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ABSTRACT: Sugars function as bioprotectants by stabilizing biomolecules during
dehydration, thermal stress, and freeze—thaw cycles. A buildup of sugars occurs in many
organisms upon their exposure to extreme conditions. Understanding sugar’s bioprotective
effects on membranes is achieved by characterizing the H-bond networks at the lipid—water
interface. Here, we report the headgroup H-bond populations, structures, and dynamics of
1,2-dimyristoyl-sn-glycero-3-phosphocholine vesicles in concentrated glucose solutions using
ultrafast two-dimensional infrared spectroscopy in conjunction with molecular dynamics
simulations. H-Bond populations and dynamics at the ester carbonyl positions are largely
unaffected even at very high, 600 mg/mL, sugar concentrations. In addition, dynamics exhibit
a slight nonmonotonic dependence on sugar concentration. Simulations, which are in near-
quantitative agreement with measured dynamics, show that the H-bond structure remains
largely intact by the existence of sugar. This study shows that the bioprotection of sugar is
realized through stable lipid—saccharide—water H-bond networks at the membrane interface
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that mimic the H-bond networks in pure water.

Robust organisms such as yeasts, nematodes, and
resurrection plants naturally survive extreme conditions
such as dehydration, thermal stress, and freeze—thaw cycles. In
particular, dehydration is linked to high concentrations of
sugars, which can be up to 20% of the dry weight of certain
species.” Thermodynamic, spectroscopic, and simulation
studies have attributed the bioprotection mechanism to the
stabilization of biomolecules in general and lipid membranes in
particular, where sugars protect membranes against fusion and
leakage.3_11 For example, trehalose, a disaccharide of glucose,
preserves the melting transition of highly dehydrated lipid
bilayers.”'>"?

Despite substantial efforts, sugar—lipid interactions have
been challenging to describe, and as consequence, there are
several outstanding ques'cions.3’4’l4’15 ( 1) How do sugars
impact the interfacial H-bond networks, and how does this
affect the functional characteristics of membranes? (2) What is
the specific dehydration protection mechanism? Specifically,
do sugars mimic the interfacial environment of water or
generate unique environments under dehydration conditions?
The water replacement hypothesis suggests that sugar protects
lipids during dehydration by directly interacting with the lipid
headgroups and preserving the structural integrity of the
membrane at dehydration concentrations. Certain structural
aspects of water’s interfacial H-bond network are mimicked by
the sugar through the hydroxyl groups, creating an environ-
ment that supports similar lipid—lipid interactions that result in
bilayer stabilities that are similar to the fully hydrated
system.'®'” This theory is supported by molecular dynamics
(MD) simulations, nuclear magnetic resonance (NMR), and
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fluorescence microscopy, with other evidence supporting

the presence of an entropy-driven phase transition in which
sugars become depleted from the interface at high concen-
trations.¥®*°~** These models, however, must be assessed by
carefully examining the structure and dynamics (lifetimes) of
the complex H-bond networks at the lipid—sugar—water
interface because populations and thermodynamics alone
remain insufficient to describe their stabilizing mechanisms.
Lipid bilayers create a complex network of interfacial H-
bonds that is markedly different from bulk water as a result of
strong polar interactions within the lipid headgroups.”*~>°
Understanding how sugars modulate interfacial environments
also requires contrasting them with the H-bond networks in
the bulk. In this study, we measure the H-bond populations
and dynamics at the lipid—water interface, as well as in bulk,
over a range of glucose concentrations. We use a combination
of Fourier-transform infrared (FTIR) spectroscopy and
ultrafast two-dimensional infrared (2D IR) spectroscopy.”’
Specifically, we probe the ester carbonyl stretching modes of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), a well-
studied phospholipid (Figure 1A); these groups are located
precisely at the hydrophobic—hydrophilic interface (Figure
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Figure 1. (A) Structures of DMPC and glucose. (B) Normalized
carbonyl absorption spectra of 100 nm DMPC vesicles in pure D,0
(red) and a 600 mg/mL glucose solution (blue). The carbonyl band is
well represented by two peaks that correspond to the zero- and one-
H-bond ensembles, respectively. (C) Average number of H-bonds to
each carbonyl group form in DMPC and EtOAc solutions across the
sugar concentration range extracted by the oscillator strength-
weighted (&,yp/€oup = 1.49) areas of the two peaks as described
previously.

