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Abstract: Ribitol (C5H,05) is an acyclic sugar alcohol that was recently identified in O-mannose
glycan on mammalian «-dystroglycan. The conformation and dynamics of acyclic sugar alcohols
such as ribitol are dependent on the stereochemistry of the hydroxyl groups; however, the dynamics
are not fully understood. To gain insights into the conformation and dynamics of sugar alcohols,
we carried out comparative analyses of ribitol, D-arabitol and xylitol by a crystal structure database
search, solution NMR analysis and molecular dynamics (MD) simulations. The crystal structures of
the sugar alcohols showed a limited number of conformations, suggesting that only certain stable
conformations are prevalent among all possible conformations. The three-bond scholar coupling
constants and exchange rates of hydroxyl protons were measured to obtain information on the
backbone torsion angle and possible hydrogen bonding of each hydroxyl group. The 100 ns MD
simulations indicate that the ribitol backbone has frequent conformational transitions with torsion
angles between 180° and £60°, while D-arabitol and xylitol showed fewer conformational transitions.
Taking our experimental and computational data together, it can be concluded that ribitol is more
flexible than D-arabitol or xylitol, and the flexibility is at least in part defined by the configuration of
the OH groups, which may form intramolecular hydrogen bonds.

Keywords: ribitol; xylitol; arabitol; conformation; dynamics; NMR; MD simulation

1. Introduction

Ribitol (C5H1,05) is a sugar alcohol that is a component of teichoic acid in Gram-
positive bacteria and of riboflavin (vitamin B2). A recent study showed that ribitol phos-
phate (D-ribitol 5-phosphate) is also found in the O-mannose-type glycan attached onto o-
dystroglycan (Figure 1a). Ribitol phosphate in the O-mannose glycan is essential for skeletal
muscle development, and genetic defects of the enzymes involved in the biosynthesis and
transfer of ribitol phosphate lead to muscular dystrophy. These enzymes include fukutin
(FKTN), fukutin-related protein (FKRP), and isoprenoid synthase domain-containing pro-
tein (ISPD) [1]. The xylose—glucuronic acid (Xyl-GlcA) repeat in O-mannose glycan is the
interaction site of laminin, and this repeat cannot be built on x-dystroglycan without the
ribitol scaffold.

The biosynthesis of tandem ribitol phosphate is achieved by substrate recognition
by enzymes including FKTN and FKRP. However, details of the mode of recognition
by these enzymes towards such flexible ligands have not been elucidated. Information
on the conformation and dynamics of acyclic ribitol will be essential for understanding
the structure—function relationships. Acyclic ribitol is different from typical cyclic sugar
residues in that the ribitol main chain possesses four rotatable C-C intra-residue linkages
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(C1-C2, C2-C3, C3-C4 and C4-C5), which potentially give inherent flexibility in addition to
the flexibility provided by inter-residue glycosidic linkages. In general, linear compounds
were considered to be flexible, and the conformations were not well linked to function.
Nonetheless, we have chosen to focus our conformational analysis on linear sugar alcohols.
An inspiring paper recently reported on the structure-function relationship of the stereoiso-
meric compounds, whose biological activities (agonist/antagonist) are dependent on their
conformational preferences, either extended or bent [2].

(a) o
X %

OH
yl -
HOOC
on %
GlcA m/
OH
oH : 0 oH oH OH _—oH oA O—P—OH
| H ° 1o ° %o
HO 0—P—0 0o—p—( o o -0 oH
\/WN | \/WN | o
OH OH NHAC NHAC Man
o o GalNAc GlcNAc T
Tandem ribitol phosphate a-Dystroglycan
(b) 1 1 1 1
CH,OH CH,OH CH,OH CH,OH
2 2 2| 2
H——C——0OH HO——C——H H—(|3—OH H—(|3—OH
H—3C—OH H—?’C—OH HO—S(I‘,—H HO—3T—H
H—4C—OH H—40—OH HO—4C—H H—40—OH
5 5 5| 5|
CH,0OH CH,OH CH,OH CH,OH
Ribitol D-Arabitol L-Arabitol Xylitol

Figure 1. Ribitol residues in O-mannose-type glycan and ribitol-related sugar alcohols. (a) O-
Mannose-type glycan containing mannose (Man), GlcNAc, GalNAc, two ribitol phosphates and
xylose-glucuronic acid (Xyl-GlcA) repeats which are responsible for laminin binding. (b) Ribitol and
its related stereoisomers. From left to right: ribitol, D-arabitol, L-arabitol and xylitol.

We previously analyzed the conformation and dynamics of ribitol by NMR and
molecular dynamics simulations and found asymmetric conformations to be present in
ribitol [3]. Furthermore, we found that the conformational dynamics of ribitol are at least in
part restricted by the presence of OH groups at C2 and C4, as evidenced by MD simulation
of 1,3,5-pentanol, a compound similar to ribitol but lacking OH groups at C2 and C4.

We then turned our attention to other sugar alcohols also composed of five carbons,
namely D-arabitol (D-arabinitol), L-arabitol and xylitol (Figure 1b). These have different
orientations of OH groups compared with ribitol; D-arabitol differs from ribitol at the C2
position and xylitol at the C3 position. L-arabitol is the enantiomer of D-arabitol. We decided
on a comparison of the dynamics of the three sugar alcohols to provide information on
how the stereochemistry of each OH group contributes to the conformation and dynamics
of sugar alcohols.

In this study, we focus on the three sugar alcohols ribitol, D-arabitol and xylitol, and
we compare their conformation and dynamics by database search, solution NMR and
MD simulations.
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2. Results and Discussion
2.1. Database Analysis of D-Arabitol and Xylitol

We previously searched the Protein Data Bank (PDB) and the Cambridge Crystallo-
graphic Data Centre (CCDC) to extract the conformations of ribitol and ribitol phosphate.
Here, we searched for conformations of D-arabitol and xylitol from the CCDC database
(Figure 2). We extracted 4 D-arabitol and 45 xylitol conformations, and the dihedral angles
of the main chain (@1, ¢2, @3 and @4) and the linear C1-C5 distances are listed in Table 1.

