj . 3]jsim. (5)
j=0

We evaluated the robustness of the obtained best fit weights by considering 0.2 Hz deviation
(reported experimental error [41, 43]) from the best fit solution, see SI. The spread of the
weights values {A7", A"} is reported as the uncertainty of the best fit obtained weights.

Experimental section

p-Raffinose pentahydrate (raffinose) was purchased from Sigma. MeGlc, MeGlcNAc, and tre-
halose were purchased from Carbosynth. Backscattered Raman and Scattered Circular Polari-
zation (SCP) ROA spectra of all studied saccharide samples were recorded using the
ChiralRAMAN-2X (Biotools Inc.) spectrometer. Stock aqueous solutions of 1 M concentra-
tion were prepared by dissolution of raffinose, MeGlc, and MeGlcNAc in milliQ water. Only
0.42 M solution of trehalose was used for further measurements due to limited amount of the
sample (10 mg / 70 uL). Three different mixtures (1:1, 1:3, and 3:1) of mixtures of MeGlc and
MeGIcNAc were prepared from their 1 M stock solutions. The impurities causing undesirable
fluorescence background were partially removed from the samples by activated carbon filtra-
tion. Residual fluorescence was quenched by leaving the sample in the laser beam for at least
an hour prior to the experiment. Then the Raman and ROA spectra of IM MeGlc, 1M raffi-
nose, 0.42 M trehalose, and three mixtures of MeGlc/MeGlcNAc were recorded. We used the
532 nm green laser with the power at the head from 700 mW (trehalose) to 900 mW (raffinose,
MeGlc/MeGIcNAc mixtures). The illumination period was always set to 2.5 s. Rectangular
fused silica cell with approximately 3 mm optical path and 50 yL sample volume was used for
all experiments. The Raman and ROA spectra were recorded simultaneously using average
acquisition time of approx. 24 h for each sample. Water signal was subtracted from the Raman
spectra. When necessary a polynomial baseline correction was performed to fix any residual
background or baseline drifting. The wavenumber scale was calibrated using a neon lamp.
Fluorescence standard material (SRM 2242; National Institute of Standards and Technology,
USA) was used for the ROA and Raman intensity calibration.

The rest of the Raman/ROA experimental data was obtained from the literature, i.e., Glc,
GIcA, and GlcNAg, as well as the spectra of pure MeGlcA and MeGlcNAc [10] and M12, M13,
and M16 [16].

Results
Conformation along the glycosidic bonds

First, we investigate selected disaccharides to monitor changes in the Raman and ROA spectra
upon the rotations around their glycosidic bonds connecting the two monosaccharide units.
This linker usually possesses two degrees of freedom, the {¢;, ¢,} angles. Our workflow will be
thoroughly explained using methyl-10.-30-mannobiose as a example. The results using the
same protocol for trehalose and methyl-1o.-20-mannobiose will be relegated to S1 File as they
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Fig 3. M13 free energy surface and sampled structures. Left: Calculated free energy surface (FES) of M13 disaccharide in {¢);, ¢,} dihedral angles.
Middle: Calculated FES, together with 250 extracted structures from unbiased 500 ns MD simulations (MD). Right: Calculated FES, together with 250
extracted structures for each biased 200 ns MD simulation (biased MD; md1l/md2/md3/md4; restrain {¢;, ¢,} values in Table 2). White regions
represent area with the free energy >40 kJ/mol.

https://doi.org/10.1371/journal.pcbi.1009678.9003

are similar. We conclude this section by discussing methyl-1o-6ca-mannobiose. The 1—6
linked disaccharide is a rather special case as it possesses an additional degree of freedom.
Note that conformational preferences of differently linked mannobioses have been studied
previously under various conditions and using different methods for saccharides in their free
states or as bound to lectins [44-48]. Similarly, also trehalose have been thoroughly studied
predominantly using NMR and/or MD simulations [49-51].

Conformation of Methyl-1a-3a-mannobiose (M13). The left panel of Fig 3 shows the
calculated free energy surface profile (FES) around {¢;, ¢,} dihedral angles for M13. The mid-
dle panel overlays the FES with the {¢;, ¢,} values obtained for 250 structures extracted from
unbiased 500 ns MD simulation. The right panel shows the structures extracted from four
biased MD simulations using the harmonic position restraints around the sampled local min-
ima in the FES (md1l/md2/md3/md4; defined in Table 2). Compared to unbiased MD simula-
tion, this last method allows to sample md3 and md4 regions, and to probe their contribution
to Raman/ROA spectra. According to the FES profile of M13, we identified three different {¢;,
¢,} energy minima regions. Nevertheless, since the global minimum is quite narrow but long,
we performed two biased MD simulations within this region, md1 and md2, differing mostly
in ¢,. Fig 4 (top right—MD) shows then calculated average Raman and ROA spectra that were
obtained using the unbiased MD generated structures (Fig 3, MD—black crosses) and their
comparison to experimental data. The simulated spectra already agree well with experiment,
indicating a good performance of used MD force field. Most of the experimental spectral
bands are correctly reproduced with comparable accuracy (S >0.9 for Raman and S >0.8 for
ROA) as in our previous works with monosaccharides [10, 11]. Next, we used structures
extracted from the biased MD simulations, which efficiently sample local minima of the FES
profile. In Fig 4 (bottom), we show the Raman/ROA spectra for each of the conformer regions

Table 2. ¢,/¢, restrain values of M13. Restrain values [rad] of ¢,/¢, glycosidic angles used in biased MD simulations
of M13 yielding md1/md2/md3/md4 conformers.

mdl md2 md3 md4
M13 -0.8/0.6 -1.0/-0.6 -0.6/-2.8 0.8/0.5

https://doi.org/10.1371/journal.pcbi.1009678.t002
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Fig 4. Raman/ROA spectra of M13. Comparison of experimental (exp.) and calculated spectra of M13 disaccharide. Top left—best fit: Best fit of md1/
md2/md3/md4 Raman/ROA spectra to experimental data. Top right—MD: Simulated Raman/ROA spectra obtained using structures from unbiased

MD simulation (MD). Bottom—local-conformers: Calculated ensemble averaged Raman/ROA spectra of M13 disaccharide prepared in 4 distinct
conformations md1/md2/md3/md4 as described in Fig 3.

https://doi.org/10.1371/journal.pchi.1009678.g004

(mdl/md2/md3/md4). Subsequently, we calculated the best fit spectra combining and weight-
ing each conformers spectra to experimental data (Fig 4, best fit). Firstly, by inspecting the
spectra of a selected conformer region (local-conformer), we see that the sensitivity of the
Raman spectra to changes of the glycosidic angles is rather limited as the overlap integrals are
in the range of Sguman = 0.936 — 0.952 (0.948/0.952/0.943/0.936). On the other hand, the ROA
spectra are much more affected Sgos = 0.550 — 0.817 (0.817/0.760/0.603/0.550). Most signifi-
cant differences between the conformers are concentrated in spectra below 900 cm ™" and they
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happen both in the Raman and ROA spectra. Interestingly, although the Raman spectra for
frequencies >900 cm ™" are almost identical, there are significant changes in ROA spectra.
Finally, our fitting procedure (best fit) provides simulated spectra in better agreement (Sraman
=0.950 and Spp4 = 0.844) with the experimental data than any conformer spectra. Only the
md2 Raman spectrum alone agrees slightly better than best fit, but its ROA counterpart is far
worse. This observation justifies the need of simultaneous fitting of the Raman and ROA spec-
tra as this approach is more constrained and selective.

Although the MD simulation spectra and the best fit spectra provide almost identical accu-
racy (MD: Sgam = 0.951, Spoa = 0.838; best fit: Sg,y, = 0.948, Spoa = 0.844), they represent dif-
ferent conformer ratios. While the best fit data corresponds to md1l/md2/md3/md4 = 0.48/
0.31/0.07/0.12, the MD simulation gives 0.57/0.40/0.00/0.03. We observe an increase of md3
and md4 conformers, which MD misses. These differences can arise due to the equilibration
issues (i.e., not long enough simulations) or because of inaccurate force field parameters. How-
ever, further analysis of obtained best fit ratios showed that there is a significant error in each
conformer contribution estimation. Table 3 shows the best fit conformer ratios, together with
error estimates of the fitting procedure described in the Methods section. The conformer ratios
are determined with a 20-30% uncertainty, making effectively the Raman/ROA spectroscopies
blind to contributions below this threshold. Nevertheless, by fitting the Raman/ROA spectra,
we can distinguish all major conformers that have to be present in order to reproduce experi-
mental data.

We also estimated the md1/md2/md3/md4 populations using the NMR ] spin-spin cou-
pling constants [41] and assessed the associated error. To calculate 3J ey from our simulations,
we applied two approaches. In the first, we calculated the >/ coupling constants using the
Karplus equation [41] for each frame in the bias MD simulations. In the second, we obtained
the *Jcy coupling constants at the DFT level for the same set of frames, but after the QM opti-
mization. Average 3Jcu(sim) values were then calculated for each of the mdl/md2/md3/md4
conformers, and then we performed the fitting of simulated values to experimental data [16],
together with the error estimation (see Table F and G in S1 File for details of the fitting results).
When using both approaches, we did not obtain a single best fit solution, but rather a range of
values that fit the experimental data. This is because only two *Jx coupling constants contain
information about the glycosidic bond and are therefore fitted. The best fit population ranges
are given in Table 3. Surprisingly, assuming 0.2 Hz deviation from the best fit solutions leads
in both cases to large deviations making the NMR and Raman/ROA populations comparable,
and burdened by comparable errors.