S12). Dynamics in bulk solution are measured using ethyl
acetate, a small water-soluble vibrational probe (Section S2).
Experiments are interpreted through MD simulations, which
provide atomistic descriptions of the H-bond networks.

The H-bond dynamics of lipids under varying conditions
have been characterized with FTIR and 2D IR meth-
ods."*»*77%% Specifically, the carbonyl stretching band
(~1700—1750 cm™) is described by a combination of two
Gaussian peaks, assigned to zero-H-bond (peak I) and one-H-
bond (peak II) ensembles as shown in Figure 1B.*' The H-
bond populations are proportional to the peak I and peak II
areas weighted by their oscillator strength." Surprisingly, there
is no change in peak ratios with an increase in glucose
concentration (Figure S1), showing that the fraction of H-
bonded carbonyls remains unaffected throughout the concen-
tration range, despite the high glucose concentrations of <600
mg/mL.

Temperature-dependent FTIR measurements provide access
to H-bond thermodynamics.””*”*'™** An increased glucose
concentration decreases the H-bond enthalpy (Figure S4A)
from 12.5 + 0.2 kJ/mol in bulk water to 7.8 + 0.5 kJ/mol in
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300 mg/mL glucose. However, the trend is nonmonotonic,
with a further increase to 9.8 + 1.7 kJ/mol at 600 mg/mL
glucose. The trends indicate that the sugar—lipid H-bonds are
stronger than the water—lipid H-bonds as the process is
observed to be less endothermic. The observed enthalpic
changes, however, are relatively low when compared to that of
a carbonyl probe in the bulk (Figure S4B), which in fact
change magnitude from 4.3 + 1.4 kJ/mol in bulk water to —6.0
+ 0.6 kJ/mol in 600 mg/mL glucose. Given that these
experimentally measured enthalpies do not differentiate lipid—
sugar H-bonds from lipid—water H-bonds, these values reflect
the H-bond strength weighted by the fractions of sugar and
water H-bonds to the lipids over the concentration range.
Together, these results show that the glucose has only minor
effects on the lipid—water interface hydration and enthalpy
compared to the bulk, indicating that the interfacial H-bond
networks remain largely intact even at very high sugar
concentrations.

H-Bond dynamics are extracted from measured 2D IR
spectra. The evolution of the line shapes as a function of
waiting time provides a frequency—frequency correlation
function (FFCF) exponential relaxation time constant via a
nodal line slope (NLS) analysis of the ester carbonyl 2D IR
spectra (Figure 2AB and section $3).% Surprisingly, the
measured decay time of 1.23 ps at 600 mg/mL is identical,
within error, to the pure water value of 1.19 ps, indicating that
interfacial H-bond dynamics are largely unperturbed despite
the high sugar concentration. These measurements indicate
that the H-bond networks at the interface remain largely intact
across a very wide concentration range. Despite the small
variation in dynamics, there are some nuances in the observed
trends. Dynamics become slightly faster at intermediate
glucose concentrations; for example, the time constant
decreases from 1.36 to 1.06 ps between 100 and 300 mg/
mL glucose (Figure 2C), and a deceleration is observed above
300 mg/mL. These experimentally measured dynamics are in
agreement with the computed FFCF from the MD trajectories
using a vibrational map (section S5),”" which similarly show a
nonmonotonic dependence of the exponential time constant
(Figure 2C). Nonmonotonic trends in dynamics at membrane
interfaces have been reported previously in DMPC vesicles in
co-solvent systems, as well as a function of transmembrane
crowding. The results are interpreted in terms of opposing
effects, which become dominant in different concentration
regimes.zg’g’5

The ethyl acetate carbonyl stretch in a glucose-crowded
solution probes the H-bond of bulk water. The relaxation of
bulk water is 2 times faster than that of interfacial water
(Figure 2C,D). Similar to the interface, the glucose crowder
produces only a small increase in dynamics, from 0.55 ps in
pure water to 0.71 ps at 400 mg/mL glucose, a 30%
deceleration of dynamics. However, considering that the bulk
viscosity in 600 mg/mL (glucose solutions increases 4-fold
versus that of pure water,”® the measured deceleration in the
H-bond dynamics indicates that, at the molecular level, the
effects of sugar on H-bond dynamics are insignificant. Water
diffusion rates computed from MD simulations (Figure S20)
suggest an ~2—3-fold deceleration in dynamics between pure
water and the highest sugar concentration, and this
deceleration is very similar at the lipid—water interface and
the bulk.

