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Abstract: Glycerol is a symmetrical, small biomolecule with high flexibility in molecular confor-
mations. Using a 'H-NMR spectroscopic Karplus analysis in our way, we analyzed a rotational
isomerism in the glycero backbone which generates three kinds of staggered conformers, namely
gt (gauche-trans), gg (gauche-gauche), and tg (trans-gauche), at each of sn-1,2 and sn-2,3 positions. The
Karplus analysis has disclosed that the three rotamers are consistently equilibrated in water keeping
the relation of ‘gt:gg:tg = 50:30:20 (%)” at a wide range of concentrations (5 mM~540 mM). The
observed relation means that glycerol in water favors those symmetric conformers placing 1,2,3-triol
groups in a gauche/gauche geometry. We have found also that the rotational isomerism is remarkably
changed when the solvent is replaced with DMSO-d; or dimethylformamide (DMF-d;). In these
solvents, glycerol gives a relation of ‘gt:gg:tg = 40:30:30 (%)’, which means that a remarkable shift
occurs in the equilibrium between gt and tg conformers. By this shift, glycerol turns to also take

non-symmetric conformers orienting one of the two vicinal diols in an antiperiplanar geometry.

Keywords: glycerol; rotational isomerism; conformation; Karplus equation; IH NMR spectroscopy;
bilateral symmetry; cell membrane; glycerolipids

1. Introduction

Glycerol (1) is a small, symmetric biomolecule with high molecular flexibility in
conformations (Scheme 1) [1-3]. Free rotation along each of sn-1,2 and sn-2,3 C-C bonds in
the backbone generates three different staggered rotamers with vicinal diols in either gauche-
trans (gt), gauche-gauche (gg), or trans-gauche (tg) geometry (Figure 1). In combinations of
these three rotamers, the backbone rotational isomerism totally gives a set of nine different
conformations [1,2], which are traditionally denoted with Greek letters (x, 3, and v) as
shown in Figure 1. When a pair of enantiomeric conformers like a3 and 3 can be dealt
identical to each other, the nine conformers are converged to six different conformers (xc,

o, vy, vy, vB,and 3B) [4,5].

glycerol (1)

Scheme 1. Glycerol (1) with a bilateral symmetric structure.
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Figure 1. The bilateral symmetric structure of glycerol affords a set of nine different conformers
due to free rotation around each of the glycerol sn-1,2 and sn-2,3 C-C bonds. (In the current study,
the three rotamers (, v, and [3) are denoted also with gt (gauche-trans), gg (gauche-gauche), and tg
(trans-gauche) rotamers).

The rotational isomerism in the glycerol backbone has been extensively examined in
both experimental and simulation studies [1-15], which include a characterization study on
Li* glycerates used in a lithium battery [6]. In history, a glycerol crystal was first obtained
by Koningsveld [2] and reported to adopt a symmetric cx-conformer with gt/gt rotamers.
The symmetric molecular conformation is confirmed in a more recent high-resolution
X-ray diffraction analysis by Kusukawa et al. [7]. The rotational isomerism occurs in both
the liquid and solution phases [4,5], while the proportions of the nine or six different
conformers are inconsistent between neutron diffraction and simulation studies [8-10].
For glycerol in the dilute aqueous state close to biological conditions, 220 MHz 'H-NMR
spectroscopic analysis was conducted at a wide range of temperatures (—5~95 °C) in D,O
solution by Koningsveld [3]. The NMR analysis has shown that glycerol in water exhibits a
consistent rotational isomerism in the backbone independent of the temperatures examined.
The backbone rotational isomerism proposed in the authentic 'H-NMR study had strong
impact on the later stereochemical study of glycerol in the solution state [13-15].

With interests in the structure and biological functions of cell membrane glyc-
erolipids [16-18], we have once a conformational behavior of glycerol (1) in water (D,0)
with 400 MHz 'H-NMR spectroscopy in the characterization study of chirally deuterated
sn-glycerols [19,20]. The studies were extended to the 'H-NMR Karplus analyses of
sorts of glycerol esters coupled with circular dichroic spectroscopy [16,21] and applied
in enzymatic reactions [22-24]. In our 'H-NMR Karplus analysis, all the glycerol C-H
protons are unambiguously assigned by using chirally mono-deuterated sn-glycerols.
We have confirmed thereby that glycerol in water (D,0) and symmetric glycerol tri-esters
in organic solvents like CDCl3 and CDODj; exhibit a common rotational isomerism in the
backbone, which keeps a relation of ‘gt > gg > tg (%)” in the dilute solution phase [16-18].

In our 'H-NMR Karplus analysis of glycerol (1), the three kinds of the staggered
rotamers (%) are calculated with the scalar 'H-spin coupling constants (] Hz) of glycerol
methylene protons (HR and HS, Scheme 1) applied in a general Karplus equation proposed
by Haasnoot et al. [25]. On the other hand, our previously reported 'H-NMR data of
glycerol (entry 1, Table 1) is notably deviated from the authentic 'H-NMR study (entry
3). Including the other spectral data stored in HMDB database (entry 2) [26], the 'H-
NMR spectral data of glycerol make some deviations at 'H-coupling constants (entries
1~3, Table 1). In an extensive simulation and 500 MHz 'H-NMR spectroscopic study by
Callam et al. [13], the authentic 'H-NMR spectral data is ascertained. Therefore, glycerol in
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water is believed to exhibit the rotational isomerism as reported in the authentic 220 MHz
'H-NMR spectroscopic study even in the later simulation studies.

3.1 gt +28gg+10.7 tg = 3] 1o s (Hz) 1)
10.7 gt + 0.9 gg + 5.0 tg = 3 1 iR (Hz) ()
gt+gg+tg=1 ®3)

Table 1. 'H-NMR spectroscopic data of glycerol in D,O solutions (+ internal DSS standard) used to
calculate the populations (%) of three staggered rotamers (gt, gg, and tg) in equilibrium.

1H NMR Data !
Rotamers (%) 2
Entry Solvent d ppm/?] and 3] (Hz) °
H2 H1S/H3R H1R/H3S gt () gg (v) tg (B)
3.78 3.652 3.557
1 D,0 52 33 15
(100 mM) m 42,117 6.6,11.7
D,0 3.775 3.644 3.551
2 50 32 18
(90 mM) m 44,117 6.5,11.7
3.772 3.642 3.551
3 D,0 47 34 19
(540 mM) m 44,11.8 6.3,11.8

1TH-NMR data of entry 1 was obtained from our former 400 MHz 'H-NMR study [20], entry 2 from the
500 MHz 'H-NMR data of glycerol in HMDB database [26], and entry 3 from the 220 MHz 'H-NMR spec-
tral data of glycerol at 17 °C [3]. Chemical shifts in the data of entry 3, which were originally given in cps, are
converted to § ppm from the 'H-signal of DSS (0.000 ppm). 2 Populations of the three rotamers are calculated
with the 3] (Hz) values of glycerol HIR and H1S applied in the following simultaneous Equations (1)~(3) derived
from a general Karplus equation [16,25].

We doubt that the deviation of the 'H-coupling constants between entries 1 and
2 (Table 1) may arise from differences in 'H-NMR experimental conditions such as the
concentration of glycerol and/or DSS (sodium salt of trimethylsilyl propanesulfonate) [27].
In the authentic 220 MHz 'H-NMR study, the concentration of glycerol was set at 5 wt.%
in D,O (540 mM, entry 3, Table 1), while the other two ITH-NMR data (entries 1 and 2)
are measured at ca. 100 mM. Though DSS is commonly used as an internal standard,
no particular attention has been paid to the effect of this ionic reagent on the rotational
isomerism of glycerol.