Considering the large uncertainty obtained when fitting the NMR and Raman/ROA experi-
mental data, the MD populations of local-conformations probably reflect reality well. All
methods that we used predict that the md1 conformer is the most abundant one (40-70%), fol-
lowed with the md2 conformer (20-40%) with possible minor contributions of md3 and md4

Table 3. M13 conformer populations. Abundance of conformers of M13 disaccharide as obtained by MD, NMR, and
the best fit to Raman/ROA (error bars in brackets).

M13 conformer MD NMR (Karplus) NMR (QM) Best fit
mdl 0.57 0.61-0.73% (0.25-0.89) 0.43-0.55" (0.26-0.67) 0.48 (0.18-0.89)
md2 0.40 0.00-0.23% (0.00-0.55) 0.00-0.42° (0.00-0.56) 0.31 (0.00-0.67)
md3 0.00 0.16-0.18* (0.04-0.29) 0.00-0.28* (0.00-0.37) 0.07 (0.00-0.35)
md4 0.03 0.00-0.09* (0.00-0.21) 0.04-0.30% (0.00-0.41) 0.12 (0.00-0.35)

“no unique solution—values in this range fit experimental data

https://doi.org/10.1371/journal.pcbi.1009678.t003
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Fig 5. M16 free energy surface and sampled structures. Left: Calculated free energy surface (FES) of M16 disaccharide in terms of the {¢;, ¢,} dihedral
angles. Middle: Calculated FES, together with 250 extracted structures from unbiased 500 ns MD simulations (MD). Right: Calculated FES, together
with 250 extracted structures per each biased 200 ns MD simulation (biased MD; md1l/md2/md3/md4/md5/mde6; restrain {¢;, ¢,} values in Table 4).
White regions represents area with the free energy >40 kJ/mol.

https://doi.org/10.1371/journal.pcbi.1009678.9005

conformers. Evaluating contributions of conformers with such small weights (0-15%) is
inconclusive as the uncertainty of abundances obtained by NMR/Raman/ROA are of the simi-
lar scale, and at least around 20%. Similar conclusions are drawn when studying trehalose and
M13 disaccharides indicating a good performance of the Glycam force field for 1—1, 1—2,
and 1—3 bonded disaccharides, at least in the mannose and glucose series. However, the addi-
tional degree of freedom in the 1—6 bonded M16 is more complicated, and it will be discussed
in the next section.

Conformation of methyl-1a-6a-mannobiose (M16). As compared to the previously
studied disaccharides, the free energy surface (FES) of M16 is unique. The linkage of the two
mannose units consists of three bonds, and therefore, it requires three unique dihedral angles
{1, ¢2, P3} to describe its conformation. Fortunately, the ¢5 angle population is rather con-
fined around ¢3; ~ —0.84 rad with a sharp profile with a full width at half maximum of 0.42
rad (See Fig E in S1 File). We therefore integrated this variable obtaining a 2D free energy pro-
file (¢; vs. ¢,), see Fig 5. The obtained free energy profile has several accessible minima as com-
pared to M12, M13, or trehalose disaccharides. Therefore, instead of sampling four regions as
with M13/M12/trehalose, we sampled six local minima (md1/md2/md3/md4/md5/md6;
defined in Table 4; depicted in Fig 5-right). For each of the minima region, we calculated cor-
responding Raman and ROA spectra. Fig 6 shows the Raman and ROA spectra of M16 calcu-
lated using structures from our MD simulation (MD), as well as by performing the best fit of
local-conformer spectra to experimental data (best fit). As for M13, the Raman spectra of
M16 present less variations compared to their ROA counterparts when comparing local-
conformer spectra. Also, while several experimental bands do not manifest for some conform-
ers (e.g., ~ 600 cm ! or ~ 850 cm ™ bands), it is difficult to select particular bands as confor-
mational probes. Again, major differences are in the lower frequency region below 1100 cm ™

Table 4. ¢,/¢, restrain values of M16. Restrain values [rad] of ¢,/¢, glycosidic angles used in biased MD simulations
of M16 yielding md1/md2/md3/md4/md5/md6 conformers.

mdl md2 md3 md4 md5 md6
Mi16 3.14/3.14 0.8/-3.14 0.9/-1.7 -0.8/-3.14 -0.9/1.4 2.9/1.3

https://doi.org/10.1371/journal.pcbi.1009678.t004
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Fig 6. Raman/ROA spectra of M16. Comparison of experimental (exp.) and calculated spectra of M16 disaccharide. Top left—best fit: Best fit of md1/
md2/md3/md4/md5/md6 Raman/ROA spectra to experimental data. Top right—MD: Simulated Raman/ROA spectra of disaccharide obtained using
structures from unbiased MD simulation (MD). Bottom—Ilocal-conformers: Calculated ensemble averaged Raman and ROA spectra of disaccharide
prepared in 6 distinct conformations md1l/md2/md3/md4/md5/md6 as described in Fig 5.

https://doi.org/10.1371/journal.pchi.1009678.g006
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Table 5. M16 conformer populations. Conformer abundances of M16 disaccharide obtained from MD and the best
fit to Raman/ROA experimental data. Estimated error ranges for the latter in parenthesis.

M16 conformer MD Best fit
mdl 0.74 0.58 (0.36;0.78)
md2 0.08 0.00 (0.00;0.15)
md3 0.02 0.00 (0.00;0.13)
md4 0.07 0.17 (0.00;0.33)
md5 0.02 0.25 (0.00;0.48)
md6 0.07 0.00 (0.00;0.15)

https://doi.org/10.1371/journal.pcbi.1009678.t005

where oscillations of the whole sugar are probed. We found that the best fit solution outper-
forms the MD spectra (Sg,,, = 0.951 and Sgoa = 0.828 for the best fit versus Sg,,,, = 0.936 and
Sroa = 0.700 for MD). This likely points out a force field inaccuracy in the description of the
M16 conformational behavior. The conformer ratios of MD vs. the best fit significantly

differs, contrary to disaccharides with a one-atom junction, i.e., M13, M12, and trehalose.

The MD populations of selected regions, local-conformer, are mdl/md2/md3/md4/md5s/

md6 = 0.74/0.08/0.02/0.07/0.02/0.07, while the best fit provides populations of 0.58/0.00/0.00/
0.16/0.24/0.00. We find that the best fit solution identify as significantly populated three con-
formers, i.e., mdl, md4, and md>5, contrary to MD simulation, where a single conformer (md1)
dominates. However, calculated population error ranges are significant (10-20%) with all
results summarized in Table 5. Calculated error ranges are similar to those previously dis-
cussed for M13 or M 12 pointing to a fundamental limitation of the Raman/ROA spectral anal-
ysis in terms of estimation of the conformer populations. Straight connection to NMR data is
more difficult for M16 as compared to other studied disaccharides, e.g., for M13, since experi-
mental data are available only for the ¢; dihedral angle [52]. Information about other two dihe-
dral angles require for example *Jy coupling constant across those glycosidic bonds requiring
isotopically labeled compounds, which are harder to prepare. Since we do not have an access
to such data, our NMR-based analysis of conformations is only limited. Nevertheless, some
comparison of calculations with experiment is possible using ¢, only. Since ¢, is very similar
for mdl and md6, md2 and md3, and md4 and md5 (see Fig 5), we can compare their sums.
Analysis of available experimental *Jp;;; coupling constants using the Karplus equation can esti-
mate the populations of md1 + md6 = 0.49, md2 + md3 = 0.06, and md4 + md5 = 0.45. Inte-
grating our results show that MD provides mdl + md6 = 0.81, md2 + md3 = 0.10, and md4 +
md5 = 0.09. The best fit to the Raman and ROA spectra results into md1 + md6 = 0.58, md2 +
md3 = 0.00, and md4 + md5 = 0.42. The results are summarized in Table 6. Improving on the
MD method, the best fit method to Raman/ROA provides essentially the same values as NMR
experiments, even after the errors considerations.

Table 6. M16 conformer populations. Comparison of conformer populations of M16 disaccharide obtained using
MD, NMR, and the best fit to experimental Raman/ROA data.