(a) (c)
oH  oH g
HO E¢2 (03? OH HO\/&’\Zﬁ?\/OH
o1 o4 o1 Tov4
OH OH
Ribitol D-Arabitol Xylitol

Figure 2. Chemical structure of ribitol and its stereoisomers: (a) ribitol, (b) D-arabitol and (c) xylitol.
The main-chain dihedral angles are defined as ¢1 (O1-C1-C2-C3), ¢2 (C1-C2-C3-C4), ¢3 (C2-C3-
C4-C5) and ¢4 (C3-C4-C5-05) in this manuscript.

Table 1. Main-chain dihedral angles (°) and C1-C5 distance (A) of ribitol [3], D-arabitol and xylitol
extracted from the CCDC.

CCDC Deposition Number @1l P2 ®3 4 C1-C5 Distance  References

Ribitol [3]
1249410 171 —62 —172 71 4.5 [4]
662559 171 —61 —-171 73 4.6 [5]
1015979 171 —61 —170 73 4.6 [6]
D-Arabitol
1103512 58 178 178 64 5.1 [7]
1287063 173 174 176 66 5.1 [8]
2150172 177 175 180 62 5.1 [9]
2076894 64 176 171 56 5.1 [10]
Xylitol
1298203 173 70 176 175 45 [11]
223330 173 70 176 175 4.5 [12]
1015980 173 70 176 175 4.5 [6]
1432562 173 70 176 175 4.5 [13]
1423912 173 70 176 175 4.5 [14]
2008303 173 70 176 175 4.5 [15]
2021790 173 70 177 175 4.5 [16]
2021791 175 176 70 174 4.5 [16]
2021792 176 176 69 175 4.4 [16]
2021793 175 177 70 176 4.4 [16]
2021794 175 176 70 174 4.4 [16]
2021795 175 176 71 177 4.4 [16]
2021796 175 174 69 179 44 [16]
2021798 178 163 72 179 4.4 [16]
2021799 175 175 69 177 4.4 [16]
2021800 172 173 69 173 44 [16]
1898654 175 176 70 173 4.5 [17]*
2008299 173 70 176 175 4.5 [15]
2008300 173 70 176 175 45 [15]
2008301 173 70 176 175 45 [15]
2008302 173 70 176 175 4.5 [15]
2008304 173 70 176 175 45 [15]
2008266 173 70 176 175 45 [15]
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Table 1. Cont.

CCDC Deposition Number @1 P2 P3 o4 C1-C5 Distance  References

2008270 173 70 176 175 45 [15]
2008283 173 70 176 175 45 [15]
2008280 173 70 176 175 45 [15]
2060247 173 70 176 175 45 [18]
2085455 173 70 176 175 45 [15]
1987830 173 70 176 175 45 [18,19]
1962229 173 70 176 175 45 [20]
1962230 173 70 176 175 45 [20]
1962231 173 70 176 175 45 [20]
1962232 173 70 176 175 45 [20]
1984051 173 70 176 175 45 [20]
2081791 173 70 176 175 45 [21]
2081792 174 70 176 175 45 [21]
2081793 174 70 176 175 45 [21]
2081794 173 70 176 175 45 [21]
2076896 175 176 70 173 45 [10]
2076897 173 70 176 175 45 [10]
2008298 173 70 176 175 45 [15]
2021797 172 174 73 180 44 [16]
2081788 173 70 176 175 45 [21]
2081789 173 70 176 175 45 [21]
2081790 173 70 176 175 45 [21]

*[17] is an online experimental database.

The dihedral angles of three ribitol crystals were found to be around 180° for ¢1,
around —60° for @2, around 180° for ¢3, and around 60° for @4. The adjacent dihedral
angles @2 and ¢3 of ribitol tend to assume different values [3]. The main-chain confor-
mation of ribitol is hence regarded as bent; consequently, the C1-C5 distance of ribitol is
short (4.5-4.6 A). In contrast, D-arabitol crystals showed different conformational properties.
D-arabitol tends to show a longer C1-C5 distance (5.1 A) than ribitol; thus, the conformation
of D-arabitol is regarded as extended. The extended conformation of D-arabitol is consistent
with the hypothesis of Jeffrey et al. [22], in which the carbon chain of an alditol tends to
adopt an extended conformation when the stereo configurations of C, and C,,, are differ-
ent (e.g.,, C2is Dand C4is L or C2is L and C4 is D as in D-arabitol). To the contrary, when
the stereo configurations of C,, and Cy,4» are the same (C2 and C4 are both D for ribitol and
xylitol), the parallel orientation of the C,—O and C;,,,—O bonds causes a steric repulsion,
and the conformation of the alditol becomes bent [22]. In fact, ribitol and xylitol tend to
assume a bent conformation. Xylitol crystals were found to show two conformational
patterns, in which ¢2/¢3 = 60°/180° (n = 33) or 180°/60° (n = 12). It has been suggested
that xylitol has two patterns of stable conformations [10]. The left- and right-handed bent
conformations must be equally probable due to the symmetrical property of xylitol [22]. A
structural comparison of these crystal structures indicates that the stable conformation(s)
of sugar alcohols are defined by the configuration of the OH bonds.