In the present study, we analyze glycerol in D,O solutions without using DSS for
the purpose of removing ambiguities in our former 'H-NMR Karplus study of glycerol.
Concentrations are changed between 5 mM and 540 mM in D,O to examine effects of
substrate concentrations. The solvent is also changed from D,0O into organic solvents like
DMSO-ds and DMF-d; to examine the possible effect of solvents. The present study clearly
shows that glycerol in water (D,O) solutions adopts a distinctive, consistent conformation
property that is very close to that of our former study (entry 1) rather than that of the
authentic one (entry 3). The study also indicates that the backbone rotational isomerism is
marginally changed in the presence of DSS and the other chaotropic reagent (guanidine
hydrogen chloride), while it is dramatically changed in organic solvents (DMSO and DMEF).

2. Materials and Methods
2.1. Glycerol in D,O Solutions for 'H-NMR Karplus Analysis

Anhydrous glycerol was dissolved in 99.8% D,O to make a 5 wt.% glycerol solution
in D,0O (540 mM). This solution was kept at room temperature for several hours and then
diluted with D,O into 5 mM, 54 mM, and 108 mM solutions. In another experiment,
glycerol was mixed with 10 molar equivalents of H,O, kept for several hours (140 min)
at room temperature, and diluted with D,O to give a DO solution of aqueous glycerol
(500 mM). Preparations of glycerol solutions (50 mM) containing an equimolar amount of
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guanidine hydrogen chloride, aqueous glycerols in 99.5% DMSO-d; or 99.5% DMEF-d; are
conducted in the same way as those mentioned above.

2.2. 'TH-NMR Spectroscopic Measurement and Spectral Data Acquisition

A TH-NMR spectrum of each of the glycerol solutions was measured in a glass tube
(5 mm &) on JEOL 500 MHz or Bruker 400 MHz machine at 19-20 °C. For the analysis of
glycerol in D,0 solutions, a 500 MHz 'H-NMR instrument (JEOL JNM-ECA 500, Tokyo,
Japan) was operated under a good shim, and the obtained FID signals Fourier transformed
into 'H-NMR spectral data with a Delta 2 program (JEOL). Fundamental 'H-NMR spectral
data (chemical shifts and coupling constants) were assembled in the first order analysis and
checked with a second order ABX analysis and multi-spin 'H-simulation with an algorithm
of Castillo et al. [28]. The first order analysis was performed on the JEOL computer program
expanding each of 'H-signals to determine a weight-averaged center. In this way, the
chemical shifts (§ = +-0.0005 ppm) and 'H-coupling constants (] = 4-0.05 Hz) were obtained
with high accuracy. In those analyses without using internal standards like TMS and DSS,
chemical shifts are determined with the signal of HOD (dxop = 4.7620 ppm) or CHCl3
(8cucis = 7.2600 ppm) as referential solvent signals.

2.3. 'TH-NMR Karplus Analysis of Glycerol in the Dilute Aqueous Phase

A general 'H-NMR Karplus equation of Haasnoot et al. [25] is extended to each of
Equation (1) (eq 1) and Equation (2) (eq 2) according to our reported manner [16,29]. The
electronegativity factors (Ri) are set at 1.3 (O1 and O2) and 0.4 (C2) in both eq 1 and eq 2. The
two equations have different dihedral angles (®) for vicinal diols. In eq 1, the three staggered
rotamers (gt, gg, and tg) are assumed to have ideal angles (® = +60 and 180 degrees) with respect
to 1,2-diols. In eq 2, the dihedral angles of gt and gg rotamers are set at 65 degrees [16,29].
Applying the 3]; , (Hz) values of each HIR and H1S proton in these equations, the time-averaged
populations (%) of gt, gg, and tg are obtained.

(@) A general Karplus equation [25]:
3Ttz (Hz) = 13.22c05*® — 0.99cos® + Y Ri (01, C2, O2),

where Ri = Axi {0.87 — 2.4cos?({P + 19.9|Axil)}
(b) Equation (1) (+60, —60, 180 in degrees) = eq 1 [16]:

3.1gt +2.8gg + 10.7tg = 3 115 12 (Hz)

10.7gt + 0.9gg + 5.0tg = °] gir 112 (H2)

gt+gg+tg=1

(c) Equation (2) (+65, —65, 180 in degrees) = eq 2 [16]:

2.5gt + 2.3gg + 10.7tg = 3] s 1 (Hz)

10.2gt + 1.3gg + 5.0tg = *] g 2 (H2)

gt+gg+tg=1

System of Equations

With high resolution 'H-NMR machines (Figure 2), glycerol dissolved in D,O gives a
pair of double-doublet signals at 6 3.55 ppm and 6 3.65 ppm (Table 1), which are assigned
to H1R (or H3S) and H1S (or H3R), respectively [19,20].
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Figure 2. 'H-NMR spectra of glycerols in D,O solutions and the assignment of each of the glycerol
C-H protons with a chirally mono-deuterated-sn-glycerol. (These 'H-NMR spectra were reproduced
with a multi 'H-spin simulation software [28] using the 400 MHz 'H-NMR spectral data of glycerols
in our reported study [20]. In Figure 2b, a 'H-NMR spectrum of (1S)-[1-2H]-1 (a) is compared with
a TH-NMR spectrum (b) measured with a pulse sequence for deleting the 1H—signals of methylene
protons by inversion recovery method).

Figure 2b show that (15)-[1->H]-sn-glycerol gives no signal from the glycerol H1S
proton in 'H-NMR spectroscopy, while the remaining H1R proton gives a broad doublet
(bd) signal. Since glycerol makes the relation between HI1R and H3S as well as between H1S
and H3R magnetically identical each other, all the glycerol C-H protons are assigned as
shown in Table 1 and Figure 2. Matteson et al. [30] reported the same assignment as ours for
glycerol in a D,O solution in the absence of DSS, meaning that there is no ambiguity in the
'H-spectroscopic assignment of all the glycerol C-H protons in D,O solutions regardless
the presence or the absence of DSS.

3. Results and Discussion
3.1. 'H-NMR Spectroscopic Profile of Glycerol in D,O Solutions without DSS

'H-NMR spectra of glycerol in D,O solutions usually give a strong 'H-signal of HOD
as one of solvent species. The HOD signal, which comes from the deuterium (?H) exchange
of the deuterated solvent (D,0O) with OH groups in both glycerol and contaminated H,O,
is used in the present study as standard (5 = 4.7620 ppm) to determine chemical shifts. The
'H-signals of glycerol C-H protons shift upfield (3.40~3.80 ppm) compared to the HOD
signal (Figure 3a).

Here, it is noteworthy that the HOD signal is gradually broadened with increasing con-
centrations of glycerol in D,O as shown with an inserted graph in Figure 3a. This phenomenon
is accelerated when the concentration exceeds 100 mM. This observation is rationalized by
the physicochemical property of glycerol which can enhance the viscosity of water solutions
making hydrogen (H) bonding interactions with the surrounding water [31-34]. The en-
hanced viscosity shortens the spin—spin relaxation time (T2) of the HOD signal and makes
the 'H-signal broader [35,36]. It is also possible that the increased viscosity may slow the
2H-exchange to make the D,O solution of glycerol heterogeneous. In a theoretical study of
glycerol-water interactions, Laaksonen and coworkers [8] have stated in conclusion that the
presence of water increases the overall mobility of glycerol while glycerol slows the mobility of
water. This statement also accords with our experimental result (Figure 3) that the ' H-signals
of glycerol C-H protons are not so largely broadened compared to the 'H-signal of HOD.
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Figure 3. (a) A 500 MHz IH-NMR spectrum of glycerol in D,O without DSS (540 mM at 20.5 °C).
(b) Plots of the half-width of the HOD signal relative to those of glycerol C-H (H1S) signals against
glycerol concentrations in D,O (5~540 mM).