M16 conformer MD NMR [52] Best fit
mdl+md6 0.81 0.49 0.58
md2+md3 0.10 0.06 0.00
md4+md5 0.09 0.45 0.42

https://doi.org/10.1371/journal.pchi.1009678.t006
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Fig 7. MeGIcA free energy surface and sampled structures. Left: Calculated FES of MeGIcA in ¢/0 puckering coordinates. Middle: Calculated FES,
together with 250 extracted structures from unbiased 500 ns MD simulations (MD). Right: Calculated FES, together with 250 extracted structures per
each biased 200 ns MD simulation(biased MD; 'C,/*C,/°S,/'Ss; restrain {¢, 6} values in Table 7). All plots are shown as equal area Mollweide
projection.

https://doi.org/10.1371/journal.pcbi.1009678.9007

Probing puckering conformation

The Raman and ROA spectra also allow probing of the puckering of saccharides, i.e., the ring
accessible conformers. We will discuss the conformation of the pyranose ring further, but the
approach is generally applicable also to saccharides with furanose rings. Fig 7 shows calculated
free energy surface (FES) for methyl-B-p-glucuronic acid (MeGIcA) in the angular puckering
coordinates, the MD sampled structures, and the structures gathered using the biased MD
around the four selected local free energy minima(*C,/ *C,/°S,/'S3; defined in Table 7).
MeGIcA free energy surface obtained using the Glycam force field reveals one deep global
minimum around the south pole (*Cy; [¢, 0] of [1, 0]). Mostly all structures sampled from
unbiased MD simulation falls on that region as well. Still, we probe other local minima ('Cj,
9g,, and 'S;) as to whether they contribute to the final Raman/ROA spectra which could
potentially points towards a force field inaccuracy. Fig 8 shows the Raman/ROA spectra of
MeGlIcA obtained for the unbiased MD, and using the best fit procedure. It also shows the
spectra for each selected local-conformer each with different puckering coordinates, and their
comparison with experiment. The unbiased MD spectra (both Raman and ROA) are practi-
cally identical to the best fit spectra (top right), which is composed purely from the *C, spectra
(bottom). All other conformers (1C4/°S,/'S;) do not contribute to the final spectra at all as
summarized in Table 8. Again, we also tried to connect our MD/Raman/ROA results to avail-
able experimental NMR data [43]. To do this, we calculated ensemble average an spin-spin
coupling constants for considered 1C4/*C,/°8,/'S; conformers at the QM level of theory (see
Methods for details). Having obtained these, we performed the best fit to experimental data
and then we estimated the error ranges of the fit (Table 8). Obtained populations are
1C4/*C,1/°8,/'S5 = 0.01/0.99/0.00/0.00, which is in a good agreement with both the MD and the
best fit to Raman/ROA results. For the detailed values of the experimental and calculated 37
spin-spin coupling constants see Table H in S1 File.

Table 7. ¢/ restrain values of MeGIcA. Restrain values [rad] of ¢/6 puckering coordinates used in biased MD simula-
tions of methyl-B-p-glucuronic acid yielding 'C,/ *C1/°S,/'S5 conformers. 'C, and *C; conformer were restrained only
in @ puckering variable.

'C, ‘C °s, 'S,
MeGIcA all/3.14 all/0 3.14/1.57 1.8/1.57
https://doi.org/10.1371/journal.pcbi.1009678.t007

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009678 January 20, 2022 15/28


https://doi.org/10.1371/journal.pcbi.1009678.g007
https://doi.org/10.1371/journal.pcbi.1009678.t007
https://doi.org/10.1371/journal.pcbi.1009678

PLOS COMPUTATIONAL BIOLOGY

Use of Raman and ROA to extract atomistic details of saccharides in aqueous solution

best fit

MeGlIcA

MD

$=0.973

$=0.973

exp

sim

W=0.0/1.0/0.0/0.0

200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
% [cmil] v [cmil]
local-conformers

S$=0.800 exp ': g S$=0.973 exp
— Ic, S, A ‘C
= Vi A
= M
U M
0 - o = \_‘\
- gl s=0.841 ﬁ g -
4
C
S, M o s | AT L
T...l Or\a—\‘lff S T " . BN e
)—1“ J
-8 w=1.0
200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
% [cm_l] Y [cm‘l]

200 400

600

800 1000

¥em ']

1200 1400

1600 1800 200 400 600 800

1000 1200 1400 1600 1800

Fig 8. Raman/ROA spectra of MeGlcA. Comparison of experimental (exp.) and calculated spectra of MeGlcA. Top left—Dbest fit: Best fit of
1C4/*C1/°S,/'S; Raman/ROA spectra to experimental data. Top right—MD: Simulated Raman/ROA spectra of the monosaccharide obtained using
structures from unbiased MD simulation (MD). Bottom—Ilocal-conformers: Calculated ensemble averaged Raman and ROA spectra of the
monosaccharide prepared in 4 distinct conformations 'C4/*C,/°S,/'S5 as described in Fig 7.

https://doi.org/10.1371/journal.pchi.1009678.g008

Raffinose trisaccharide

Study the structure of larger saccharides in solution is a major goal of structural biology. Since
the used computational protocol was developed on monosaccharides [10], its performance in
larger saccharides is not guaranteed. Therefore, we test the accuracy of the protocol here on a
raffinose trisaccharide (See Fig 2) and discuss the raffinose structure based on the comparison
of MD and experimental data. The MD calculations suggest that the molecule is found mainly
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Table 8. MeGlcA puckering conformer populations. Abundance of puckering conformers of MeGlcA as obtained by
MD, NMR, and the best fit to Raman/ROA experimental data. Estimated error ranges for the NMR and the best fit
approaches are in parenthesis.

MeGIcA conformer MD NMR* Best fit
'c, 0.01 0.01 (0.00-0.03) 0.00 (0.00-0.08)
4C1 0.98 0.99 (0.96-0.99) 1.00 (0.91-1.00)
032 0.00 0.00 (0.00-0.03) 0.00 (0.00-0.08)
'S, 0.01 0.00 (0.00-0.03) 0.00 (0.00-0.08)

“exp data fit [43]

https://doi.org/10.1371/journal.pchi.1009678.t008

in a few states (see Fig F-I in S1 File), where the most variable degrees of freedom are the ¢,
and ¢, angles between both pyranoses (see Fig F in S1 File). Using structures obtained from
the unbiased MD simulation, we calculated the Raman/ROA spectra given in Fig 9. A very
good agreement with experiment was found considering the size and complexity of the system.
The Raman spectrum is reproduced excellently with small overestimation of intensities at low
frequencies around 250 cm™ L. These deviations, however, are also found for mannobioses, glu-
cose, and glucuronic acid. The ROA spectrum is of slightly worse quality with the overlap inte-
gral of 0.733. Still, most features are unambiguously reproduced. Despite raffinose being a
rather complex molecule, our results put into relevance the strength of our combined method-
ology to extract relevant structural features from sugars. We did not even need more advanced
computational methods, e.g., biased MD, to obtain reasonable outputs for this molecule.

The anomeric ratio

All reducing monosaccharides are in solution in equilibrium between their acyclic, and cyclic
forms (e.g., pyranose/furanose). The reducing monosaccharides tested here (Glc, GIcNAc, and
GlcA) are expected, according to NMR studies [53], to be found overwhelmingly in the cyclic
form. This cyclic form of reducing saccharides in turn exist in an anomeric equilibrium
between the o and B anomeric forms. While the contributions of the linear and furanose forms
are negligible for our hexoses, the proportions of the o and p anomers are often comparable.
Similarly to previous simulations, we can calculate pure spectra of the o and  anomers inde-
pendently. We can then obtain the proportions of each anomer, i.e., anomeric equlibrium

200 400 600 800 1000 1200 1400 1600 1800
\% [cmfl]
Fig 9. Raman/ROA spectra of raffinose trisaccharide. Comparison of calculated Raman and ROA spectra of

raffinose trisaccharide with experiment.

https://doi.org/10.1371/journal.pcbi.1009678.9g009

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009678 January 20, 2022 17/28


https://doi.org/10.1371/journal.pcbi.1009678.t008
https://doi.org/10.1371/journal.pcbi.1009678.g009
https://doi.org/10.1371/journal.pcbi.1009678

PLOS COMPUTATIONAL BIOLOGY

Use of Raman and ROA to extract atomistic details of saccharides in aqueous solution

58 o anomer 58 exp
S, —— [ anomer S, sim
=4 4
o B
~ 8 O
=]
<
=
[
o
200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
¥lem '] $[em ']
58 o anomer 58 exp
S, —— f anomer i, sim
=4 4
+ +
= = <
0 Q
— 8 ——
5 O
&
o5 Y
[
=8 a/p=0.49/0.50
200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
Y [em '] ¥ em ']
58 o anomer 58 exp
-% B anomer -% sim
+ + <
= =
0 Z
— 8 (@]
: @
e
= 0
[
-8

600

800

Y [cmfl]

1000 1200 1400 1600 1800

200

400

600 800

1000 1200 1400 1600 1800

Y [cmfl]

Fig 10. Raman/ROA spectra of Glc, GlcA, and GIcNAc. Left: Calculated Raman/ROA spectra for the a/f anomers (Gle, GlcA, and GIcNAc). Right:

Best fit to experimental data.

https://doi.org/10.1371/journal.pcbi.1009678.g010

value, by the linear fitting of calculated o//p anomer spectra to the experimental naturally
mixed spectra. Fig 10 shows simulated Raman and ROA spectra of the o/f anomers (left) and
the best fit to experimental data (right).
Table 9 summarizes calculated anomeric equilibrium ratio of Glc, GlcA, and GlcNAc. We
find a reasonable agreement with experimental NMR data with exception of glucuronic acid,

Table 9. Calculated anomeric ratios of Glc, GlcA, and GIcNAc. Experimental and calculated anomeric ratios (B frac-
tion) for investigated reducing sugars. Calculated data were obtained as the best fit of the Raman and ROA spectra to
experimental data.