Similar to experiments, MD simulations predict a small but
nonmonotonic trend in H-bond dynamics with an increase in
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Figure 2. (A) Representative 2D IR spectra of the DMPC carbonyl stretching mode in D,O and in a 600 mg/mL glucose solution at three waiting
times to show the decrease in diagonal elongation. (B) Nodal line slope decays of DMPC in glucose solutions extracted from 2D IR spectra in
Figures SS—S11 along with single-exponential fits. (C) Single-exponential decay constants extracted from fits to the experimentally measured NLS
decay (B, solid lines) and decay constants extracted from frequency—frequency correlation functions computed from MD trajectories as described
in section S5 of the Supporting Information. (D) Similarly, exponential decay constants of ethyl acetate carbonyl in the same sucrose solutions
measured as a probe of dynamics in the bulk.
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Figure 3. (A) Average numbers of H-bonds per carbonyl group extracted from MD trajectories. (B) H-Bonding preference index. This metric is
obtained by dividing the carbonyl—glucose to carbonyl—water H-bond ratio in DMPC (blue) and ethyl acetate (red) by the ratio of water and
glucose polar protons in each MD box (Figure S13). A value of >1 means that carbonyls preferentially H-bond to glucose; a value of <1 indicates
preferential interactions with water. (C) Normalized glucose/water ratios as a function of the distance from the carbonyl groups in lipids. A value of
>1 or <1 represents glucose enrichment or depletion in the region, respectively. The glucose concentrations are indicated in the inset. Shaded areas
represent standard deviations over the production MD trajectory.

sugar concentration (Figure 2C). Comparing hydration unity preferential interaction with water. Within the 100 mg/
structures at the interface versus bulk through MD analyses mL concentration range, the carbonyls in both DMPC and
provides an atomistic interpretation of the observed trends ethyl acetate exhibit slight preferential H-bonding with
(Section S5). The interface disrupts the extended H-bond glucose; ie., a value of 1.1 indicates a 10% preference for
networks of bulk water. These interfacial effects persist to a glucose (Figure 3B). However, at the interface, preferential
distance of ~1 nm from the interface (Figure S19). Because water H-bonds are observed at increasing glucose concen-
DMPC lacks polar protons, water and glucose hydroxyl groups trations, suggesting that lipid—water interactions remain
serve as the only H-bond donors. As expected, glucose thermodynamically favored. Surprisingly, in the bulk, prefer-
decreases the number of lipid—water H-bonds but compen- ential interactions with glucose are observed regardless of the
sates for this loss by supporting additional sugar—glucose H- sugar concentration. This interesting finding leads to two
bonds (Figure S15) such that the overall carbonyl, as well as hypotheses. Lipids preferentially interact with water because
phosphate, H-bond population remains almost unaffected by (1) glucose is depleted at the carbonyl positions (possibly due
sugar concentration (Figure 3A and Figure S16). The to steric effects) or (2) glucose hydroxyl groups, while present
unchanged total number of H-bond supports the hypothesis at the interface, lack the proper orientations to strongly interact

that the environment remains largely intact, despite the very with the lipid carbonyls.
high glucose concentrations. Interfacial composition is presented in terms of the distance-
To more accurately assess the contributions from water and dependent glucose/water ratio normalized by the same ratio in
glucose H-bonds, we define an H-bond preference index. This the bulk, as shown in Figure 3C. Sugar is partially depleted at
is defined as the carbonyl—glucose/carbonyl—water H-bond the carbonyl positions, while it is enriched in the region above
ratio normalized by the number of glucose/water hydroxyl the phosphate groups. This enrichment is likely due to steric
groups in the MD box (Tables S1 and S2 and Figure S13C) as interactions, which may prevent sugars from penetrating into
shown in Figure 3B. Index values greater than unity indicate the carbonyl regions, resulting in partial enrichment near the
preferential interaction with glucose, and those lower than phosphate or choline groups. This enrichment shows only
9604 https://doi.org/10.1021/acs jpclett.1c02451
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small changes with concentration, suggesting no preferential
interactions between lipids and sugar. Lipid carbonyl H-bond
orientational distribution functions (ODFs) further elucidate
the effects of sugars on the H-bond geometries (Figure S17).
Interestingly, no change in lipid water H-bond orientation is
observed, and the lipid—sugar ODFs suggest that the H-bond
orientations to sugars are similar to those of water throughout
the concentration range, indicating that interfacial H-bond
environments are unperturbed by sugars.