To seek an underlying mechanism involved in the above observation, pristine glycerol
was treated with 10 molar amounts of H,O molecules for several hours, diluted with D,O
into a 500 mM solution, and then analyzed with 'H-NMR spectroscopy to give a very unique
'H-NMR spectrum as shown in Figure 4. The aqueous glycerol treated with H,O in advance
turns to give a sharp 'H-signal to the solvent species (HOD) with a half-width comparable
with the spectrum of glycerol at 100 mM in D,O. Taking a careful look at a base line, the
aqueous glycerol also gives an extraordinarily broad 'H-signal between 5.3 and 5.8 ppm
region in D,0. Judging from the 'H-NMR chemical shifts of pristine glycerol reported by
Wexler et al. [37], the broad 'H-signal may be assigned to those hydroxy protons (ROH) being
involved in interactions between glycerol and water. Probably, the initially added H,O are
involved in the highly broad signal together with the 'H-signals of glycerol OH protons.

sn-1 sn-3

glycerol (+10H,0)
in D,0 (500mM) glycerol C-H

1~ I NiB

60 e 58 57 56 55 54 53 52 51 50 49 43 47 46 45 44 43 42 41 40 39 33 37 36 35 34

Figure 4. A 500 MHz 'H-NMR spectrum of aqueous glycerol (500 mM) in D,O without DSS (19.5 °C).
(An inserted spectrum was obtained by zooming out the horizontal axis between 4.0 ppm and 6.0 ppm
while zooming in the vertical axis. In this "H-NMR experiment, glycerol was initially treated with H,O
in 10 molar equivalents of glycerol for several hours and diluted with D,O to the aqueous glycerol at
500 mM in D,0O).

As described above, the "TH-NMR spectroscopy of glycerol exhibits intriguing phenomena
in D,O solutions without DSS, indicating that glycerol changes the physicochemical property
of the surrounding water. This property supports our idea that the 'H-NMR spectroscopic
data of glycerol may be changed by concentrations, DSS, and other extrinsic factors.
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3.2. Effect of Concentrations on the Conformational Behavior of Glycerol in Water (D,0)

The 540 mM solution was diluted with D,O (>99%) without DSS into each of 108 mM,
54 mM, and 5 mM solutions, and each of the glycerol solutions was applied in our 'H-NMR
Karplus analysis with 500 MHz 'H-NMR spectroscopy (entries 1~4, Table 2). The results
of entries 1~4 (Table 2) indicate that the 'H-signals of glycerol C-H protons shift upfield
with increasing concentrations in D,O. A difference in chemical shifts (A ppm) shows that
each of the glycerol C-H protons makes a parallel upfield shift each other with increas-
ing concentrations. On the other hand, none of scalar 'H-spin coupling constants (*] and
3] Hz) and relative chemical shifts make change. This means that the rotational isomerism
determined as the time-averaged populations (%) of gt, gg, and tg rotamers is kept unchanged
at the range of concentrations examined (5 mM~540 mM in D,0).

Table 2. TH-NMR spectral data of glycerol (1) in D,O solutions (5~540 mM, 19-21 °C) without DSS
and the proportions of the three rotamers (%) determined in the current 'H-NMR Karplus analysis
using the two types of equations, Equation (1) (eq 1) and Equation (2) (eq 2).

Rotamers (%) 2

Chemical Shift Difference (D ppm)

Ent Solvent TH NMR Spectral Data d ppm/J (Hz) (Entry X — Entry 1) by Equation (1)
iy (mM) [Equation (2)
H2 HIS/H3R  HIR/H3S DH2 DH1S DHIR gt (c0) gg (v) tg (B)
D,0 3.727 3.595 3.505 51 3 17
1 SN 0 0 0
(5 mM) m 43 66,117 (50 27 23)
3721 3.589 3.499
5 D:0 ~0.006 ~0.006 ~0.006
(54 mM) m 43 6.6,11.7
3719 3.587 3.497
3 ey ~0.008 ~0.008 ~0.008 51 32 17
(108 mM) m 43 6.6,11.7 (50 27 23)
3711 3.58 3489
4 e —0.016 —0.015 ~0.016
(540 mM) m 43 6.6,11.7
3719 3.587 3.497 51 32 17
5 D0 (+H,0) ~0.008 ~0.008 ~0.008
(500 mM) m 43 6.6,11.7 (50 27 23)

1 After treatment with 10 molar excess amounts of H,O for 2 h, the aqueous glycerol was diluted with D,O to
500 mM and applied to the 'H-NMR spectroscopic measurement as shown in Figure 4 (500 MHz at 20.7 °C).
2 Populations (%) are calculated with Equation (1) (60, —60, 180 in degrees) and Equation (2) (65, —65, 180 in
degrees) that are given in System of Equations in the preceding section of Materials and Methods.

In our 'H-NMR Karplus analysis, the three rotamers (%) are calculated with each of
Equation (1) (eq 1) and Equation (2) (eq 2) (Section 2). These two equations are obtained
from the general Karplus equation [25]. In eq 1, ideal dihedral angles (+60, —60, 180 degrees)
are assumed in each of the three staggered rotamers, and this equation is widely applied
in the stereochemical study of carbohydrates [24,29,38—40] and glycerols [20,21,41,42]. In
eq 2, the dihedral angles are tuned by £5° for each of two gauche conformers (gt and gg)
assuming possible deviations from the ideal dihedral angles [16,29]. We have seen such a
case that eq 1 gives minus populations (<0%) to tg when 1,2-diols takes an extraordinary
rotation mode in which only gt and gg conformers are allowed in equilibrium. The minus
populations are adjusted by tuning the dihedral angles (®) in the general Karplus equations
or by using eq 2 or other equations as described in our former studies [16,29].

The populations of the three rotamers are calculated with each eq 1 and eq 2, and the
results in entries 1~5 indicate that glycerol in D,O favors gt more strongly than gg and tg
in the backbone rotational isomerism. The backbone rotation gives the three rotamers an
empirical relation of ‘gt > gg > tg = ca. 50:30:20 (%) . This relation is rigidly maintained in
D, 0O regardless of the concentrations examined in the present study (5 mM~540 mM). All
the three 'H-NMR spectral data of glycerol measured in the presence of DSS (entries 1~3,
Table 1) also follow the empirical relation, though they make substantial deviations in the
3] (Hz) values of each other. Judging from this result, the internal standard (DSS) makes no
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significant change in the rotational isomerism of glycerol in D,0O solutions as far as used in
a limited amount.

From the preceding observations that the HOD and ROH signals are so broadened
(Figures 3 and 4), we predicted that glycerol might show a conformational change in
the backbone with increasing concentrations. However, the results of entries 1~5 show
that glycerol shows no apparent change in the backbone conformation even at the high-
est concentration (540 mM). In entry 5, glycerol was treated in advance with 10 molar
excess amounts of water (H,O) before the 'H-NMR spectroscopic measurement in D,O
(Figure 4). In this experiment, we tried to examine a possible influence of bound water
(H,0) not of bound D,0 on the conformational behavior of glycerol. Though the 'H-signal
of the solvent (HOD) signal was sharpened by this experiment to the level of glycerol at
100 mM, no difference was induced in the backbone rotation isomerism. This result indicates
that D,O and H,O as solvents cause no difference from each other in the conformational
behavior of glycerol.

According to simulation studies for aqueous glycerols by Egorov et al. [8] and Chen
and Li [11], the backbone rotational isomerism is hardly changed by glycerol concentrations
in water. Though the proposed rotational isomerism is notably different from each and those
from ours, the conformation property of glycerol is strongly controlled in interactions with
surrounding water. The bound water may make a shelter to interfere with glycerol/glycerol
interactions even at high concentrations over 500 mM.