Glc GlcA GlcNAc
Exp 0.62-0.65 [53-55] 0.60-0.62 [56, 57] 0.35-0.42 [58]
Sim 0.63 (0.49-0.76) 0.50 (0.33-0.68) 0.40 (0.24-0.56)

https://doi.org/10.1371/journal.pcbi.1009678.t009
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Fig 11. Raman/ROA spectra of mixtures of MeGlc:MeGIcNAc. In blue the experimental Raman/ROA spectra of MeGlc and MeGIcNAc, and their
3:1, 1:1, and 1:3 mixtures (MeGlc:MeGlcNAc). The best fit simulation spectra to the experiment using the spectra of simulated pure substances to fit
them are shown in red (see Fig 12 and Table 10 for the results of the fit).

https://doi.org/10.1371/journal.pchi.1009678.9011

where we see an error of 10%. Similarly as in previous cases, we show the error estimates in
brackets. We can conclude that predicted anomeric ratios based on the Raman and ROA spec-
tra are much closer to the real experimental values than traditional predictions based on Boltz-
mann populations obtained for ab initio energies of each anomers that provide predictions
with an error >15% [13].

Although we are able to find a reasonable agreement with experimental data, the error of
the calculation is significant (~ 15%).

Binary mixtures

We have discussed that it is possible to decompose experimental spectra to contributions of
diferent chemical moieties and conformers, i.e., to calculate the anomeric equilibrium. We are
not limited to the anomeric equilibrium, but any mixture can be studied in a similar manner
using the same protocol. To exemplify this, we estimated the ratio of components in the exper-
imentally prepared mixtures of methyl-B-glucose (MeGlc) and methyl-B-N-glucosamine
(MeGlcNAc). Mixtures were prepared in 1:3, 1:1, and 3:1 ratios of MeGlc and MeGlcNAc. The
pure substances were used as the references. Thus, the spectra of pure saccharides were calcu-
lated and used to decompose experimentally measured spectra (xpreqic = 0.00, 0.25, 0.5, 0.75,
1.00). To probe the sensitivity of the methods, we have chosen chemical moieties with small
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Fig 12. Prediction of molar fractions of mixtures of MeGlc:MeGIcNAc. Summary of calculated molar fractions and
estimated errors of mixtures (MeGlc:MeGlcNAc) obtained by the best fitting corresponding experimental Raman/
ROA spectra of known composition (black,xpegic = 0.00, 0.25, 0.5, 0.75, 1.00) using simulation(red, calculated spectra)
or experimental(green, experimental spectra) spectra of pure substances to fit them.

https://doi.org/10.1371/journal.pchi.1009678.g012

structural differences. Therefore, we aim to capture relatively small differences in spectra (see
simulated spectra of pure substances in section 5 in S1 File). Fig 11 shows spectra of the
decomposition using simulation spectra of pure substances to fit the experimentally prepared
mixtures. To compare, we also used experimental spectra of pure substances for the same fit.
The results are summarized in Fig 12 and Table 10.

In all cases, despite the molecular similarities, the experimental molar fraction was repro-
duced when using the simulated spectra of pure substances for the fit, with just an slight over-
estimation of MeGlc ranging between ~ 0-22% (error). The determined upper boundary
composition error is larger than the error reported in ref. [13], where authors predicted the
glucose/mannose ratio based on the ROA decomposition with an error <15%. This can be
attributed to more significant differences in the structure and conformational behavior of glu-
cose and mannose than what we see here for MeGlc and MeGlcNAc. The errors are also
slightly larger than those computed for the anomeric equilibrium predictions discussed above.
Still, when we evaluate the uncertainty of the best fit, the molar fractions can change up to
15%. Within such a error range, our calculations cover the real concentration, see Fig 12.
Using experimental spectra of pure substance instead of simulated ones for the fit results in
smaller errors, i.e., ~ 0 — 9%. However, the evaluated uncertainties of the fit are ~15%, which
makes the simulation and experimental fits well comparable.

Table 10. Calculated molar fractions of MeGlc:MeGlcNAc mixtures. Summary of calculated molar fractions and estimated errors of prepared mixtures (MeGlc:

MeGIecNAG; Xpegic = 0.00, 0.25, 0.5, 0.75, 1.00) obtained by the best fitting corresponding experimental Raman/ROA spectra using simulation(x}i~, ) or experimental
(Xyai) spectra of pure substances to fit them.

XMeGle 0.00 0.25 0.50 0.75 1.00
xsm. 0.10 (0.00-0.33) 0.47 (0.25-0.63) 0.65 (0.48-0.78) 0.87 (0.72-1.00) 1.00 (0.90-1.00)
P 0.00 (0.00-0.12) 0.29 (0.17-0.44) 0.42 (0.28-0.60) 0.66 (0.47-0.90) 1.00 (0.73-1.00)

https://doi.org/10.1371/journal.pcbi.1009678.t010

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009678 January 20, 2022 20/28


https://doi.org/10.1371/journal.pcbi.1009678.g012
https://doi.org/10.1371/journal.pcbi.1009678.t010
https://doi.org/10.1371/journal.pcbi.1009678

PLOS COMPUTATIONAL BIOLOGY Use of Raman and ROA to extract atomistic details of saccharides in aqueous solution

exp
:f8 — single
%4 stacked
+
’_‘04
0
— 8
=
o
=0
L
-8
200 400 600 800 1000 1200 1400 1600 1800

~ =1
v[em ]
Fig 13. Raman/ROA spectra of two MeGIc in close proximity. Calculated Raman/ROA spectra of methyl-p-glucose

at infinite dilution, i.e., single molecule (black), of two interacting methyl-B-glucose sugar moieties (red, representative
snapshot in the inset). In blue the experimental spectra at 1 M concentration for comparison.

https://doi.org/10.1371/journal.pchi.1009678.9013

Crowding effects

Crowded environments are common in living organisms, e.g., in their glycocalyx. This region
is believed to be a relatively densely packed sugar region, where saccharides can potentially
interact with each other. Here, we investigate whether such an interaction, i.e., the proximity
of other sugar moiety and a contact with it, has a visible effect on the correspondent Raman/
ROA spectra. Fig 13 shows a comparison of calculated Raman/ROA spectra of methyl-B-p-glu-
cose in infinitely diluted solution (i.e., a single molecule, black), when in a close proximity of
other sugar unit (stacked, red), and experimental data (blue) for comparison. The outcome is
that both spectra are nearly identical in the studied frequency range. This is showing that the
Raman/ROA spectroscopies cannot readily identify potential intermolecular interactions in
the used spectral range unless there is a major structural change, e.g., as shown for MeGclA,
which is easily visible. Fig K in S1 File shows that including empirical dispersion interactions
in the DFT calculations has no effect on the outcome of the calculations.

Discussion

Conformational behaviour of saccharides in solution is still not well understood, mainly due
to the lack of readily available and suitable structural techniques. In the current paper, we sug-
gest the use of Raman/ROA spectroscopies, together with computer simulations to determine
structural properties of saccharides in solution. We show how the Raman and mostly ROA
spectra when interpreted using appropriate computational methods resolve various structural
features of sugars, such as the glycosidic linkage conformation, the ring puckering, the anome-
ric equilibrium, and we also reveal whether they provide any information on intermolecular
interactions. Furthermore, they can be effectively used to quantitatively resolve more complex
sugar mixtures.

To study the glycosidic linkages, we simulated the Raman and ROA spectra of four disac-
charides (trehalose and three methyl mannobioses(1—2, 1—3, and 1—6 linked)) using
ensemble generated either by unbiased MD simulations, or by advanced sampling techniques.
Just briefly, simulations of M12 and M13 provided similar conformational profiles with the
global minimum at {¢;, ¢,} of (-45, 35) or (-45, 22), respectively, which agrees with previous
studies [45, 59, 60]. On the contrary, the simulation of M16 reveals that the global minimum is
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the extended structure with {¢;, ¢,} of (180, 180). All but the 1 —6 mannobiose provide a good
agreement with experimental spectra when using unbiased MD ensemble. This indicates the
reliability of the Glycam force field used to describe the 1—1, 1—2, and 1—3 glcyosidic bonds
in MD simulations. On the other hand, the 1—6 linked mannobioses’ spectra were reproduced
with lower quality, suggesting inaccurate ensemble provided by the MD simulations. Using
advanced sampling techniques, we were able to significantly improve on the quality of the sim-
ulation spectra, and therefore, to better identify the true ensemble. An important lesson
learned is that the Raman/ROA spectra of disaccharides change significantly with simple varia-
tions in glycosidic dihedral angles. The changes occur mostly in the ROA spectra and below
1200 cm™'. However, additional small changes can be detected in the whole considered spec-
tral range. Moreover, we found that there are no specific bands in both Raman and ROA spec-
tra associated to particular glycosidic bond orientations on the studied molecules. This lack of
correspondence was also reported on mannobioses [16], suggesting that this a the common
scenario. However, we show that the spectral changes produced by different glycosidic angles
are significant enough to determine populations of conformers in a given disaccharide. There-
fore, despite single bands cannot be assigned to particular conformations, coupling experi-
mental spectra to computer simulations can yield preferred populations in solution. Our
calculations also show that the error in determining the conformer populations using the
Raman/ROA data is substantial, reaching up to 30%. Nevertheless, we also find a similar accu-
racy for predictions based on traditional NMR experiments that usually use *Jcg/* i coupling
constants across glycosidic bonds. Moreover, to fully describe conformational preferences of
1—6 linked mannobiose, more coupling constant across the glycosidic link would be needed,
e.g., el Jccor Yo [61, 62], and not only the easily available 3. However, this is only
achievable with isotopically **C labeled compounds, which are usually hard to synthesize. Our
approach does not require any labelling, and using the Raman/ROA spectroscopies we are able
to decompose the spectra into local-conformers (average of configurations around a confor-
mation) even without the labeled compound. This could for example help in computational
studies relying in conformational preferences on C-disaccharides, where the two saccharide
units are joined with a methylene bridge, where little structural information is still known

[63]. Overall, our data praises the Glycam force field that accurately describes the rotation
around 1—1, 1—2, and 1—3 glycosidic bonds, while finding that the 1—6 linkage requires
refinement.