2.2. NMR Analysis of Ribitol and Its Stereoisomers

Solution NMR analysis was performed to investigate the conformation of ribitol and
its stereoisomers D-arabitol and xylitol. We assigned the 'H- and *C-NMR signals of
D-arabitol and xylitol, in addition to those of ribitol [3]. Stereospecific assignment of
methylene prochiral protons was performed by comparing experimental and simulated
TH-NMR spectra (Figure 3). Due to their symmetrical nature (meso form), H1 to H3 were
assigned for ribitol and xylitol (Table 2).
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(a) Ribitol (b) D-Arabitol (c) Xylitol
H1R H1R
H1sS H1S
Ha H5S H3
; H1R
Experiment s H2
H5R H3
H3 H2 Ha

4.0 3.9 3.8 3.7 3.6 3.5 4.0 3.9 3.8 3.7 3.6 35 4.0 3.9 3.8 3.7 3.6 3.5

Simulation

4.0 3.9 3.8 3.7 3.6 35 4.0 3.9 3.8 37 3.6 35 4.0 3.9 3.8 3.7 3.6 35
'H chemical shift (ppm) 'H chemical shift (ppm) "H chemical shift (ppm)
Figure 3. Experimental and simulated TH-NMR spectra of ribitol, D-arabitol and xylitol: (a) ribitol [3],
(b) D-arabitol, and (c) xylitol (3.5~4.0 ppm). Upper panels are the experimental data, and the lower
panels are the corresponding simulated spectra. The NMR data were obtained at 'H observation
frequency of 600 MHz. Assignments are labeled on each peak.

Table 2. 'H and 3C chemical shifts and coupling constants of ribitol, D-arabitol [3] and xylitol

determined in this study.

Chemical Shift (ppm) Ribitol [3] D-Arabitol Xylitol
HIR (pro-R) 3.79 3.66 3.70
HI1S (pro-S) 3.64 3.66 3.63

H2 3.81 3.92 3.79
H3 3.68 3.58 3.63
H4 - 3.74 -
H5R (pro-R) - 3.81 -
H5S (pro-S) - 3.66 -
C1 65.1 65.8 65.3
C2 74.8 73.0 74.6
C3 74.9 732 73.5
C4 - 73.7 -
C5 - 65.7 -
Coupling constant (Hz)
3J(HIR,H2) 3.00 5.00 45
3J(H1S,H2) 7.20 7.55 7.5
3J(H2,H3) 6.50 2.00 4.6
3J(H3,H4) - 8.4 -
3J(H4,H5R) - 3.05 -
3J(H4,H5S) - 6.50 -
2J(H1R,H1S) —12.70 —11.55 -11.7
2J(H5R,H5S) - —11.00 -
3J(C1,H3) 3.8* ND 5.4*
3J(C3,H1S) 29% ND -
3J(C3,HIR) ND ND 45*
3J(C3,H5) ND ND -
3J(C5,H2) ND ND 10.0*

*3](C,H) may include errors due to the presence of strong 3J(H,H) coupling.

The chemical shifts and the 2] and 3] coupling constants are consistent with the
reported values for each sugar alcohol [23-25]. These coupling constants are used in the
Haasnoot equation [26] to estimate the distribution of each conformer. The distribution
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of the @1 dihedral angle (180°, —60°, +60°) was calculated using 3J(H1R,H2)(pro-R) and
3J(H1S,H2)(pro-S) based on Hawkes’ method [25]. The ¢1 distribution 180°:—60°:+60° was
64:36:0 for ribitol, 57:17:26 for D-arabitol, and 59:21:19 for xylitol (Table 3). These results
are almost the same as those of Hawkes [25]. For the dihedral angle ¢2 (C1-C2-C3-C4),
the conformational population can be estimated from 3J(H2,H3) and 3J(C1,H3). The ¢2
population 180°:—60°:+60° was 2:46:52 for ribitol and 55:45:0 for xylitol (Table 3). For
D-arabitol, the coupling constants corresponding to @2 could not be obtained due to
signal overlap. All three alditols showed a large proportion of 180° for @1. This is mostly
consistent with the crystallographic data shown in Table 1, except in the case of D-arabitol.
The population of ¢2 was different for ribitol and xylitol. Ribitol @2 was populated around
+60°, while xylitol ¢2 was populated at 180° or —60°. The NMR-derived data on ribitol
and xylose (Table 3) are partially consistent with the crystallographic data shown in Table 1.
The inconsistencies may arise from differences between crystal and solution states; the
former usually include intermolecular hydrogen bonds, which may affect the conformation.

Table 3. Population of ¢1 and ¢2 conformations for ribitol [3], D-arabitol and xylitol calculated based
on coupling constants.

ol P2
180° —60° +60° 180° —60° +60°
Ribitol 64 36 0 2 46 52
D-Arabitol 57 17 26 N.D. N.D. N.D.
Xylitol 59 21 19 55 45 0

N.D., not determined due to signal overlap.

Intramolecular hydrogen bonding is a possible factor affecting the conformation
of alditols. To obtain information on hydrogen bonding, we tried to detect OH signals
directly (Figure 4). The assignments of the OH signals were deduced from a series of
NMR experiments including DQF-COSY, TOCSY and NOESY at 0 °C, and the assignments
are labeled for each peak in Figure 4. The chemical shifts and lineshapes of the hydroxyl
protons were different for each alditol, suggesting that each OH group is in a different local
environment and/or a different hydrogen binding pattern.

(a) Ribitol (b) D-Arabitol (c) Xylitol
30°C

25°C

-~

OH1/5
OH2/4
OH3/5

64 62 60 58 56 54 52 64 62 60 58 56 54 52 64 62 60 58 56 54 52
"H chemical shift (ppm) H chemical shift (ppm) "H chemical shift (opm)

Figure 4. Part of the 1D-'H-NMR (OH region) spectra of ribitol [3], D-arabitol and xylitol measured
at0, 5,10, 15, 20, 25 and 30 °C in 10 mM sodium acetate buffer, pH 6.0 (H,O:D,0O = 1:1): (a) ribitol,
(b) D-arabitol and (c) xylitol.