3.3. The Backbone Rotational Isomerism of Glycerol in the Dilute Aqueous Phase Generating the
Nine or Six Different Conformers

Glycerol in water gives the rotational isomerism among the nine or six different
conformers as mentioned before (Figure 1). The rotational isomerism can be approximated
with the multiplication products of the three staggered rotamers (gt, gg, and tg (%)) [3,42].
In the current 'TH-NMR Karplus analysis, the three rotamers (%) are obtained with each
of Equation (1) (eq 1) and Equation (2) (eq 2) as described above. The overall rotational
isomerism is calculated from each of the two equations, and the results are denoted with
eq 1 and eq 2 in Table 3.

Table 3. Distributions (%) of the nine different conformers of glycerol in the dilute aqueous phase,
which are compared among the results by 'H-NMR spectroscopic and simulation studies.

TH-NMR Spectroscopic Studies ! Simulation Studies

Conformers (B,C,and D) ?
eql eq?2 eq-1(A) eq-2 (A) A B C D
aa 26 25 22 21 18~21 18 17 24.4
ag+ga 33 27 32 28 28~30 27 33 31.8
ab+ba 17 23 18 22 20~21 23 31 20
bb 3 5 4 6 5 3 2 1.2
bg+gb 11 12 13 14 15~17 24 14 134
8g 10 7 12 9 10~12 4 3 9.2

! Results eq-1 (A) and eq-2 (A) are obtained with the "H-NMR coupling data of glycerol in D,O (entry 5 in
Table 1) applied in each of the two equations (eq 1 and eq 2). Result A is from the authentic 220 MHz 'H-NMR
spectroscopic study [3] referring to a style of description given in relevant literatures [13-15]. 2 Results B [13],
C[14], and D [15].

The results by eq 1 and eq 2 are compared to result eq-1 (A) and result eq-2 (A) which
are obtained with the 220 MHz 'H-NMR data given in the authentic study (entry 5, Table 2).
A rotational isomerism actually reported in the authentic 220 MHz 'H-NMR study is given
as result A [3,14]. Out of simulation studies of aqueous glycerol, results by Callam et al. [13]
(result B), Yongye et al. [14], (result C), and Jeong et al. [15] (result D) are also listed together.
Our result by eq 1 deviates from result A by 4~5% at most of conformers except for 33 and
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vY. These deviations arise not only from the difference in the 3] (Hz) values of HR and HS
signals but also from differences in the limit 3] values (Hz) employed in the calculation of
the three rotamers (%). This is because results eq-1 (A) and eq-2 (A) still remain similar
deviations. Result eq-2 (A) is, however, very close to result A. This means that Equation (2)
(eq 2) has the limit 3] (Hz) values very close to those applied in empirical equations used in
the authentic 200 MHz 'H-NMR spectroscopic study.

In simulation studies in literature, glycerol in both liquid [4,5] and aqueous phases
(>40 wt.%) [8] favor the symmetric cx-conformer as the most preferred conformation, fol-
lowed by each of ory /vy« conformers in an enantiomeric relation. In the dilute aqueous phase,
the two simulation studies (B and C) commonly show that the symmetric cx-conformer
is decreased to 20% or less. These simulation studies may be largely influenced by the au-
thentic NMR study (result A). Of the three simulation studies, the latest one (result D) by
Jeong et al. [15] is closest to our results using the Karplus-based Equation (1) (eq 1) and
Equation (2) (eq 2). In the MD and ITH-NMR simulation study, Woods and coworkers [14] also
produced a rotational isomerism very close to ours. They had proposed result C that is close
to the authentic study (result A) rather than to ours.

The overall rotational isomerism can be better understood with a three-dimension
(3D) distribution map. In Figure 5, our results are expressed with 3D maps in which the
nine different conformers are distributed in a symmetrical fashion with respect to glycerol
sn-1,2 and sn-2,3 positions. These maps give a diagonal line, on which three symmetric
conformers of o (gt/gt), vy (gg/gg), and BB (tg/tg) are distributed. The relation of
‘gt > gg > tg = 50:30:20 (%)’ is maintained at each of horizontal (sn-1,2) and vertical (sn-2,3)
axes reflecting the bilateral symmetry of glycerol.

(a) Glycerol in D,0 (Equation 1) (b) Glycerol in D,0O (Equation 2)

(%) (%)
35 35
30 30
25 25
20 \ 20
15 ‘ 15 \
" ‘ ‘ ‘\ gt(@ o7 10 “ D A\ gt ()

] ? g
0 ‘ o ag () ,,Q'N 0 ‘ ‘ g9 ()
gt ggp) Stgp) - ot@ oo tg (B)
tg (B) tg (B)
<sn_1’2> <5n_1’2>

Figure 5. Three-dimensional (3D) distribution maps of the nine different conformations of glycerol
in water solutions (5 mM~540 mM at 19~21 °C). (a) A 3D map by Equation (1) (b) A 3D map by
Equation (2).

The 3D distribution map in Figure 5a shows that glycerol favors the four kinds of
conformers in the order as “a«x (gt/gt) > oy /v (gt/gg) > gg (gg/gg)” in equilibrium. All
these conformers comprise of gauche/gauche rotamers (gt and gg) orienting the glycerol 1,2,3-
triols in a symmetrical cis-relation. On the other hand, the 3D distribution map in Figure 5b
shows glycerol can also take the enantiomeric pair of o3 (gt/tg) and B o (tg/gt) conformers.
Including the pairs of g (gg/tg) and pg (tg/gg) conformers, these conformers have an
antiperiplanar vicinal diols at either the sn-1,2 or sn-2,3 position, which makes glycerol non-
symmetric in a sense of molecular conformations. The probability of these non-symmetric
conformers amounts to 35% in calculation with eq 2 (23% + 12%, Table 3). In the results
B and D in Table 3 as well as a neutron diffraction study by Towery et al. [9,10], glycerol
is predicted to adopt these non-symmetric conformations beside the symmetric ones in
equilibrium. In the nine different conformers, a 33 (tg/tg) conformer is the least populated.
This result is commonly shown in all the three simulations studies (results B, C, and D,
Table 3) and rationalized in former studies in terms of 1,3-syn-diaxial or 1,3-syperiplanr
interaction. An analogous interaction is reported in monosaccharides, particularly along the
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C5-C6 bond in hexopyranoses (Figure 6) [29,43]. Glycerol in the 33 (tg/tg) conformation
gives a stereochemical circumstance close to the exocyclic position of D-glucopyranose
(D-Glep) with a tg rotamer (Figure 6a). The D-Glcp C5-C6 bond strongly disfavors a tg
rotamer due to the 1,3-syn-diaxial interaction to show an extraordinary rotational isomerism
between gt and gg rotamers. The D-Glcp type of di- and oligosaccharides take over this
property in water solutions [38—-40,44].

(a) glycerol (1) and p-Glcp (b) glycerol (1) and D-Galp
,/L
1,3-syn HO OH
HO
e~ %A °
H5
D-Glcp D-Galp
BB (tg/tg) conformer vy (99/9g) conformer

Figure 6. A 1,3-syn-periplanar repulsion between 1,3-diols in glycerol and the two types of saccharides,
D-Glcp (a) and D-Galp (b).

A similar correlation is available with D-Gal type of mono- and oligosaccharides
with an axial C4-OH bond (Figure 6b). Their exocyclic C5-C6 bonds predominantly
adopt a gt rotamer in water, while the rotational isomerism is randomized in DMSO
causing a notable equilibrium shift from gt to tg [29,43]. This shift is observed for O-
acylated D-galactopyranoses in CDCl;, DMSO-dg, acetone-ds, and pyridine-ds. Different
from the D-Glc type of saccharides, they retain the gg rotamer in equilibrium at 15~20%
regardless of the repulsive 1,3-synperiplanar interaction, kinds of the solvents, and the
notable equilibrium shift between gt and tg caused by solvents. There is a stereochemical
factor which keeps the proportion (%) of the gg conformer nearly constant.