We also tackle a basic structural feature of saccharides, their puckering, using methyl-p-p-glu-
curonic acid. We prepared models of the monosaccharide in various puckering conformations
and subsequently calculated the Raman/ROA spectra for each puckering conformation. The var-
iations in the Raman and ROA spectra produced by change of the puckering conformation were
significant enough to assign unequivocally the “C; puckering conformation as the dominant
conformation of methyl-B-p-glucuronic acid, which is in agreement with NMR observations.

We also show that the hybrid calculation protocol, originally developed on monosaccha-
rides [10], is also applicable to larger saccharides. These larger saccharides are the focus of
many state of the art structural works focus on Raman/ROA experiments [64, 65]. With the
use of MD and advanced sampling methods, we explored and described the phase space of one
of these sugars, a raffinose trisaccharide. This a a challenging saccharide composed of three dif-
ferent monosaccharides and two likages. Still, our method can accurately reproduce experi-
mental spectra, showing the applicability of the simulation protocol for trisaccharides at a
reasonable computational cost. Still the overall accuracy is dependent on the simulation, and
future improvements of the computational protocol are desirable.

As reducing sugars exist in solution as a balanced mixture of different forms, we addressed
the sensitivity of the approach to discriminate such individual forms and to estimate their
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occurrence. Therefore, we explored the fundamental anomeric equilibrium for glucose and
two glucose derivatives. Both anomers of glucose, glucuronic acid, and N-acetyl glucosamine
were prepared and corresponding Raman/ROA spectra were calculated. By the best fitting to
experimental spectra, we were able to successfully predict the value of the o/p anomeric equi-
librium constant with an error of ~10%. The results match with NMR-based results, which is
a more commonly used method for estimating the anomeric ratio. Further analysis showed
that the best fit to the Raman/ROA data is associated with 10-15% uncertainty error, which is
slightly smaller than the error found when determining populations of disaccharide conform-
ers. This smaller error might be attributed to the fact that puckering changes the whole geome-
try of a molecule, leading to very distinct Raman/ROA spectra.

It was already shown that the spectral decomposition approach can be applied to estimate
the composition of saccharide mixture consisting of two different diastereomers [13]. This has
also been applied successfully to other sterols and complex rings mixtures in chlororoform
[66, 67]. Here we go even further to test the sensitivity limit of the approach, and estimate the
ratio of very similar sugars such as a monosaccharide and its amine. We decompose experi-
mental spectra of mixtures of methyl-B-glucose (MeGlc) and methyl-B-N-glucosamine
(MeGIcNAc). Note that MeGlcNAc differs from MeGlc only by substitution of the hydroxyl at
carbon C2, and the achiral amide group should not generate an intrinsic ROA signal. We pre-
pared samples of pure sugars, as well as their mixtures (Xyegic = 0.25/0.50/0.75). Then we
experimentally recorded their Raman/ROA spectra and subsequently decomposed the spectra
finding the ratio of molecular moieties in the target solution using either simulated or experi-
mental spectra of the pure compounds. When using computed spectra, we were able to predict
the compositions of mixtures within ~0-22% errors. These error naturally resembles the
error for the anomeric equilibrium values, as both procedures are in essence identical. When
using experimental spectra of pure substances for the decomposition, we obtain better fits, i.e.
~ 0 — 9% errors. However, when we evaluated uncertainties of the bets fit values for both
cases, they are equally footed. Lastly, this decomposition method is potentially applicable to
other moieties, not just saccharides.

Saccharides in biology are often found in crowded environments. Therefore, we probe the
sensibility of the Raman/ROA spectra to study intermolecular interactions usual in such envi-
ronments. For this we calculate the spectra of a sugar moiety in the close proximity to another.
When comparing a model system of a single methyl-B-glucose (MeGlc) with two MeGlc in a
close proximity (average COM-COM distance 0.46 nm), we see that interaction has no effect
on the Raman/ROA spectra in the studied 200-1800 cm ™" spectral range. Therefore, any direct
interaction using Raman/ROA cannot be easily seen, unless the interaction/packing results in
a change of the geometry/structure of given saccharides upon the interaction. The result is in
agreement with previous works in the literature, where it was concluded that the interaction
regions is likely too small and that there could be some interaction specific bands present
below 200 cm™ [68, 69].

Overall, in our work we demonstrate the power of coupling of the Raman/ROA spectrosco-
pies with computer simulations. This allows to extract numerous atomistic details that would
be otherwise hardly obtainable. We also quantified the expected reliability of our structural
predictions, which despite having substantial associated error up to 41%, this errors are com-
parable standard techniques based on NMR spin-spin coupling constants.

Conclusion

Simulation of Raman/ROA spectra of saccharides is becoming well established field. However,
its applications in structure determination, in particular for large molecules, is yet largely
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unexplored. In this paper, we show that combining ROA/Raman spectra with advanced sam-
pling MD techniques and QM calculations, one can get vast amount of structural information
about saccharides in solution. Taking advantage of the sensitivity of Raman/ROA to structural
changes one can detect even small changes in rotation around the glycosidic bonds. This also
applies for the puckering changes of the sugar rings. We show that the used simulation proto-
col can also applicable to a larger moiety, e.g., the raffinose trisaccharide, at a reasonable
computational cost. We can also apply the methods to mixtures. We, for example, managed to
extract o/p anomeric equilibrium values of monosaccharides. But the method can be extended
to any sort of mixture, even for those structurally similar. We showed that Raman/ROA spec-
tra in the 200 — 1600 cm ™' range are insensitive to direct contacts unless they produce struc-
tural changes. Lastly, the method used here allows to estimate its inherent error when
determining populations, which in this study can be as high as 41%, and comparable with
other simulation and experimental methods actively used. All investigated cases show that
coupling computer simulations with experimental Raman/ROA spectroscopies is a powerful
structural determination tool.

Supporting information

S1 File. Supplementary information file. The file includes a thorough description of the sim-
ulated systems and used methods. Moreover, it includes additional and supporting data for the
main paper.

(PDF)

Acknowledgments

We acknowledge the European Regional Development Fund OP RDE (project ChemBioDrug
no. CZ.02.1.01/0.0/0.0/16_019/0000729) for computational resources. We thank Prof. Pavel
Jungwirth and Prof. Petr Bouf for fruitful discussions.

Author Contributions

Conceptualization: Vladimir Palivec, Hector Martinez-Seara.

Data curation: Vladimir Palivec.

Formal analysis: Vladimir Palivec.

Funding acquisition: Hector Martinez-Seara.

Investigation: Vladimir Palivec, Jakub Kaminsky, Hector Martinez-Seara.

Methodology: Vladimir Palivec, Christian Johannessen, Jakub Kaminsky, Hector Martinez-
Seara.

Project administration: Hector Martinez-Seara.

Resources: Hector Martinez-Seara.

Software: Vladimir Palivec.

Supervision: Hector Martinez-Seara.

Visualization: Vladimir Palivec.

Writing - original draft: Vladimir Palivec, Hector Martinez-Seara.

Writing - review & editing: Christian Johannessen, Jakub Kaminsky.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009678 January 20, 2022 24/28


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009678.s001
https://doi.org/10.1371/journal.pcbi.1009678

PLOS COMPUTATIONAL BIOLOGY Use of Raman and ROA to extract atomistic details of saccharides in aqueous solution

References

1. Vuorio J, Skerlova J, Fabry M, Veverka V, Vattulainen |, Rezacova P, et al. N-glycosylation can selec-
tively block or foster different receptor—ligand binding modes. Scientific Reports. 2021; 11(1). https://
doi.org/10.1038/s41598-021-84569-z PMID: 33664400

2. Tarbell JM, Cancel LM. The glycocalyx and its significance in human medicine. Journal of Internal Medi-
cine. 2016; 280(1):97—113. https://doi.org/10.1111/joim.12465 PMID: 26749537

3. TangY, ChengF, Feng Z, Jia G, Li C. Stereostructural elucidation of glucose phosphorylation by
Raman optical activity. The Journal of Physical Chemistry B. 2019; 123(37):7794—-7800. https://doi.org/
10.1021/acs.jpcb.9b05968 PMID: 31335146

4. SodhiH, Panitch A. Glycosaminoglycans in tissue engineering: A review. Biomolecules. 2020; 11(1):
29. https://doi.org/10.3390/biom11010029 PMID: 33383795

5. Imberty A, Pérez S. Structure, conformation, and dynamics of bioactive oligosaccharides: theoretical
approaches and experimental validations. Chemical Reviews. 2000; 100(12):4567—-4588. https://doi.
0rg/10.1021/cr990343j PMID: 11749358