At 0 °C, two sharp peaks were observed for ribitol at 5.9 and 5.8 ppm, corresponding
to OH3 and OH2/4, respectively. Like for ribitol, two sharp peaks were observed for
D-arabitol at 5.9 ppm and 5.6 ppm. They correspond to OH4 and OH3. For xylitol, a single
sharp peak was observed at 5.7 ppm, corresponding to OH2/4. These sharp signals are
indicative of a relatively slow exchange rate with the solvent and the existence of hydrogen
bonding.

To estimate the exchange rates of the hydroxyl protons, a temperature coefficient
was calculated. The temperature coefficients were estimated to be 11 ppb-K~! for ribitol
OH3, 11 ppb-K~! for xylitol OH2/4 and 10 ppb-K~! for D-arabitol OH4. According to
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Sandstro et al., the temperature coefficient is greater than 11 ppb-K~! when the OH protons
are fully hydrated [27]. This suggests that the hydroxyl group of the alditols is at least
partly exposed to the solvent and may not be involved in the formation of stable hydrogen
bonds. To quantitatively evaluate the solvent exchange of the OH protons, the exchange
rate constant of the OH proton was estimated from 2D EXSY with different mixing times.
The exchange rate constants were calculated from the volume of the exchange peak and
were estimated to be kex = 193 s~ for ribitol OH3 [3], 810 s~! for OH2/OH4, 908 s~ !
for D-arabitol OH4 and 1145 s~! for xylitol OH4. Hence, the exchange rates are rather
fast, suggesting no stable hydrogen bonding. However, there were significant variations
in exchange rates, which may indicate that each hydroxyl proton experiences different
hydrogen bonding frequencies.

2.3. Conformational Analysis of Alditols by Molecular Dynamics Simulation

MD simulations were then performed for ribitol, D-arabitol and xylitol. The crystal
structure of each alditol (ribitol and xylitol) was used as the initial structure, and the
simulation time was set to 100 ns. The initial structure of D-arabitol was manually obtained
from the mirror image of the L-arabitol crystal structure. For the three alditols, ¢1, ¢2, ¢3
and @4 were plotted against the simulation time (Simulation #1, Figure 5). To evaluate
whether the 100 ns simulation time is enough to search for the stable conformations and
their transition, we performed another set of 100 ns MD simulations using different initial
structures (Simulation #2, Figure 5). We confirmed that the distribution of each dihedral
angle for each alditol was almost the same for #1 and #2 (Table 4). Furthermore, we
analyzed the root-mean-square deviation (RMSD) and potential energy of the three alditols
in Simulation #1 (Figure 6). The RMSD and the potential energy showed almost uniform
values during the simulation. Taking these results together, we concluded that a 100 ns
simulation is enough to reach equilibrium.

The stable conformations of each alditol in the MD simulations were similar to those
found in CCDC (Table 1). As we discussed in a previous paper [3], ¢2 and ¢3 of ribitol are
correlated; when ¢2 is 180°, @3 tends to occupy 60°, and when @2 is —60°, @3 assumes
180°. In D-arabitol, both ¢2 and ¢3 were mostly found around 180°. This result for D-
arabitol is consistent with the CCDC data, and this combination of dihedral angles means
an extended structure. Xylitol tended to have @2 around 180° and @3 around —60° in
the simulations. Contrary to these simulation results, CCDC data put ¢2 at both 60° and
180°. A correlation was found for @3 and ¢4 of xylitol; when ¢3 is 180°, ¢4 tends to
occupy —60°, and when @3 is —60°, @4 becomes 180°. Taken together, the MD simulations
show the correlations between adjacent dihedral angles, ¢2 and ¢3 in ribitol, and ¢3 and
@4 in xylitol.

Jeffrey et al. [22] found that the carbon chain of alditol tends to adopt an elongated
zigzag conformation when the stereo configuration of C, and C,4; is different, as in the
case of D-arabitol (C2 and C4 are L and D). In contrast, ribitol and xylitol have the same
configuration of C2 and C4, namely D and D, and the zigzag extended conformation causes
steric hindrance. Therefore, the overall conformations of ribitol and xylitol tend to become
bent. The probability of both @2 and @3 being 180° simultaneously was 36% for ribitol,
42% for xylitol, and 82% for D-arabitol in the MD simulations. To define the bent/extended
conformations for each alditol, we plotted the linear C1-C5 distance obtained during the
simulations (Figure 7). It was found that ribitol frequently flipped between extended (5.3 A)
and bent (4.5 A). D-arabitol and xylitol showed similar transitions, but far less frequently. It
can be concluded that all sugars undergo the extended /bent transitions, and ribitol is the
most dynamic in this regard.



Molecules 2024, 29, 1072

8 of 13

Simulation #1

Simulation #2

(@)  Ribitol

60 8
10
-60

20
180 sk
0 20 40 60 80 100

50 e e ety i g
120

60 i i
@20
o T I 11T T

180 chieed ol b 1
0 20 40 60 80 100
150 rmm g o immp mm
120 s :
P AT TN RER I
3 °
=60 s X
~120 ! L LI

-180 & shad & oullabe apbidd K4
0 20 40 60 80 100

180 SREMIEMNIFWRIETOL

40
Simulation time (ns)

60 80 100

(@) Ribitol
180 P
120
60 1
el o . :
-60 {6\ él’li% 1;-;1 L 4 g
-120 . .
PP = PR VLSRRl NS RPLE T Y
0 20 40 60 80 100
180 o s TRANEER FENIRE FPERR R
120

o ! ! i
P2 o _

el I INE B A |

-120 - ’

g0 el inbik etk nabidack du Bt
0 20 40 60 80 100
180 1n emywr_ 1Y MRS
120 | R L.
w UR - .
@3 o
60 .
il 1
_qg0 PN M Galia! il . EbiGER
0 20 40 60 80 100
180 oo am NS WAL TR
120 : P
R

0 20 40 60 80 100
Simulation time (ns)

(b) D-Arabito

B PP S e

0 20 40 60 80 100

RSP -
P )
i

0 20 40 60 80 100

v s
i ¥
#

Simulation time (ns)