The H-bond populations and thermodynamics, together
with the nonmonotonic H-bond time scales, indicate that the
interaction at the interface is characterized by competing
contributions that become dominant in different concentration
regimes (Figure 2C). (1) Within the 100 mg/mL concen-
tration range, sugars tend to “displace” water, creating unique
environments, observed as a 23% deceleration of dynamics
compared to those of pure water. (2) Within the intermediate
concentration regime of 300—400 mg/mL, the dynamics
become faster, as the carbonyls interact preferentially with
water. (3) In the high-concentration range of S00—600 mg/
mL, the dynamics become slower again and the bulk slows
(Figure 2D). The evidence indicates that neither the
“replacement” nor “displacement” hypothesis captures the
effects of sugars on the interface; H-bond environments remain
largely preserved, but a slight preference for water is observed
at high sugar concentrations, in agreement with previous
studies. """

In summary, 2D IR spectroscopy in combination with MD
simulations was used to quantify H-bond populations,
geometries, and dynamics in DMPC/sugar solutions. The
studies provide strong evidence for sugar replacing water
without significantly perturbing the native H-bond network at
the lipid—water interface (Figure 4). The total number of

Figure 4. Snapshot of the MD trajectory showing interfacial lipid—
sugar H-bonding interactions. The glucose molecule is colored cyan.
Oxygens are colored red, and hydrogens are colored white.
Hydrocarbon tails are colored gray.

lipid—water H-bonds remains stable across the entire
concentration range with a slight preference for lipid—water
H-bonds, in agreement with previous studies.”'**”>*
Measured dynamics show a small variation across a large
concentration range, providing further evidence that H-bond
environments are largely preserved regardless of the
composition of H-bonding. The reassembled H-bond network
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in the presence of sugar maintains the same structure as the
original H-bond network at the lipid—water interface. Finally,
together, our results provide evidence supporting the
“replacement” hypothesis.””'* These findings improve our
understanding of the sugar-induced stabilization of cell
membranes under dehydration conditions. Sugar protects
lipid membranes by forming a lipid—sugar—water H-bond
network that is substantially similar to but perhaps more stable
than the native H-bond network at the lipid—water interface in
the absence of sugars.

Detailed descriptions of the experimental methods are
provided in the Supporting Information (sections S1—SS). In
brief, lipid samples consist of uniform ~100 nm vesicles
prepared using the sucrose solutions in D,O to ensure uniform
concentrations in the interior and exterior of the vesicles
(section S1). FTIR spectra (section S2) and temperature-
dependent FTIR measurements (section S3) are recorded on a
Bruker Vertex 70 spectrometer. Ultrafast 2D IR experiments
are measured using a custom-built setup (section S4)
described previously.”” MD simulations are carried out using
the GROMACS package of programs and analyzed with
Matlab (section S5).
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https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02451.

Sample preparation (section S1), FTIR measurements
(section S2), temperature-dependent FTIR measure-
ments (section S3), 2D IR experiments and data
(section S4), MD simulation and analysis (section SS),
FTIR spectra and analysis of peak positions and areas
(Figures S1—S4), 2D IR data and CLS analysis (Figures
S5—S11), density profiles (Figure S12), MD simulation
parameters (Figure S13), FECF analysis (Figures S1S
and S16), computation of H-bond properties (Figure
S1S and Tables S1 and S2), ODF (Figure S17), radial
distribution functions (Figure S18), order parameters
(Figure S19), and diffusion coefficients (Figure S20) of
water (PDF)
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