6. Wormald MR, Petrescu AJ, Pao YL, Glithero A, Elliott T, Dwek RA. Conformational studies of oligosac-
charides and glycopeptides: Complementarity of NMR, X-ray crystallography, and molecular modelling.
Chemical Reviews. 2002; 102(2):371-386. https://doi.org/10.1021/cr990368i PMID: 11841247

7. Rudolph MG, Speir JA, Brunmark A, Mattsson N, Jackson MR, Peterson PA, et al. The crystal struc-
tures of Kbom1 and Kbm8 reveal that subtle changes in the peptide environment impact thermostability
and alloreactivity. Immunity. 2001; 14(3):231-242. https://doi.org/10.1016/S1074-7613(01)00105-4
PMID: 11290333

8. Peréz S, Mouhous-Riou N, Nifant'ev NE, Tsvetkov YE, Bachet B, Imberty A. Crystal and molecular
structure of a histo-blood group antigen involved in cell adhesion: the Lewis x trisaccharide. Glycobiol-
ogy. 1996; 6(5):537-542. https://doi.org/10.1093/glycob/6.5.537 PMID: 8877374

9. Barron LD, Bogaard P, Buckingham AD. Raman scattering of circularly polarized light by optically active
molecules. Journal of the American Chemical Society. 1973; 95(2):603—605. https://doi.org/10.1021/
ja00783a058

10. Palivec V, Kopecky V, Jungwirth P, Bouf P, Kaminsky J, Martinez-Seara H. Simulation of Raman and
Raman optical activity of saccharides in solution. Physical Chemistry Chemical Physics. 2020; 22(4).
https://doi.org/10.1039/C9CP05682C PMID: 31930255

11.  Palivec V, Michal P, Kapitan J, Martinez-Seara H, Bouf P. Raman optical activity of glucose and sor-
bose in extended wavenumber range. ChemPhysChem. 2020; 21(12). https://doi.org/10.1002/cphc.
202000261 PMID: 32337784

12. Mutter ST, Zielinski F, Johannessen C, Popelier PLA, Blanch EW. Distinguishing epimers through
Raman optical activity. Journal of Physical Chemistry A. 2016; 120(11):1908-1916. https://doi.org/10.
1021/acs.jpca.6b00358 PMID: 26928129

13. Melcrova A, Kessler J, Bour P, Kaminsky J. Simulation of Raman optical activity of multi-component
monosaccharide samples. Physical Chemistry Chemical Physics. 2016; 18(3):2130-2142. https://doi.
org/10.1039/C5CP04111B PMID: 26689801

14. Kaminsky J, Kapitan J, Baumruk V, Bednarova L, Bouf P. Interpretation of Raman and Raman optical
activity spectra of a flexible sugar derivative, the gluconic acid anion. Journal of Physical Chemistry A.
2009; 113(15):3594-3601. https://doi.org/10.1021/jp809210n PMID: 19309136

15. Ruther A, Forget A, Roy A, Carballo C, MieBmer F, Dukor RK, et al. Unravelling a direct role for polysac-
charide B-Strands in the higher order structure of physical hydrogels. Angewandte Chemie International
Edition. 2017; 56(16):4603—4607. https://doi.org/10.1002/anie.201701019 PMID: 28334501

16. Pendrill R, Mutter ST, Mensch C, Barron LD, Blanch EW, Popelier PLA, et al. Solution structure of man-
nobioses unravelled by means of Raman optical activity. ChemPhysChem. 2019; 20(5):695-705.
https://doi.org/10.1002/cphc.201801172 PMID: 30688397

17. Brehm M, Thomas M. Computing Bulk Phase Raman Optical Activity Spectra from ab initio Molecular
Dynamics Simulations. Journal of Physical Chemistry Letters. 2017; 8(14):3409-3414. https://doi.org/
10.1021/acs.jpclett.7b01616 PMID: 28685571

18. Cheeseman JR, Shaik MS, Popelier PLA, Blanch EW. Calculation of Raman optical activity spectra of
methyl-B-p-glucose incorporating a full molecular dynamics simulation of hydration effects. Journal of
the American Chemical Society. 2011; 133(13):4991-4997. https://doi.org/10.1021/ja110825z PMID:
21401137

19. Zielinski F, Mutter ST, Johannessen C, Blanch EW, Popelier PLA. The Raman optical activity of 3-p-
xylose: where experiment and computation meet. Physical chemistry chemical physics: PCCP. 2015;
17(34):21799-809. https://doi.org/10.1039/C5CP02969D PMID: 26122177

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009678 January 20, 2022 25/28


https://doi.org/10.1038/s41598-021-84569-z
https://doi.org/10.1038/s41598-021-84569-z
http://www.ncbi.nlm.nih.gov/pubmed/33664400
https://doi.org/10.1111/joim.12465
http://www.ncbi.nlm.nih.gov/pubmed/26749537
https://doi.org/10.1021/acs.jpcb.9b05968
https://doi.org/10.1021/acs.jpcb.9b05968
http://www.ncbi.nlm.nih.gov/pubmed/31335146
https://doi.org/10.3390/biom11010029
http://www.ncbi.nlm.nih.gov/pubmed/33383795
https://doi.org/10.1021/cr990343j
https://doi.org/10.1021/cr990343j
http://www.ncbi.nlm.nih.gov/pubmed/11749358
https://doi.org/10.1021/cr990368i
http://www.ncbi.nlm.nih.gov/pubmed/11841247
https://doi.org/10.1016/S1074-7613(01)00105-4
http://www.ncbi.nlm.nih.gov/pubmed/11290333
https://doi.org/10.1093/glycob/6.5.537
http://www.ncbi.nlm.nih.gov/pubmed/8877374
https://doi.org/10.1021/ja00783a058
https://doi.org/10.1021/ja00783a058
https://doi.org/10.1039/C9CP05682C
http://www.ncbi.nlm.nih.gov/pubmed/31930255
https://doi.org/10.1002/cphc.202000261
https://doi.org/10.1002/cphc.202000261
http://www.ncbi.nlm.nih.gov/pubmed/32337784
https://doi.org/10.1021/acs.jpca.6b00358
https://doi.org/10.1021/acs.jpca.6b00358
http://www.ncbi.nlm.nih.gov/pubmed/26928129
https://doi.org/10.1039/C5CP04111B
https://doi.org/10.1039/C5CP04111B
http://www.ncbi.nlm.nih.gov/pubmed/26689801
https://doi.org/10.1021/jp809210n
http://www.ncbi.nlm.nih.gov/pubmed/19309136
https://doi.org/10.1002/anie.201701019
http://www.ncbi.nlm.nih.gov/pubmed/28334501
https://doi.org/10.1002/cphc.201801172
http://www.ncbi.nlm.nih.gov/pubmed/30688397
https://doi.org/10.1021/acs.jpclett.7b01616
https://doi.org/10.1021/acs.jpclett.7b01616
http://www.ncbi.nlm.nih.gov/pubmed/28685571
https://doi.org/10.1021/ja110825z
http://www.ncbi.nlm.nih.gov/pubmed/21401137
https://doi.org/10.1039/C5CP02969D
http://www.ncbi.nlm.nih.gov/pubmed/26122177
https://doi.org/10.1371/journal.pcbi.1009678

PLOS COMPUTATIONAL BIOLOGY Use of Raman and ROA to extract atomistic details of saccharides in aqueous solution

20. Ghidinelli S, Abbate S, Koshoubu J, Araki Y, Wada T, Longhi G. Solvent Effects and Aggregation Phe-
nomena Studied by Vibrational Optical Activity and Molecular Dynamics: The Case of Pantolactone.
Journal of Physical Chemistry B. 2020; 124(22):4512—4526. https://doi.org/10.1021/acs.jpcb.0c01483
PMID: 32396357

21. Perera AS, Thomas J, Poopari MR, Xu Y. The clusters-in-a-liquid approach for solvation: New insights
from the conformer specific gas phase spectroscopy and vibrational optical activity spectroscopy. Fron-
tiers in Chemistry. 2016; 4(FEB):9. https://doi.org/10.3389/fchem.2016.00009 PMID: 26942177

22. Perera AS, Cheramy J, Merten C, Thomas J, Xu Y. IR, Raman, and Vibrational Optical Activity Spectra
of Methyl Glycidate in Chloroform and Water: The Clusters-in-a-liquid Solvation Model. Chem-
PhysChem. 2018; 19(17):2234-2242. https://doi.org/10.1002/cphc.201800309 PMID: 29768716

23. Cheeseman JR, Frisch MJ. Basis set dependence of vibrational Raman and Raman optical activity
intensities. Journal of Chemical Theory and Computation. 2011; 7(10):3323-3334. https://doi.org/10.
1021/ct200507e PMID: 26598166

24. Zuber G, Hug W. Rarefied Basis Sets for the calculation of Optical Tensors. 1. The Importance of gradi-
ents on hydrogen atoms for the Raman scattering tensor. The Journal of Physical Chemistry A. 2004;
108(11):2108-2118. https://doi.org/10.1021/jp031284n

25. Bourf P, Keiderling TA. Partial optimization of molecular geometry in normal coordinates and use as a
tool for simulation of vibrational spectra. The Journal of Chemical Physics. 2002; 117(9):4126—4132.
https://doi.org/10.1063/1.1498468

26. Cremer D, Pople AJ. General definition of ring puckering coordinates. Journal of the American Chemical
Society. 1975; 97(6):1354—1358. https://doi.org/10.1021/ja00839a011