3.4. Conformational Behaviors of Glycerol under Different Solvent Conditions

As mentioned above, the relation of ‘gt > gg > tg = 50:30:20 (%)" in equilibrium
represents a distinctive conformation property of glycerol in water at concentrations below
540 mM. Judging from our previously reported ' H-NMR spectral data of glycerol measured
in D,O with DSS [20] (entry 1, Table 1), the conformation property is not affected by DSS as
far as applied in a small amount, for examine, less than 0.05 mM in D,O in our experiments.
However, we still suspect the conformational behavior can be changed by certain extrinsic
factors such as ionic salts and solvents. In the current study, we have examined effects by
guanidine hydrochloride which is known as a chaotropic reagent [45] and also those by
DMSO and DMF which are widely used as aprotic organic solvents (Table 4). To examine
these effects, glycerol was initially dissolved in D,O at 500 mM, and the solution kept at
room temperature (20~22 °C) for several hours and then diluted with solvents to each of
50 mM solutions for 'H-NMR Karplus analysis.

In Table 4, entry-2 gives the 'H-NMR spectral data of glycerol in D,O (50 mM) contain-
ing guanidine hydrogen chloride (1:1 molar ratio). The guanidine reagents are known to act
as chaotropic reagents on proteins and nucleic acids [45]. It is also reported that a cytoplasm
membrane protein called aqua(glycero)porin is reported to utilize an Arg guanidino group
for transportation of glycerol across membranes [46—48]. The IH-NMR data of entry 2
shows that this reagent causes a notable shielding shift for all the glycerol C-H protons
when the HOD signal is used as a standard of chemical shifts. This change is, however,
not accompanied by shift in the rotational isomerism. This result suggests that the upfield
shifts may be due to the downfield shift of the HOD signal. Similar to glycerol/glycerol
interactions in water, glycerol/guanidine interactions may be effectively blocked by water.
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This solvent can make solid interactions with each of glycerol 1,2,3-triol and guanidino

amino groups to allow glycerol to keep the relation of ‘gt:gg:tg = 50:30:20 (%)’ even in the
presence of the chaotropic reagent.

Table 4. '"H-NMR spectroscopic data of aqueous glycerol under different solvent conditions.

X 1H NMR Spectroscopic Data ! Chemical Shift Difference (D ppm) Three Rotamers (%) by Equation (1)
Solvent Entry X — Entry 1 i
Entry (mM) d ppm/] (Hz) (Entry ntry 1) /Equation (2)
H2 HIS/H3R HIR/H3S DH2 DH1S DHIR gt (o) g8 (1) tg (B)
D,0 3721 3,589 3.499 51 32 17
! (54 mM) m 43 6.6,11.7 0 0 0 (50 27 23)
DO 3.648 3.51 3.425 51 32 17
2 (+Gnd:HCl) 2 —0.073 —0.079 —0.074
(50 mM) m 43 6.6,11.7 (50 27 23)
DMSO-d 3.46 3.382 3.308 39 33 28
3 (+10% D,0) —0.261 —0.207 —0.191
(50 mM) m 5.1 59,110 (38 29 33)
DMF-d; 3.652 3.563 3.498 39 33 28
4 (+10% D,0) —0.069 —0.026 —0.001
(50 mM) m 5.1 59,110 (38 29 33)

! Data in entry 1 is referred to the 500 MHz 'H-NMR spectral data of entry-2 in Table 1. Data in entries 2~4
are obtained with 400 MHz 'H-NMR spectrometer using a second order analysis for an ABX multi-spin system.
Chemical shifts of entries 1 and 2 are determined from the solvent (HOD) signal (5 ppm = 4.7620) and those
of entries 3 and 4 are obtained from TMS involved in each of the solvents (5 ppm = 0.0000 ppm). ? In entry 2,
a glycerol 500 mM solution in D,O was diluted with a D,O solution of guanidine HCI to make a 50 mM D,0O
solution of glycerol and guanidine HCl (1:1 mol ratio). In entries 3 and 4, the glycerol 500 mM solution in D,O
was diluted with each of DMSO-ds; and DMF-d; containing TMS (<0.06%).

On the other hand, the results in entries 3 and 4 indicate that DMSO-d; and DMF-d;
used as solvents notably induce a significant change. They cause a significant change not
only in the chemical shifts of glycerol C-H protons but also in the backbone rotational
isomerism. It is worth noting that a notable shift arises in equilibrium between gt and
tg rotamers toward tg while leaving the proportion of gg almost unchanged. Two 3D
distribution maps in Figure 7 show that the backbone rotational isomerism is totally
randomized in these solvents. The empirical relation of ‘gt > gg > tg” among glycerols is no
longer maintained when analyzed with Equation (2) (Figure 7b).

(a) Glycerol in DMSO-d, (Equation 1) (b) Glycerol in DMSO-d, (Equation 2)
% %
35 35
30 30
25 25
20 ‘ 20
15 \ \ \ 15 \ \ \
12 gtla 4 12 gt (@)
0 99 v 0 99 ()
(-,
gt (a) tg(B) o gt () tg (B)
99 (v) tg (8) g9 (v) tg (B)
<sn-1,2 <sn-1,2s

Figure 7. Three-dimensional (3D) distribution maps of the nine different conformers of glycerol
in 10% D,O/DMSO-dg solution: (a) 3D map calculated with Equation (1) (eq 1) and (b) 3D map
calculated with Equation (2) (eq 2).

The notable shift in equilibrium between gt and tg conformers is analogous to what
we have seen for the D-Galp type of sugars as mentioned above (Figure 6b). Ethylene
glycerol (ethane-1,2-diol) and propane-1,2-diol are reported to exhibit analogous changes
in conformations by solvents [49-51]. The behavior of alkane-1,2-diols favoring a gauche
conformation in water, CHCl3, and pyridine solutions is explained in different ways like
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those with intramolecular OH/OH interactions and cooperative H-bonds [49-51] other
than ‘gauche effects’ [52-54]. Conformations are changeable by interactions with solvents
applied; water and alcohols with OH groups tend to stabilize a gauche relation for 1,2-
diols, and this trend is applicable to the D-Gal type of hexopyranoses. DMSO and DMF
with carbonyl (-C=0) groups tend to destabilize the gauche relation of 1,2-diols similar
to the D-Gal types of sugars. Though glycerol is thought to largely follow the rotational
isomerism of alkane-1,2-diols and the D-Gal type of saccharides, an explicit mechanism
waits for advanced theoretical and experimental studies. The use of nuclear Overhauser
effects (NOE or NOESY) and other advanced NMR techniques coupled with the current
'H-NMR Karplus analysis may provide a clear insight.

4. Conclusions

We have seen in the present 'H-NMR Karplus analysis that glycerol in the dilute aque-
ous state exhibits the consistent backbone rotational isomerism which can be represented
by a relation of ‘gt > gg > tg = ca. 50:30:20 (%)’. This relation is hardly changed in a wide
range of concentrations in water (5 mM~540 mM) and even in the presence of DSS or the
chaotropic reagent, guanidine hydrogen chloride. When the overall rotational isomerism
of the six kinds of conformers is approximated with this relation, the result has disclosed
a notable difference from those reported in the authentic 'H-NMR study and followed
by the later simulation studies. We assume that the authentic study might have failed to
obtain the 'H-NMR spectral data of glycerol HR and HS signals in correct ways. With a
low resolution 'H-NMR spectrometer, the !H-signals of glycerol methylene protons (HR
and HS) often collapse in a close region to make the 'H-NMR Karplus analysis difficult
to perform with high accuracy. We often experience this problem even in recent studies
using 500 MHz 'H-NMR spectrometer. Molecular conformations of glycerols and other
biomolecules analyzed with low resolution 'H-NMR spectrometry should be cautiously
approached, particularly when applied as experimental evidence in simulation studies.