(b) D-Arabitol

B SRRt

et I
0 20 40 60 80 100

|

0 20 40 60 80 100
Simulation time (ns)

W YRR, v Ty

4

0 20 40 60 80 100

Simulation time (ns)

DR PR PP T RN e

0 20 40 60 80 100

i i

0 20 40 60 80 100

v Eemvwy e

i i

o e
[] 20 40 60 80 100
Simulation time (ns)

Figure 5. Dihedral angle distribution of each alditol in MD simulations #1 and #2: (a) ribitol, (b) D-
arabitol and (c) xylitol. The dihedral angles are defined as @1 (0O1-C1-C2-C3), 2 (C1-C2-C3-C4),
@3 (C2-C3-C4-C5) and @4 (C3-C4-C5-05).
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Table 4. The population of each dihedral angle of ribitol, D-arabitol and xylitol from the 100 ns MD
Simulations #1 and #2. Each dihedral angle was classified into three conformations: 180° (<—120°
and >120°), —60° (—120° to 0°) and +60° (0° to 120°). The population obtained from Simulation #2 is
shown in parentheses.

Ribitol @1 2 @3 o4
180° 53 (52) 72 (74) 58 (52) 53 (53)
60° 38 (38) 1(6) 38 (44) 8(7)
—60° 9 (10) 27 (21) 4 (3) 39 (40)

D-Arabitol
180° 26 (18) 85 (100) 96 (99) 44 (49)
60° 2(2) 0 (0) 2(1) 12 (11)
—60° 72 (80) 15 (0) 2 (0) 45 (41)

Xylitol
180° 16 (17) 99 (89) 43 (64) 49 (43)
60° 81 (76) 0(0) 5(9) 4(3)
—60° 3(7) 1(11) 51 (28) 47 (63)

(b)
S
g -9.60x 104
©
(&}

i il | | ] é

' “‘ & -9.80 10¢
[}
C
[}
© -1.00x 105
=
(D &
°
O -1.02x 105
0 20 40 60 80 100 0 20 40 60 80 100

Simulation time (ns) Simulation time (ns)
Figure 6. Root-mean-square deviation (RMSD) and potential energy of each alditol in 100 ns MD
Simulation #1. (a) RMSD of each alditol. Calculation of the RMSD was performed using all atoms of
alditols. (b) Potential energy of each alditol. In (a,b), ribitol is shown in black, D-arabitol in red and
xylitol in blue.

(b) D-Arabitol (c) Xylitol
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3.0
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Figure 7. Linear C1-C5 distance of each alditol during MD simulation: (a) ribitol, (b) D-arabitol and
(c) xylitol.

The intramolecular hydrogen bonding during the simulations was analyzed to exam-
ine the effect of hydrogen bonding on the conformation and dynamics. The formation of
intramolecular hydrogen bonds of each alditol was analyzed, and those with more than
10% probability are shown in Figure 8; the frequency of hydrogen bond formation is shown
for each oxygen in Table 5.
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Figure 8. Hydrogen bonding sites and their frequencies for each compound, showing sites with
bonding frequencies of more than 10%: (a) ribitol, (b) D-arabitol and (c) xylitol.

Table 5. Probability of hydrogen bond formation for each hydroxyl group (%).

Ribitol D-Arabitol Xylitol
o1 14 26 2
02 22 3 30
03 26 23 7
04 22 10 29
05 12 9 6

When the cutoff was set at 20%, the hydrogen-bonding OH groups were OH2, OH3
and OH4 for ribitol, OH3-OHS for D-arabitol, and OH2 and OH4 for xylitol. In general,
these results are consistent with our NMR analysis of OH protons. From these data, it can
be concluded that the zigzag extended conformation is the more favored one for alditols;
however, the steric hindrance of the parallel OH arrangement and intramolecular hydrogen
bonding are contributory factors regulating the stability and dynamics.

In summary, the conformation and dynamics of three acyclic sugar alcohols—ribitol,
D-arabitol and xylitol—were examined by database search, NMR experiments and MD
simulations. The configuration of the OH groups affects the conformation and dynamics,
and adjacent dihedral angles are mutually correlated with each other: ¢2 and @3 of ribitol
and ¢3 and ¢4 of xylitol. This correlation was most evident in MD simulations. Ribitol is
more flexible than D-arabitol or xylitol, and this characteristic of ribitol may be important
for efficient laminin—-«-dystroglycan interaction.

Our methodology is basically applicable to other molecules including cyclic sugars.
Molecular dynamics simulations are applicable for larger systems such as glycans, proteins
and other biopolymers with particular attention to the force field and simulation time. The
experimental approach, especially NMR, is greatly affected by the molecular size, and the
method needs optimization such as isotope labeling to be applied to larger systems.

3. Materials and Methods
3.1. Database Analysis

The three-dimensional (3D) crystal structures of ribitol, D-arabitol and xylitol were
extracted from The Cambridge Crystallographic Data Centre (CCDC, as of October 2023).
The dihedral angles of ribitol, D-arabitol and xylitol were defined as ¢1 (O1-C1-C2-C3),
@2 (C1-C2-C3-C4), @3 (C2-C3-C4-C5) and ¢4 (C3-C4-C5-05) and measured using
Discovery Studio.