27. ACDLabs. ChemSketch 2015.2.5.
28. Inkscape. http://www.inkscape.org/; 2020.

29. Abraham MJ, Murtola T, Schulz R, Pall S, Smith JC, Hess B, et al. GROMACS: High performance
molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX.
2015; 1-2:19-25. https://doi.org/10.1016/j.softx.2015.06.001

30. Bonomi M, Bussi G, Camilloni C, Tribello GA, Banas P, Barducci A, et al. Promoting transparency and
reproducibility in enhanced molecular simulations. Nature Methods. 2019; 16(8):670—-673. https://doi.
org/10.1038/s41592-019-0506-8

31. Kirschner KN, Yongye AB, Tschampel SM, Gonzalez-Outeirifio J, Daniels CR, Foley BL, et al. GLY-
CAMOB6: A generalizable biomolecular force field. Carbohydrates. Journal of Computational Chemistry.
2008; 29(4):622—655. https://doi.org/10.1002/jcc.20820 PMID: 17849372

32. Izadi S, Onufriev AV. Accuracy limit of rigid 3-point water models. The Journal of Chemical Physics.
2016; 145(7):074501. https://doi.org/10.1063/1.4960175 PMID: 27544113

33. Barducci A, Bussi G, Parrinello M. Well-tempered metadynamics: A smoothly converging and tunable
free-energy method. Physical Review Letters. 2008; 100(2):020603. https://doi.org/10.1103/
PhysRevLett.100.020603 PMID: 18232845

34. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman JR, et al. Gaussian16 Revi-
sion B.01; 2016.

35. Orozco M, Marchn |, Soteras |, Vreven T, Morokuma K, Mikkelsen KV, et al. Beyond the continuum
approach. In: Continuum solvation models in chemical physics. Chichester, UK: John Wiley & Sons,
Ltd; 2007. p. 499-605. Available from: http://doi.wiley.com/10.1002/9780470515235.ch4.

36. Dapprich S, Komaromi |, Byun KS, Morokuma K, Frisch MJ. A new ONIOM implementation in Gauss-
ian98. Part |. The calculation of energies, gradients, vibrational frequencies and electric field derivatives.
Journal of Molecular Structure: THEOCHEM. 1999; 461-462:1-21. https://doi.org/10.1016/S0166-1280
(98)00475-8

37. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential
functions for simulating liquid water. The Journal of Chemical Physics. 1983; 79(2):926-935. https://doi.
org/10.1063/1.445869

38. Nafie L. Vibrational optical activity: Principles and applications. Chichester: Wiley; 2011.

39. RuudK, Helgaker T, Bour P. Gauge-origin independent density-functional theory calculations of vibra-
tional Raman optical activity. Journal of Physical Chemistry A. 2002; 106(32):7448-7455. https://doi.
org/10.1021/jp026037i

40. Polavarapu PL, Covington CL. Comparison of Experimental and Calculated Chiroptical Spectra for Chi-
ral Molecular Structure Determination. Chirality. 2014; 26(9):539-552. https://doi.org/10.1002/chir.
22316 PMID: 24644231

41. Sawén E, Massad T, Landersjo C, Damberg P, Widmalm G. Population distribution of flexible molecules
from maximum entropy analysis using different priors as background information: Application to the, y-

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009678 January 20, 2022 26/28


https://doi.org/10.1021/acs.jpcb.0c01483
http://www.ncbi.nlm.nih.gov/pubmed/32396357
https://doi.org/10.3389/fchem.2016.00009
http://www.ncbi.nlm.nih.gov/pubmed/26942177
https://doi.org/10.1002/cphc.201800309
http://www.ncbi.nlm.nih.gov/pubmed/29768716
https://doi.org/10.1021/ct200507e
https://doi.org/10.1021/ct200507e
http://www.ncbi.nlm.nih.gov/pubmed/26598166
https://doi.org/10.1021/jp031284n
https://doi.org/10.1063/1.1498468
https://doi.org/10.1021/ja00839a011
http://www.inkscape.org/
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1038/s41592-019-0506-8
https://doi.org/10.1038/s41592-019-0506-8
https://doi.org/10.1002/jcc.20820
http://www.ncbi.nlm.nih.gov/pubmed/17849372
https://doi.org/10.1063/1.4960175
http://www.ncbi.nlm.nih.gov/pubmed/27544113
https://doi.org/10.1103/PhysRevLett.100.020603
https://doi.org/10.1103/PhysRevLett.100.020603
http://www.ncbi.nlm.nih.gov/pubmed/18232845
http://doi.wiley.com/10.1002/9780470515235.ch4
https://doi.org/10.1016/S0166-1280(98)00475-8
https://doi.org/10.1016/S0166-1280(98)00475-8
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jp026037i
https://doi.org/10.1021/jp026037i
https://doi.org/10.1002/chir.22316
https://doi.org/10.1002/chir.22316
http://www.ncbi.nlm.nih.gov/pubmed/24644231
https://doi.org/10.1371/journal.pcbi.1009678

PLOS COMPUTATIONAL BIOLOGY Use of Raman and ROA to extract atomistic details of saccharides in aqueous solution

conformational space of the a-(1—2)-linked mannose disaccharide present in N- and O-linked glycopro-
teins. Organic and Biomolecular Chemistry. 2010; 8(16):3684—3695. PMID: 20574564

42. Jensen F. Basis set convergence of nuclear magnetic shielding constants calculated by density func-
tional methods. Journal of Chemical Theory and Computation. 2008; 4(5):719-727. https://doi.org/10.
1021/ct800013z PMID: 26621087

43. Sattelle BM, Hansen SU, Gardiner J, Almond A. Free energy landscapes of iduronic acid and related
monosaccharides. Journal of the American Chemical Society. 2010; 132(38):13132—13134. https://doi.
org/10.1021/ja1054143 PMID: 20809637

44. Mikkelsen LM, Hernaiz MJ, Martin-Pastor M, Skrydstrup T, Jiménez-Barbero J. Conformation of Glyco-
mimetics in the Free and Protein-Bound State: Structural and Binding Features of the C-glycosyl Ana-
logue of the Core Trisaccharide a-p-Man-(1—3)-[a-p-Man-(1—#6)]-p-Man. Journal of the American
Chemical Society. 2002; 124(50):14940—14951. https://doi.org/10.1021/ja020468x PMID: 12475336

45. Raich |, Lévyova Z, Trnka L, Parkan K, Kessler J, Pohl R, et al. Limitations in the description of confor-
mational preferences of C-disaccharides: The (1—3)-C-mannobiose case. Carbohydrate research.
2017; 451:42-50. https://doi.org/10.1016/j.carres.2017.09.006 PMID: 28950209

46. BouckaertJ, Hamelryck TW, Wyns L, Loris R. The crystal structures of Man(alpha1-3)Man(alpha1-O)
Me and Man(alpha1-6)Man(alpha1-O)Me in complex with concanavalin A. The Journal of biological
chemistry. 1999; 274(41):29188-29195. https://doi.org/10.1074/jbc.274.41.29188 PMID: 10506175

47. Brisson JR, Carver JP. Solution conformation of asparagine-linked oligosaccharides: .alpha.(1-2)-, .
alpha.(1-3)-, .beta.(1-2)-, and .beta.(1-4)-linked units. Biochemistry. 2002; 22(15):3671-3680. https://
doi.org/10.1021/bi00284a021

48. Kim HM, Choi YJ, Lee JH, Jeong KJ, Jung SH. Conformational analysis of trimannoside and bisected
trimannoside using aqueous molecular dynamics simulations. Bulletin of the Korean Chemical Society.
2009; 30(11):2723-2728. https://doi.org/10.5012/bkes.2009.30.11.2723

49. KanZ, Yan X, Ma J. Conformation dynamics and polarization effect of a,a-trehalose in a vacuum and in
aqueous and salt solutions. The journal of physical chemistry A. 2015; 119(9):1573-1589. https://doi.
org/10.1021/jp507692h PMID: 25506668

50. BockK, Defaye J, Driguez H, Bar-Guilloux E. Conformations in solution of a,a-trehalose, a-b-glucopyra-
nosyl a-p-mannopyranoside, and their 1-thioglycosyl analogs, and a tentative correlation of their behav-
iour with respect to the enzyme trehalase. European journal of biochemistry. 1983; 131(3):595-600.
https://doi.org/10.1111/j.1432-1033.1983.tb07304.x PMID: 6840069

51. ChoiY, Cho KW, Jeong K, Jung S. Molecular dynamics simulations of trehalose as a’dynamic reducer’
for solvent water molecules in the hydration shell. Carbohydrate Research. 2006; 341(8):1020—1028.
https://doi.org/10.1016/j.carres.2006.02.032 PMID: 16546147

52. Olsson U, Saweén E, Stenutz R, Widmalm G. Conformational flexibility and dynamics of two (1—6)-
linked disaccharides related to an oligosaccharide epitope expressed on malignant tumour cells. Chem-
istry—A European Journal. 2009; 15(35):8886—8894. https://doi.org/10.1002/chem.200900507

53. Zhu', Zajicek J, Serianni AS. Acyclic forms of [1-'3Claldohexoses in aqueous solution: Quantitation by
3C NMR and deuterium isotope effects on tautomeric equilibria. Journal of Organic Chemistry. 2001;
66(19):6244—6251. https://doi.org/10.1021/jo010541m

54. Bubb WA. NMR spectroscopy in the study of carbohydrates: Characterizing the structural complexity.
Concepts in Magnetic Resonance. 2003; 19A(1):1-19. https://doi.org/10.1002/cmr.a.10080

55. FranksF, Lillford PJ, Robinson G. Isomeric equilibria of monosaccharides in solution. Influence of sol-
vent and temperature. Journal of the Chemical Society, Faraday Transactions 1. 1989; 85(8):2417.
https://doi.org/10.1039/19898502417

56. BezabehT, ljare OB, Albiin N, Arnelo U, Lindberg B, Smith ICP. Detection and quantification of b-glucu-
ronic acid in human bile using "H NMR spectroscopy: relevance to the diagnosis of pancreatic cancer.
Magnetic Resonance Materials in Physics, Biology and Medicine. 2009; 22(5):267-275. https://doi.org/
10.1007/s10334-009-0171-5

57. Moreau B, Lognay G, Blecker C, Destain J, Gerbaux P, Chéry F, et al. Chromatographic, spectrometric
and NMR characterization of a new Set of glucuronic acid esters synthesized by lipase. Biotechnol
Agron Soc Environ. 2007; 11(1):9-17.