We have also seen in the present study that glycerol in water tightly attracts sur-
rounding water molecules, reconstructs H-bond networks, makes the aqueous solution
viscous, and establishes the consistent conformational behavior in water solutions. The
rotational isomerism is remarkably changed in DMSO or DMF solutions. This change is
indicative of the underlying mechanism that glycerol/water interactions largely contribute
to the conformational behavior of glycerol in water solutions. On the other hand, we have
no explicit explanation for the rotational isomerism of glycerol which shows the relation
of ‘gt > gg > tg = ca. 50:30:20 (%)’ consistently in water and changes the relation into
‘gt:gg:tg = ca. 40:30:30 (%)’ in the two organic solvents. We hope theoretical approaches
will give a clear answer using our precise 'H-NMR spectroscopic data and the Karplus
calculations offered in the present study.

Glycerol is a kind of prochiral compound with respect to sn-1 and sn-3 position [55].
The prochirality has a great meaning in both the metabolism and catabolism of glycerol
and glycerolipids in which enzymes like glycerol kinases and dehydrogenases differentiate
between the glycerol sn-1,2 and sn-2,3 positions [56-58]. Unfortunately, none of these
enzymatic reactions are fully understood in correlation with the molecular conformation
of glycerol despite a close study is reported in the study of aqua(glycero)porin as cited in
the text. Glycerol and glycerolipids have again begun to attract strong interest from the
aspect of emergency of life [59-61] beside their potential as biofuels. Biochemistry and
biomolecular science have many things to do with this important class of biomolecules
well into the future.

Author Contributions: Conceptualization, Y.N.; methodology, H.D., R.A. and W.D; validation, H.D.,
formal analysis, Y.N. and H.U. writing—original draft preparation, Y.N.; writing—review and editing,
R.A.,H.D., WD. and H.U. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a Grant in Aid from the Japan Society of the Promotion of
Science (KAKENHI 25450146, KAKENHI 16K07711 to Y.N.).



Int. . Mol. Sci. 2023, 24, 2766 13 of 15

Data Availability Statement: Additional information may be available in email contacts with Y.N.
(Chiba Univ.) or H.U. (AIST) following rules by each of MDPI, Chiba Univ., and AIST.

Acknowledgments: We thank Naito for technical assistance in measuring 'H NMR spectroscopy. We
thank all staff at the Center for Analytical Instrumentation of Chiba University for their technical
support for NMR and other spectroscopic measurements.

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

References

1.  Bastiansen, O. Intra-molecular hydrogen bonds in ethylene glycol, glycerol, and ethylene chlorohydrin. Acta Chem. Scand. 1949,
3, 415. [CrossRef]

2. Koningsveld, H. The crystal structure of glycerol and its conformation. Recl. Trav. Chim. Pays-Bas. 1968, 87, 243. [CrossRef]

3. Koningsveld, H. A conformational study on glycerol in a D,O solution by means of 220 Mc PMR data. Recl. Trav. Chim. Pays-Bas.
1970, 89, 801. [CrossRef]

4. Chelli, R.; Procacci, P.; Cardini, G.; Della Valle, R.G.; Califano, S. Glycerol condensed phases Part I. A molecular dynamics study.
Phys. Chem. Chem. Phys. 1999, 1, 871-877. [CrossRef]

5. Chelli, R.; Procacci, P.; Cardini, G.; Califano, S. Glycerol condensed phases Part II. A molecular dynamics study of the conforma-
tional structure and hydrogen bonding. Phys. Chem. Chem. Phys. 1999, 1, 879-885. [CrossRef]

6. Pagot, G.; Tonello, S.; Vezzu, K.; Di Noto, V.A. A new glass-forming electrolyte based on lithium glycerolate. Batteries 2018, 4, 41.
[CrossRef]

7. Kusukawa, T.; Niwa, G.; Sasaki, T.; Oosawa, R.; Himeno, W.; Kato, M. Observation of a hydrogen-bonded 3D structure of
crystalline glycerol. Bull. Chem. Soc. Jpn. 2013, 86, 351-353. [CrossRef]

8.  Egorov, A.V,; Lyubartsev, A.P,; Laaksonen, A. Molecular dynamics simulation study of glycerol-water liquid mixtures. J. Phys.
Chem. B 2011, 115, 14572-14581. [CrossRef]

9.  Towery,].J.; Soper, A.K,; Dougan, L. The structure of glycerol in the liquid state: A neutron diffraction study. Phys. Chem. Chem.
Phys. 2011, 13, 9397-9406. [CrossRef]

10. Towery, ].J.; Soper, A.K.; Dougan, L. What happens to the structure of water in cryoprotectant solutions? Faraday Discuss. 2013,
167,159. [CrossRef]

11.  Chen, C,; Li, W.-Z. Molecular dynamics simulation of hydrogen bonding characteristics in aqueous glycerol solutions. Acta Phys.
Chim. Sin. 2009, 25, 507-512.

12.  Chen, C.;Li, W.Z,; Song, Y.S.; Yang, ]. Hydrogen bonding analysis of glycerol aqueous solutions: A molecular dynamics simulation
study. J. Mol. Lig. 2009, 146, 23. [CrossRef]

13. Callam, C.S; Singer, S.J.; Lowary, T.L.; Hadad, C.M. Computational analysis of the potential energy surfaces of glycerol in the gas
and aqueous Phases: Effects of level of theory, basis set, and solvation on strongly intramolecularly hydrogen-bonded systems.
J. Am. Chem. Soc. 2001, 123, 11743-11754. [CrossRef]

14.  Yongye, A.B.; Foley, B.L.; Woods, R.J. On achieving experimental accuracy from molecular dynamics simulations of flexible
molecules: Aqueous glycerol. |. Phys. Chem. A 2008, 112, 2634-2639. [CrossRef] [PubMed]

15. Jeong, K.-H.; Byung, B.].; Kang, Y.K. Conformational preferences of glycerol in the gas phase and in water. Bull. Korean Chem. Soc.
2012, 33, 917-924. [CrossRef]

16. Yuan, M.; Fukuda, K.; Dohi, H.; Uzawa, H.; Nishida, Y. Comparative analyses of helical properties in asymmetric 1,2-diacyl-sn-
glycerols by means of circular dichroism and proton NMR spectroscopies: Notable effects of substituting groups at sn-3 position.
Tetrahedron Asym. 2015, 26, 1138-1144. [CrossRef]

17. Nishida, Y,; Yuan, M.; Fukuda, K.; Fujisawa, K.; Dohi, H.; Uzawa, H. Remarkable functions of sn-3 hydroxy and phosphocholine
groups in 1,2-diacyl-sn-glycerolipids to induce clockwise (+)-helicity around the 1,2-diacyl moiety: Evidence from conformation
analysis by 'H NMR spectroscopy. Beilstein J. Org. Chem. 2017, 13, 1999-2009. [CrossRef]

18. Nishida, Y.; Yuan, M.; Fujisawa, K.; Kitagawa, S.; Dohi, H.; Uzawa, H. Verification study for an empirical rule in diverse helical
conformational behaviors of asymmetric 1,2-diacyl-sn-glycerols in the solution state. Tetrahedron Asym. 2017, 28, 1435-1443.
[CrossRef]

19. Uzawa, H.; Nishida, Y.; Hanada, S.; Ohrui, H.; Meguro, H. Syntheses and characterizations of chirally deuteriated glycerols.
Chem. Commun. 1989, 862-863. [CrossRef]

20. Nishida, Y.; Uzawa, H.; Hanada, S.; Ohrui, H.; Meguro, H. Synthesis and characterization of chirally deuteriated sn-glycerols.
Agric. Biol. Chem. 1989, 53, 2319-2326. [CrossRef]

21. Uzawa, H.; Nishida, Y.; Ohrui, H.; Meguro, H. Application of the dibenzoate chirality method to determine the absolute
configuration of glycerols and related acyclic alcohols. J. Org. Chem. 1990, 55, 116-122. [CrossRef]