3.2. MDD Simulations

MD simulations were performed based on GENESIS 1.7.0 [28,29]. The coordinates
of ribitol and xylitol were extracted from the PDB database (PDB ID: 5IAI, 5Y4]J, 4Q0S,
4RS3) and were used as the initial structure. CHARMMS36 was assigned as the force
field [30]. The coordinates of D-arabitol were manually prepared from the coordinates of
L-arabitol in the PDB database (PDB ID: 4R1Q) by changing the chirality of each carbon.
Hydrogens and explicit water molecules were generated using the “Solution Builder”
protocol CHARMM-GUI (https://www.charmm-gui.org/, accessed on 1 August 2022).
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The simulation time was set to 100 ns. Explicit water molecules were placed for each
coordinate of ribitol, D-arabitol and xylitol (9357-9817 water molecules), and TIP3 was
used as the water model [31]. The size of the simulation system was 67-68 A x 67-68 A
x 67-68 A, which guarantees that the distance between periodic images of the molecules
is30 A. A 10,000-step minimization was performed, which eliminated distortion of the
entire structure with the steepest descent algorithm. Heating was performed under an
NVT ensemble at 300 K. After heating, production was performed under an NPT ensemble
with a time step of 2 fs. The number of hydrogen bond dihedral angles of each conformer
was calculated using GENESIS 1.7.0. Hydrogen bonds in GENESIS software were defined
as meeting the following three criteria: (1) donor and acceptor oxygens are within 3.4 A;
(2) the donor hydrogen—donor oxygen-acceptor oxygen formation angle is within 30°; and
(3) the donor oxygen—donor hydrogen—acceptor oxygen formation angle is greater than
120°. The RMSD and potential energy for each alditol were also calculated using GENESIS
software. The RMSD was calculated using all atoms in the compound.

3.3. Solution NMR Analysis

Ribitol and D-arabitol were purchased from Tokyo Chemical Industry (Tokyo, Japan).
Xylitol was purchased from nacalai tesque (Kyoto, Japan). Solution NMR analyses were
performed using JNM-ECZ600R/S1 (JEOL, Tokyo, Japan). The probe temperature was
set from 273 to 303 K. A sample (18-20 mg) was dissolved in 600 pL of D,O for signal
assignment or 10 mM sodium acetate buffer, pH 6.0 (H,O:D,0O = 1:1) for the detection of
OH signals. 'H and '3C chemical shifts were reportedly related to the internal standard of
4 4-dimethyl-4-silapentane-1-sulfonic acid (DSS, 0 ppm). NMR chemical shifts of alditols
were assigned by analyzing the 1D-1H, 1D-13C, 2D-DQF-COSY, NOESY, TOCSY, 'H-13C
HSQC and 'H-3C HMBC spectra. The 3J(H,H) and 2J(H,H) coupling constants of alditols
were obtained by comparison of the simulated NMR spectra. 3J(C,H) coupling constants
were obtained from the HR-HMBC spectra [32]. A scaling factor (1) of 25 was used, and
the digital resolutions for f1 (1*C) and f2 (*H) were 4.4 and 0.7 Hz/point, respectively. The
conversion from the coupling constant 3J(H,H) to the dihedral angle was performed using
the Haasnoot equation, which includes a correction for the electronegativity of substituents
and the orientation of each substituent relative to the coupled protons [26]. 3J(C,H) was also
applied to an empirical prediction equation [33,34]. The exchange rate of hydroxyl protons
with water was calculated from 2D chemical exchange spectroscopy [35,36]. Mixing times
of 3 to 24 ms with increments of 3 ms were used. The exchange rate constant was calculated
from the initial build-up rate of the diagonal peak volume over the exchange cross-peak.
The temperature coefficient (ppb-K~!) of hydroxyl protons was measured by collecting a
series of 1D-'H-NMR spectra at different temperatures (273, 278, 283, 288, 293, 298 and 303
K). NMR data processing was performed using Delta5. 3. 1 (JEOL, Tokyo, Japan), and NMR
spectral analyses were performed using Mnova (Mestrelab Research, Santiago, Spain).

Author Contributions: Manuscript conception, writing, and original draft preparation, S.0. and Y.Y,;
NMR analysis, S.0., J.U. and Y.Y.; MD simulations, S.O.; editing, data analysis, and interpretation,
5.0.,N.M. and Y.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by JSPS KAKENHI Grant Numbers JP19H05648 and
JP19H03362.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: We acknowledge Hiroshi Manya and Tamao Endo (Tokyo Metropolitan Geriatric
Hospital and Institute of Gerontology) for their participation in discussions and their encouragement.
We acknowledge Teruaki Watabe and Kenji Hoshi (Tohoku Medical and Pharmaceutical University)
for giving us technical advice on the operation system and server network. We also express our



Molecules 2024, 29, 1072 12 of 13

thanks to Tomoyuki Matsuki and Shin-ichi Sato (Tohoku Medical and Pharmaceutical University) for
NMR measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Endo, T. Mammalian O-mannosyl glycans: Biochemistry and glycopathology. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2019, 95,
39-51. [CrossRef] [PubMed]

2. Yamamoto, I.; Jordan, M.].; Gavande, N.; Doddareddy, M.R.; Chebib, M.; Hunter, L. The enantiomers of syn-2,3-difluoro-4-
aminobutyric acid elicit opposite responses at the GABA(C) receptor. Chem. Commun. 2012, 48, 829-831. [CrossRef] [PubMed]

3. Ohno, S.; Manabe, N.; Yamaguchi, T.; Uzawa, J.; Yamaguchi, Y. Ribitol in Solution Is an Equilibrium of Asymmetric Conformations.
Molecules 2021, 26, 5471. [CrossRef] [PubMed]

4. Kim, H.S; Jeffrey, G.A.; Rosenstein, R.D. The crystal structure of ribitol. Acta Cryst. Sect. B 1969, 25, 2223-2230. [CrossRef]

5. Madsen, A.QJ.; Larsen, S. Insight into Solid-State Entropy from Diffraction Data. Angew. Chem. Int. Ed. 2007, 46, 8609-8613.
[CrossRef] [PubMed]

6. Madsen, A.J.; Mattson, R.; Larsen, S. Understanding Thermodynamic Properties at the Molecular Level: Multiple Temperature
Charge Density Study of Ribitol and Xylitol. . Phys. Chem. 2011, 115, 7794-7804. [CrossRef]