58. LiuFC, SuCR, WuTY, SuSG, Yang HL, Lin JHY, et al. Efficient "H-NMR quantitation and investigation
of N-Acetyl-p-glucosamine (GlcNAc) and N,N’-diacetylchitobiose (GIcNAc), from chitin. International
Journal of Molecular Sciences. 2011; 12(9):5828-5843. https://doi.org/10.3390/ijms12095828 PMID:
22016629

59. Espinosa JF, Bruix M, Jarreton O, Skrydstrup T, Beau JM, Jiménez-Barbero J. Conformational differ-
ences between C- and O-glycosides: The a-C-mannobiose/a-O-mannobiose case. Chemistry—A
European Journal. 1999; 5(2):442-448. https://doi.org/10.1002/(SICI)1521-3765(19990201)5:2%
3C442::AID-CHEM442%3E3.0.CO;2-1

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009678 January 20, 2022 27/28


http://www.ncbi.nlm.nih.gov/pubmed/20574564
https://doi.org/10.1021/ct800013z
https://doi.org/10.1021/ct800013z
http://www.ncbi.nlm.nih.gov/pubmed/26621087
https://doi.org/10.1021/ja1054143
https://doi.org/10.1021/ja1054143
http://www.ncbi.nlm.nih.gov/pubmed/20809637
https://doi.org/10.1021/ja020468x
http://www.ncbi.nlm.nih.gov/pubmed/12475336
https://doi.org/10.1016/j.carres.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28950209
https://doi.org/10.1074/jbc.274.41.29188
http://www.ncbi.nlm.nih.gov/pubmed/10506175
https://doi.org/10.1021/bi00284a021
https://doi.org/10.1021/bi00284a021
https://doi.org/10.5012/bkcs.2009.30.11.2723
https://doi.org/10.1021/jp507692h
https://doi.org/10.1021/jp507692h
http://www.ncbi.nlm.nih.gov/pubmed/25506668
https://doi.org/10.1111/j.1432-1033.1983.tb07304.x
http://www.ncbi.nlm.nih.gov/pubmed/6840069
https://doi.org/10.1016/j.carres.2006.02.032
http://www.ncbi.nlm.nih.gov/pubmed/16546147
https://doi.org/10.1002/chem.200900507
https://doi.org/10.1021/jo010541m
https://doi.org/10.1002/cmr.a.10080
https://doi.org/10.1039/f19898502417
https://doi.org/10.1007/s10334-009-0171-5
https://doi.org/10.1007/s10334-009-0171-5
https://doi.org/10.3390/ijms12095828
http://www.ncbi.nlm.nih.gov/pubmed/22016629
https://doi.org/10.1002/(SICI)1521-3765(19990201)5:2%3C442::AID-CHEM442%3E3.0.CO;2-1
https://doi.org/10.1002/(SICI)1521-3765(19990201)5:2%3C442::AID-CHEM442%3E3.0.CO;2-1
https://doi.org/10.1371/journal.pcbi.1009678

PLOS COMPUTATIONAL BIOLOGY

Use of Raman and ROA to extract atomistic details of saccharides in aqueous solution

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Naidoo KJ, Denysyk D, Brady JW. Molecular dynamics simulations of the N-linked oligosaccharide of
the lectin from Erythrina corallodendron. Protein Engineering Design and Selection. 1997; 10(11):
1249-1261. https://doi.org/10.1093/protein/10.11.1249 PMID: 9514113

Zhang W, Turney T, Meredith R, Pan Q, Sernau L, Wang X, et al. Conformational Populations of §3-
(1—4) O-glycosidic linkages using redundant NMR J-couplings and circular statistics. Journal of Physi-
cal Chemistry B. 2017; 121(14):3042—-3058. https://doi.org/10.1021/acs.jpcb.7b02252 PMID:
28296420

Zhang W, Meredith R, Pan Q, Wang X, Woods RJ, Carmichael |, et al. Use of circular statistics to model
aMan-(1—2)-aMan and aMan-(1—3)-a/BMan O-glycosidic linkage conformation in '*C-labeled disac-
charides and high-mannose oligosaccharides. Biochemistry. 2019; 58(6):546-560. https://doi.org/10.
1021/acs.biochem.8b01050 PMID: 30605318

Alonso-Gil S, Parkan K, Kaminsky J, Pohl R, Miyazaki T, Alonso-Gil S, et al. Unlocking the hydrolytic
mechanism of GH92 a-1,2-mannosidases: computation inspires using C-glycosides as Michaelis com-
plex mimics; 2021. Available from: https://chemrxiv.org/engage/chemrxiv/article-details/
618a3df7e04a8ec2a42cbd84.

Dudek M, Zajac G, Szafraniec E, Wiercigroch E, Tott S, Malek K, et al. Raman Optical Activity and
Raman spectroscopy of carbohydrates in solution. Spectrochimica Acta Part A: Molecular and Biomo-
lecular Spectroscopy. 2019; 206:597-612. https://doi.org/10.1016/j.saa.2018.08.017 PMID: 30196153

Profant V, Johannessen C, Blanch EW, Bouf P, Baumruk V. Effects of sulfation and the environment on
the structure of chondroitin sulfate studied via Raman optical activity. Physical Chemistry Chemical
Physics. 2019; 21(14):7367-7377. https://doi.org/10.1039/C9CP00472F PMID: 30899920

Bogaerts J, Desmet F, Aerts R, Bultinck P, Herrebout W, Johannessen C. A combined Raman optical
activity and vibrational circular dichroism study on artemisinin-type products. Physical Chemistry Chem-
ical Physics. 2020; 22(32):18014—-18024. https://doi.org/10.1039/D0CP03257C PMID: 32756630

Koenis MAJ, Tiekink EH, van Raamsdonk DME, Joosten NU, Gooijer SA, Nicu VP, et al. Analytical
chemistry on many-center chiral compounds based on vibrational circular dichroism: Absolute configu-
ration assignments and determination of contaminant levels. Analytica Chimica Acta. 2019; 1090:100—
105. https://doi.org/10.1016/j.aca.2019.09.021 PMID: 31655634

Yamamoto S, Kaminsky J, Bour P. Structure and vibrational motion of insulin from Raman optical activ-
ity spectra. Analytical Chemistry. 2012; 84(5):2440-2451. https://doi.org/10.1021/ac2032436 PMID:
22263577

Kaminsky J, Hora¢kova F, Biackova N, Hubackova T, Socha O, Kubelka J. Double hydrogen bonding
dimerization propensity of aqueous hydroxy acids investigated using vibrational optical activity. The
Journal of Physical Chemistry B. 2021; 125:11350—-11363. https://doi.org/10.1021/acs.jpcb.1c05480
PMID: 34612644

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009678 January 20, 2022 28/28


https://doi.org/10.1093/protein/10.11.1249
http://www.ncbi.nlm.nih.gov/pubmed/9514113
https://doi.org/10.1021/acs.jpcb.7b02252
http://www.ncbi.nlm.nih.gov/pubmed/28296420
https://doi.org/10.1021/acs.biochem.8b01050
https://doi.org/10.1021/acs.biochem.8b01050
http://www.ncbi.nlm.nih.gov/pubmed/30605318
https://chemrxiv.org/engage/chemrxiv/article-details/618a3df7e04a8ec2a42cbd84
https://chemrxiv.org/engage/chemrxiv/article-details/618a3df7e04a8ec2a42cbd84
https://doi.org/10.1016/j.saa.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30196153
https://doi.org/10.1039/C9CP00472F
http://www.ncbi.nlm.nih.gov/pubmed/30899920
https://doi.org/10.1039/D0CP03257C
http://www.ncbi.nlm.nih.gov/pubmed/32756630
https://doi.org/10.1016/j.aca.2019.09.021
http://www.ncbi.nlm.nih.gov/pubmed/31655634
https://doi.org/10.1021/ac2032436
http://www.ncbi.nlm.nih.gov/pubmed/22263577
https://doi.org/10.1021/acs.jpcb.1c05480
http://www.ncbi.nlm.nih.gov/pubmed/34612644
https://doi.org/10.1371/journal.pcbi.1009678