22. Uzawa, H.; Nishida, Y.; Ohrui, H.; Meguro, H. A new approach to determine the stereospecificity in lipase catalysed hydrolysis
using circular dichroism (CD): Lipases produce optically active diglycerides from achiral triglycerides. Biochem. Biophys. Res.
Comm. 1990, 168, 506-511. [CrossRef] [PubMed]

23. Nishida, Y.; Tamakoshi, H.; Kitagawa, Y.; Kobayashi, K.; Thiem, ]J. A novelbovine (3-1,4-galactosyltransferase reaction to yield

-D-galactopyranosyl-(1-3)-linked disaccharides from L-sugars. Angew. Chem. Int. Ed. 2000, 39, 2000-2003. [CrossRef]


http://doi.org/10.3891/acta.chem.scand.03-0415
http://doi.org/10.1002/recl.19680870303
http://doi.org/10.1002/recl.19700890806
http://doi.org/10.1039/a808958b
http://doi.org/10.1039/a808957d
http://doi.org/10.3390/batteries4030041
http://doi.org/10.1246/bcsj.20120300
http://doi.org/10.1021/jp208758r
http://doi.org/10.1039/c0cp02136a
http://doi.org/10.1039/c3fd00084b
http://doi.org/10.1016/j.molliq.2009.01.009
http://doi.org/10.1021/ja011785r
http://doi.org/10.1021/jp710544s
http://www.ncbi.nlm.nih.gov/pubmed/18311953
http://doi.org/10.5012/bkcs.2012.33.3.917
http://doi.org/10.1016/j.tetasy.2015.08.012
http://doi.org/10.3762/bjoc.13.196
http://doi.org/10.1016/j.tetasy.2017.09.021
http://doi.org/10.1039/c39890000862
http://doi.org/10.1271/bbb1961.53.2319
http://doi.org/10.1021/jo00288a024
http://doi.org/10.1016/0006-291X(90)92350-9
http://www.ncbi.nlm.nih.gov/pubmed/2334421
http://doi.org/10.1002/1521-3773(20000602)39:11&lt;2000::AID-ANIE2000&gt;3.0.CO;2-3

Int. . Mol. Sci. 2023, 24, 2766 14 0of 15

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Nishida, Y.; Tamakoshi, H.; Kobayashi, K.; Thiem, ]J. The first bovine 31,4-galactosyltransferase reaction with an acyclic acceptor
substrate, 3-acetamido-1,2-propanediol, to yield a 3-O-p-D-galactopyranosyl-sn-glycerol skeleton. Org. Lett. 2001, 3, 1-3.
[CrossRef] [PubMed]

Haasnoot, C.A.G.; de Leeuw, FA.A.M.; Altona, C. The relationship between proton-proton NMR coupling constants and
substituent electronegativities—I: An empirical generalization of the karplus equation. Tetrahedron 1980, 36, 2783-2790. [CrossRef]
HMDB Database. Available online: https://hmdb.ca/spectra/nmr_one_d /1101 (accessed on 10 June 2022).

Nowick, J.S.; Khakshoor, O.; Hashemzadeh, M.; Brower, ].O. DSA: A New Internal Standard for NMR Studies in Aqueous
Solution. Org. Lett. 2003, 5, 3511-3513. [CrossRef]

Castillo, A.M.; Patiny, L.; Wist, ]. Fast and accurate algorithm for the simulation of NMR spectra of large spin systems. . Magn.
Reson. 2011, 209, 123-130. [CrossRef]

Nishida, Y.; Hori, H.; Ohrui, H.; Meguro, H. TH NMR Analyses of Rotameric Distribution of C5-C6 bonds of D-Glucopyranoses
in Solution. J. Carbohydr. Chem. 1988, 7, 239-250. [CrossRef]

Matteson, D.S.; Kandil, A.A. Soundarrajan, R.S. Synthesis of Asymmetrically Deuterated Glycerol and Dibenzylglyceraldehyde
via Boronic Esters. J. Am. Chem. Soc. 1990, 112, 3964-3969. [CrossRef]

Morita, M.; Matsumura, F,; Shikata, T.; Ogawa, Y.; Kondo, N.; Shiraga, K. Hydrogen-Bond Configurations of Hydration Water
around Glycerol Investigated by HOH Bending and OH Stretching Analysis. J. Phys. Chem. B 2022, 126, 9871-9880. [CrossRef]
Nakagawa, H.; Oyama, T. Molecular Basis of Water Activity in Glycerol-Water Mixtures. Front. Chem. 2019, 7, 731. [CrossRef]
[PubMed]

Akinkunmi, FO.; Jahn, D.A.; Giovambattista, N. Effects of Temperature on the Thermodynamic and Dynamical Properties of
Glycerol-Water Mixtures: A Computer Simulation Study of Three Different Force Fields. J. Phys. Chem. B 2015, 119, 6250-6261.
[CrossRef] [PubMed]

Dashnau, J.L.; Nucci, N.V.; Sharp, K.A.; Vanderkooi, ]. M. Hydrogen Bonding and the Cryoprotective Properties of Glycerol/Water
Mixtures. J. Phys. Chem. B 2006, 110, 13670-13677. [CrossRef]

Mizuno, A.; Mitsuiki, M.; Toba, S.; Motoki, M. Antifreeze Activities of Various Food Components. J. Agric. Food Chem. 1997,
45,14-18. [CrossRef]

Sato, Y.; Miyawaki, O. Relationship between proton NMR relaxation time and viscosity of saccharide solutions. Food Sci. Technol.
Res. 2000, 6, 136-139. [CrossRef]

Wexler, A.D.; Woisetschlaeger, J.; Reiter, U.; Reiter, G.; Fuchsjaeger, M.; Fuchs, E.C.; Brecker, L. Nuclear Magnetic Relaxation
Mapping of Spin Relaxation in Electrically Stressed Glycerol. ACS Omega 2020, 5, 22057-22070. [CrossRef] [PubMed]

Nishida, Y.; Hori, H.; Ohrui, H.; Meguro, H.; Uzawa, J.; Reimer, D.; Sinnwell, V.; Paulsen, H. Conformational analyses of 04,06-
branching tri-D-glucopyranosides: Influence of 04 linked residues on solution conformations about C5-C6 bonds at (1-6)-linkages.
Tetrahedron Lett. 1988, 29, 4461-4464. [CrossRef]

Hori, H.; Nishida, Y.; Ohrui, H.; Meguro, H.; Uzawa, J. Conformational analyses of o and 3 (1-6) mannodisaccharides by
deuterium substitution effect on relaxation rate and NOE. Tetrahedron Lett. 1988, 29, 4457-4460. [CrossRef]

Ohrui, H.; Nishida, Y.; Itoh, H.; Meguro, H. Preferred conformation about the C5-C6 bond of N-acetylneuraminyl(2-6)-D-galacto-
and -D-glucopyranosides in solution. J. Org. Chem. 1991, 56, 1726-1729. [CrossRef]

Meulendijks, GH.W.M.; Van Es, W.; de Haan, J.W.; Buck, H.M. Conformational transmission in the glycerol backbone of
phospholipid model compounds, induced by a P(4-coordinated) into trigonal bipyramidal P(5-coord) transition. Eur. J. Biochem.
1986, 157, 421. [CrossRef]

Kosugi, Y.; Matsubara, K.J. Conformational analysis of triacylglycerols by means of nuclear magnetic resonance and molecular
mechanics. Jpn. Oil Chem. Soc. 1989, 38, 415-420. [CrossRef]

Woods, R.J.; Kirschner, K. Solvent interactions determine carbohydrate conformation. Proc. Natl. Acad. Sci. USA 2001, 98,
10541-10545.