7. Hunter, ED.; Rosenstein, R.D. The crystal structure of D,L-arabinitol. Acta Cryst. Sect. B 1968, 24, 1652-1660. [CrossRef]

8.  Kopf, J.; Morf, M.; Zimmer, B.; K6ll, P. Kristall- und molekiilstruktur von D-arabinitol. Carbohydr. Res. 1991, 218, 9-13. [CrossRef]

9.  Yao, X.; Liu, Q.; Wang, B.; Yu, ]J.; Aristov, M.M.; Shi, C.; Zhang, G.G.Z.; Yu, L. Anisotropic Molecular Organization at a
Liquid/Vapor Interface Promotes Crystal Nucleation with Polymorph Selection. J. Am. Chem. Soc. 2022, 144, 11638-11645.
[CrossRef]

10. Wanat, M.; Malinska, M.; Kucia, M.; Sicinski, R.R.; WoZniak, K. Rotamers in Crystal Structures of Xylitol, D-Arabitol and
L-Arabitol. Int. . Mol. Sci. 2022, 23, 3875. [CrossRef]

11.  Kim, H.S,; Jeffrey, G.A. The crystal structure of xylitol. Acta Cryst. Sect. B 1969, 25, 2607-2613. [CrossRef]

12. Madsen, A.O.; Mason, S.; Larsen, S. A neutron diffraction study of xylitol: Derivation of mean square internal vibrations for H
atoms from a rigid-body description. Acta Cryst. Sect. B 2003, 59, 653-663. [CrossRef] [PubMed]

13.  Madsen, A.O,; Sorensen, H.O.; Flensburg, C.; Stewart, R.F,; Larsen, S. Modeling of the nuclear parameters for H atoms in X-ray
charge-density studies. Acta Cryst. Sect. A 2004, 60, 550-561. [CrossRef] [PubMed]

14. Woiriska, M.; Grabowsky, S.; Dominiak, PM.; WoZniak, K.; Jayatilaka, D. Hydrogen atoms can be located accurately and precisely
by x-ray crystallography. Sci. Adv. 2016, 2, €1600192. [CrossRef]

15.  Wanat, M.; Malinska, M.; Gutmann, M.].; Cooper, R.I,; Wozniak, K. HAR, TAAM and BODD refinements of model crystal
structures using Cu Ko and Mo K« X-ray diffraction data. Acta Cryst. Sect. B 2021, 77, 41-53. [CrossRef]

16. Safari, F,; Katrusiak, A. Structure-property relationships of molecular shape and orientation with compression and expansion of
xylitol. Acta Cryst. Sect. B 2021, 77, 205-210. [CrossRef]

17.  Kacper Pajak, M.M. CCDC 1898654: Experimental Crystal Structure Determination. 2020. Available online: https://www.ccdc.
cam.ac.uk/structures/search?id=doi:10.5517/ ccdc.csd.cc21qpxdé&sid=DataCite (accessed on 26 February 2024). [CrossRef]

18. Malaspina, L.A.; Genoni, A ; Jayatilaka, D.; Turner, M.].; Sugimoto, K.; Nishibori, E.; Grabowsky, S. The advanced treatment of
hydrogen bonding in quantum crystallography. J. Appl. Cryst. 2021, 54, 718-729. [CrossRef]

19. Malaspina, L.A.; Genoni, A.; Grabowsky, S. lamaGOET: An interface for quantum crystallography. J. Appl. Cryst. 2021, 54, 987-995.
[CrossRef]

20. Jha, KK,; Gruza, B.; Kumar, P; Chodkiewicz, M.L.; Dominiak, PM. TAAM: A reliable and user friendly tool for hydrogen-atom
location using routine X-ray diffraction data. Acta Cryst. Sect. B 2020, 76, 296-306. [CrossRef] [PubMed]

21. Wanat, M.; Malinska, M.; Hoser, A.A.; WozZniak, K. Further Validation of Quantum Crystallography Approaches. Molecules 2021,
26, 3730. [CrossRef]

22.  Jeffrey, G.; Kim, H. Conformations of the alditols. Carbohydr. Res. 1970, 14, 207-216. [CrossRef]

23.  Nurunnabi, TR,; Nahar, L.; Al-Majmaie, S.; Rahman, S.M.M.; Sohrab, M.H.; Billah, M.M.; Ismail, EM.D.; Rahman, M.M.; Sharples,
G.P; Sarker, S.D. Anti-MRSA activity of oxysporone and xylitol from the endophytic fungus Pestalotia sp. growing on the
Sundarbans mangrove plant Heritiera fomes. Phytother. Res. 2018, 32, 348-354. [CrossRef] [PubMed]

24. Hatcher, E.R.; Guvench, O.; MacKerell, A.D., Jrr CHARMM Additive All-Atom Force Field for Acyclic Polyalcohols, Acyclic
Carbohydrates, and Inositol. . Chem. Theory Comput. 2009, 5, 1315-1327. [CrossRef] [PubMed]

25. Hawkes, G.E.; Lewis, D. 1H nuclear magnetic resonance spectra and conformations of alditols in deuterium oxide. J. Chem. Soc.
Perkin Trans. 2 1984, 2073-2078. [CrossRef]

26. Haasnoot, C.; de Leeuw, F.A.; Altona, C. The relationship between proton-proton NMR coupling constants and substituent
electronegativities—I: An empirical generalization of the karplus equation. Tetrahedron 1980, 36, 2783-2792. [CrossRef]