Ohrui, H.; Nishida, Y.; Watanabe, M.; Hori, H.; Meguro, H. 'H-NMR Studies on (6R)- and (6S)-deuterated (1-6)-linked disac-
charides: Assignment of the preferred rotamers about C5-C6 bond of (1-6)-disaccharides in solution. Tetrahedron Lett. 1985,
26,3251-3254. [CrossRef]

Ashraf Kharaz, Y.; Zamboulis, D.; Sanders, K.; Comerford, E.; Clegg, P.; Peffers, M. Comparison between chaotropic and
detergent-based sample preparation workflow in tendon for mass spectrometry analysis. Proteomics 2017, 17, 1700018. [CrossRef]
[PubMed]

Nollert, P.; Harries, W.E.C.; Fu, D.; Miercke, L.J.W,; Stroud, R.M. Atomic structure of a glycerol channel and implications for
substrate permeation in aqua(glycero)porins. FEBS Lett. 2001, 504, 112-117. [CrossRef] [PubMed]

Fu, D; Libson, A.; Miercke, L.J.; Weitzman, C.; Nollert, P.; Krucinski, J.; Stroud, R.M. Structure of a Glycerol-Conducting Channel
and the Basis for Its Selectivity. Science 2000, 290, 481-486. [CrossRef]

Savage, D.F; O’Connell, ].D., III; Miercke, L.J.; Finer-Moore, J.; Stroud, R.M. Structural context shapes the aquaporin selectivity
filter. Proc. Natl. Acad. Sci. USA 2010, 107, 17164-17169. [CrossRef]

Galleyway, E.B.; Hawkes, J.E.; Haycock, P.; Lewis, D.]J. THNMR spectra and conformations of propane-1,2-diol, meso- and racemic
butane-2,3-diols, and some alditols in non-aqueous media. Chem. Soc. Perkin Trans. 1990, 2, 1979-1985. [CrossRef]


http://doi.org/10.1021/ol006590n
http://www.ncbi.nlm.nih.gov/pubmed/11429847
http://doi.org/10.1016/0040-4020(80)80155-4
https://hmdb.ca/spectra/nmr_one_d/1101
http://doi.org/10.1021/ol035347w
http://doi.org/10.1016/j.jmr.2010.12.008
http://doi.org/10.1080/07328308808058917
http://doi.org/10.1021/ja00166a037
http://doi.org/10.1021/acs.jpcb.2c05445
http://doi.org/10.3389/fchem.2019.00731
http://www.ncbi.nlm.nih.gov/pubmed/31737605
http://doi.org/10.1021/acs.jpcb.5b00439
http://www.ncbi.nlm.nih.gov/pubmed/25901644
http://doi.org/10.1021/jp0618680
http://doi.org/10.1021/jf960422l
http://doi.org/10.3136/fstr.6.136
http://doi.org/10.1021/acsomega.0c02059
http://www.ncbi.nlm.nih.gov/pubmed/32923764
http://doi.org/10.1016/S0040-4039(00)80522-5
http://doi.org/10.1016/S0040-4039(00)80521-3
http://doi.org/10.1021/jo00005a015
http://doi.org/10.1111/j.1432-1033.1986.tb09684.x
http://doi.org/10.5650/jos1956.38.415
http://doi.org/10.1016/S0040-4039(00)98164-4
http://doi.org/10.1002/pmic.201700018
http://www.ncbi.nlm.nih.gov/pubmed/28547889
http://doi.org/10.1016/S0014-5793(01)02710-7
http://www.ncbi.nlm.nih.gov/pubmed/11532442
http://doi.org/10.1126/science.290.5491.481
http://doi.org/10.1073/pnas.1009864107
http://doi.org/10.1039/p29900001979

Int. . Mol. Sci. 2023, 24, 2766 150f 15

50.

51.

52.

53.
54.

55.
56.

57.

58.

59.

60.

61.

Petterson, K.A.; Stein, R.S.; Drake, M.D.; Roberts, ].D. An NMR investigation of the importance of intramolecular hydrogen
bonding in determining the conformational equilibrium of ethylene glycol in solution. Magn. Reson. Chem. 2005, 43, 225-230.
[CrossRef]

John, S. Lomas, Cooperativity in alkane-1,2- and 1,3-polyols: NMR, QTAIM, and IQA study of O-H... OHand C-H ... OH
bonding interactions. Magn. Reson. Chem. 2020, 58, 666—684.

Wolfe, S. Gauche effect. Stereochemical consequences of adjacent electron pairs and polar bonds. Acc. Chem. Res. 1972, 5, 102.
[CrossRef]

Thiehoff, C.; Rey, Y.P.; Gilmour, R. The Fluorine Gauche Effect: A Brief History. Isr. . Chem. 2017, 57, 92-100. [CrossRef]
Tvaroska, I; Taravel, ER ; Utille, ].P,; Carver, ].P. Quantum mechanical and NMR spectroscopy studies on theconformations of the
hydroxymethyl and methoxymethyl groups in aldohexosides. Carbohydr. Res. 2002, 337, 353-367. [CrossRef] [PubMed]

Swick, R.W.; Nakao, A. The biological asymmetry of glycerol. J. Biol. Chem. 1956, 206, 883-886. [CrossRef]

Crans, D.C. Whitesides, Glycerol Kinase: Synthesis of Dihydroxyacetone Phosphate, sn-Glycerol-3-Phosphate, and Chiral
Analogues. |. Am. Chem. Soc. 1985, 107, 7019-7027. [CrossRef]

Habe, H.; Fukuoka, T.; Kitamoto, D.; Sakaki, K. Biotechnological production of D-glyceric acid and its application. Appl. Microbiol.
Biotechnol. 2008, 86, 1033-1039. [CrossRef] [PubMed]

Vustin, M.M. The Biological Role of Glycerol in Yeast Cells. Yeast as Glycerol Producers. Appl. Biochem Microbiol. 2021, 57, 907-916.
[CrossRef]

Gull, M,; Pasek, M.A. The Role of Glycerol and Its Derivatives in the Biochemistry of Living Organisms, and Their Prebiotic
Origin and Significance in the Evolution of Life. Catalysts 2021, 11, 86. [CrossRef]

Mathew, T.; Esteves, PM.; Prakash, G.K.S. Methanol in the RNA world: An astrochemical perspective. Front. Astron. Space Sci.
2022, 9, 809928. [CrossRef]

Fedoseev, G.; Chuang, K.-].; Ioppolo, S.; Qasim, D.; van Dishoeck, E.F.; Linnartz, H. Formation of glycerol through hydrogenation
of CO ice under prestellar core conditions. Astrophys. J. 2017, 842, 842-852. [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.


http://doi.org/10.1002/mrc.1512
http://doi.org/10.1021/ar50051a003
http://doi.org/10.1002/ijch.201600038
http://doi.org/10.1016/S0008-6215(01)00315-9
http://www.ncbi.nlm.nih.gov/pubmed/11841816
http://doi.org/10.1016/S0021-9258(19)50859-6
http://doi.org/10.1021/ja00310a045
http://doi.org/10.1007/s00253-009-2124-3
http://www.ncbi.nlm.nih.gov/pubmed/19621222
http://doi.org/10.1134/S0003683821090088
http://doi.org/10.3390/catal11010086
http://doi.org/10.3389/fspas.2022.809928
http://doi.org/10.3847/1538-4357/aa74dc

	Introduction 
	Materials and Methods 
	Glycerol in D2O Solutions for 1H-NMR Karplus Analysis 
	1H-NMR Spectroscopic Measurement and Spectral Data Acquisition 
	1H-NMR Karplus Analysis of Glycerol in the Dilute Aqueous Phase 

	Results and Discussion 
	1H-NMR Spectroscopic Profile of Glycerol in D2O Solutions without DSS 
	Effect of Concentrations on the Conformational Behavior of Glycerol in Water (D2O) 
	The Backbone Rotational Isomerism of Glycerol in the Dilute Aqueous Phase Generating the Nine or Six Different Conformers 
	Conformational Behaviors of Glycerol under Different Solvent Conditions 

	Conclusions 
	References