27.  Garrett, E.C.; Serianni, A.S. (1-13C)Alditols: Elimination of magnetic equivalence in H-and BC-n.m.r. spectra of symmetric

compounds through (13C)-substitution. Carbohyr. Res. 1990, 208, 23-35. [CrossRef] [PubMed]


https://doi.org/10.2183/pjab.95.004
https://www.ncbi.nlm.nih.gov/pubmed/30643095
https://doi.org/10.1039/C1CC15816C
https://www.ncbi.nlm.nih.gov/pubmed/22143050
https://doi.org/10.3390/molecules26185471
https://www.ncbi.nlm.nih.gov/pubmed/34576942
https://doi.org/10.1107/S0567740869005486
https://doi.org/10.1002/anie.200702423
https://www.ncbi.nlm.nih.gov/pubmed/17918271
https://doi.org/10.1021/jp202411n
https://doi.org/10.1107/S0567740868004802
https://doi.org/10.1016/0008-6215(91)84082-P
https://doi.org/10.1021/jacs.2c02623
https://doi.org/10.3390/ijms23073875
https://doi.org/10.1107/S0567740869006133
https://doi.org/10.1107/S010876810301557X
https://www.ncbi.nlm.nih.gov/pubmed/14586087
https://doi.org/10.1107/S0108767304018306
https://www.ncbi.nlm.nih.gov/pubmed/15507737
https://doi.org/10.1126/sciadv.1600192
https://doi.org/10.1107/S2052520620014936
https://doi.org/10.1107/S2052520621000445
https://www.ccdc.cam.ac.uk/structures/search?id=doi:10.5517/ccdc.csd.cc21qpxd&sid=DataCite
https://www.ccdc.cam.ac.uk/structures/search?id=doi:10.5517/ccdc.csd.cc21qpxd&sid=DataCite
https://doi.org/10.5517/ccdc.csd.cc21qpxd
https://doi.org/10.1107/S1600576721001126
https://doi.org/10.1107/S1600576721002545
https://doi.org/10.1107/S2052520620002917
https://www.ncbi.nlm.nih.gov/pubmed/32831250
https://doi.org/10.3390/molecules26123730
https://doi.org/10.1016/S0008-6215(00)80488-7
https://doi.org/10.1002/ptr.5983
https://www.ncbi.nlm.nih.gov/pubmed/29193363
https://doi.org/10.1021/ct9000608
https://www.ncbi.nlm.nih.gov/pubmed/20160980
https://doi.org/10.1039/p29840002073
https://doi.org/10.1016/0040-4020(80)80155-4
https://doi.org/10.1016/0008-6215(90)80082-E
https://www.ncbi.nlm.nih.gov/pubmed/1964871

Molecules 2024, 29, 1072 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kobayashi, C.; Jung, J.; Matsunaga, Y.; Mori, T.; Ando, T.; Tamura, K.; Kamiya, M.; Sugita, Y. GENESIS 1.1: A hybrid-parallel
molecular dynamics simulator with enhanced sampling algorithms on multiple computational platforms. J. Comput. Chem. 2017,
38, 2193-2206. [CrossRef] [PubMed]

Jung, J.; Mori, T.; Kobayashi, C.; Matsunaga, Y.; Yoda, T.; Feig, M.; Sugita, Y. GENESIS: A hybrid-parallel and multi-scale molecular
dynamics simulator with enhanced sampling algorithms for biomolecular and cellular simulations. WIREs Comput. Mol. Sci.
2015, 5, 310-323. [CrossRef] [PubMed]

Momany, F.A.; Rone, R. Validation of the general purpose QUANTA ©3.2/CHARMm® force field. J. Comput. Chem. 1992, 13,
888-900. [CrossRef]

Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for
simulating liquid water. . Chem. Phys. 1983, 79, 926-935. [CrossRef]

Furihata, K.; Tashiro, M.; Seto, H. High resolution-HMBC (HR-HMBC), a new method for measuring heteronuclear long-range
coupling constants. Magn. Reson. Chem. 2010, 48, 179-183. [CrossRef] [PubMed]

Palermo, G.; Riccio, R.; Bifulco, G. Effect of Electronegative Substituents and Angular Dependence on the Heteronuclear
Spin—Spin Coupling Constant 3Jc_f;: An Empirical Prediction Equation Derived by Density Functional Theory Calculations. J.
Org. Chem. 2010, 75, 1982-1991. [CrossRef] [PubMed]

Aydin, R.; Giinther, H. 13C, 'H spin-spin coupling. X—Norbornane: A reinvestigation of the karplus curve for 3] (13C, 'H). Magn.
Reson. Chem. 1990, 28, 448-457. [CrossRef]

Dobson, C.M.; Lian, L.-Y.; Redfield, C.; Topping, K.D. Measurement of hydrogen exchange rates using 2D NMR spectroscopy. J.
Magn. Reson. (1969) 1986, 69, 201-209. [CrossRef]

Sandstrom, C.; Baumann, H.; Kenne, L. The use of chemical shifts of hydroxy protons of oligosaccharides as conformational
probes for NMR studies in aqueous solution. Evidence for persistent hydrogen bond interaction in branched trisaccharides. J.
Chem. Soc. Perkin Trans. 2 1998, 2385-2394. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jcc.24874
https://www.ncbi.nlm.nih.gov/pubmed/28718930
https://doi.org/10.1002/wcms.1220
https://www.ncbi.nlm.nih.gov/pubmed/26753008
https://doi.org/10.1002/jcc.540130714
https://doi.org/10.1063/1.445869
https://doi.org/10.1002/mrc.2564
https://www.ncbi.nlm.nih.gov/pubmed/20063343
https://doi.org/10.1021/jo902704u
https://www.ncbi.nlm.nih.gov/pubmed/20184334
https://doi.org/10.1002/mrc.1260280513
https://doi.org/10.1016/0022-2364(86)90072-7
https://doi.org/10.1039/a805678a

	Introduction 
	Results and Discussion 
	Database Analysis of d-Arabitol and Xylitol 
	NMR Analysis of Ribitol and Its Stereoisomers 
	Conformational Analysis of Alditols by Molecular Dynamics Simulation 

	Materials and Methods 
	Database Analysis 
	MD Simulations 
	Solution NMR Analysis 

	References

