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ABSTRACT: Most land-living organisms regularly experience
dehydration. In nature, one commonly applied strategy to protect
against this osmotic stress is to introduce small polar molecules
with low vapor pressure, commonly called osmolytes. Two
examples of naturally occurring small polar compounds are urea
and trimethylamine N-oxide (TMAO), which are known to have
counteracting effects on protein stability. In this work, we
investigate the effects of urea and TMAO on lipid self-assembly
at varying water contents, focusing on dehydrated conditions. By
using complementary experimental techniques, including sorption
microcalorimetry, NMR, and X-ray scattering, together with
molecular dynamics simulations in model systems composed of
phosphatidylcholine lipids, water, and solute, we characterize
interactions and self-assembly over a large range of hydration
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conditions. It is shown that urea and TMAO show qualitatively similar effects on lipid self-assembly at high water contents,
whereas they have clearly different effects in dehydrated conditions. The latter can be explained by differences in the molecular
interactions between the solutes and the lipid headgroups. TMAO is repelled from the bilayer interface, and it is thereby expelled
from lipid lamellar systems with low water contents and narrow inter-bilayer regions. In these conditions, TMAQO shows no effect
on the lipid phase behavior. Urea, on the other hand, shows a slight affinity for the lipid headgroup layer, and it is present in the
lipid lamellar system at all water contents. As a result, urea may exchange with water in dry conditions and thereby prevent
dehydration-induced phase transitions. In nature, urea and TMAO are sometimes found together in the same organisms and it is
possible that their combined effect is to both protect lipid membranes against dehydration and still avoid denaturation of

proteins.

Bl INTRODUCTION

Most organisms in nature are in one way or another affected by
osmotic stress of water. Plants and seeds can be exposed to dry
and cold climate and soil with high salinity, marine life is
exposed to high salinity in ocean water, and many organisms
and higher animals have to deal with desiccating conditions in
the form of low relative humidity (RH) and cold climate. These
situations may cause an imbalance between the internal and
external osmotic pressure. Such osmotic stress can lead to
changes in macromolecular self-assembled structures. In lipid
membranes, dehydration due to osmotic stress may lead to
phase transitions, lateral segregation, and membrane fusion,
which in turn influence membrane barrier functions."” For
example, dehydration-induced phase transitions between differ-
ent lipid self-assembled structures have been associated with
dehydration-induced cell injury in plant leaves’ and altered
barrier function of the human skin."~” In protein systems,
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osmotic stress can influence protein conformations and
folding.*”

In nature, one generally applied strategy for protection
against osmotic stress is to introduce small polar molecules with
low vapor pressure, generally referred to as osmolytes or
compatible solutes.'”~"> Plants exposed to regular night frosts
can produce fructan for protection,'> and some primitive
animals use trehalose to survive the winter,'* whereas seaweed
and marine algae can regulate the osmotic pressure of the saline
water through production of, eg, glycerol.'” Many insects
experience evaporative water loss, and some freeze-tolerant
insects show pronounced glycerol synthesis.'® Also, in higher
animals, polar cosolutes are considered to protect the cell
membranes against osmotic stress. Deep-sea elasmobranchs
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(sharks, skates, and rays) living under conditions of high
salinity, high pressure, and low temperature have high
concentrations of urea and trimethylamine-N-oxide (TMAO)
(up to 600 mM)."”"® The human skin contains a mixture of
small polar compounds that is referred to as the “natural
moisturizing factor” (NMF), comprising free amino acids,
amino acid derivatives, lactic acid, urea, and glycerol.lg_21 The
manifestation of NMF components in the stratum corneum
(SC) is well characterized, and their presence is considered
crucial to maintain SC softness and pliability in dehydrated
conditions.”** Defective skin conditions and certain skin
diseases, for example, winter xerosis and atopic dermatitis, are
associated with decreased NMF levels in the SC.**** Small
polar solutes are also utilized in many technical applications.
For example, sugars or glycerol are often added to dry lipid-
based formulations to prevent phase segregation or precip-
itation® and some of these compounds are also used as
“moisturizers” in skin care products.”® For long-term storage of
proteins, osmolytes, like glycerol, are commonly added to the
solution before freezing to stabilize proteins.

The examples listed above all illustrate how relatively simple
small polar solutes can act to protect macromolecular complex
systems against osmotic stress. The molecular mechanisms
behind this protection will vary between the different solutes,
solution conditions, and macromolecules. Osmolyte molecules
are often classified on the basis of their effects on protein
assembly, as they may either stabilize or denature folded
proteins. A large class of naturally occurring stabilizing
osmolytes combine a molecular dipole moment with hydro-
phobicity in the form of methyl groups located around the
positively charged part of the molecule. TMAO is one example
of such dipolar/hydrophobic osmolytes. Denaturing molecules,
like urea, do not have the same proportion of hydrophobicity
and dipolarity.”’ It is interesting to note that there are several
examples where these two classes of molecules have been found
to coexist in the same organisms'®'"'”'® and their counter-
acting effect on proteins is rather well characterized in excess
solution conditions."**7*° The same osmolytes may also
influence the lipid self-assembly in biological membranes.
Previous studies on urea, glycerol, and sugars have shown that
small polar molecules with low vapor pressure can act by
replacing water in the drying system, thereby protecting self-
assembled structures that are otherwise only present in
hydrated conditions.”’ > A similar mechanism where polar
solutes replace water in lipid self-assembled systems has also
been put forward for glycerol and sugars in excess solution
conditions,”*** whereas other solutes, like TMAO, cause an
increased attraction between phospholipid bilayers in excess
solution by being expelled from the lamellar phase.*

In the present study, we investigate the effects of two
different polar solutes, urea and TMAO, on lipid lamellar
systems in osmotic stress conditions. These polar solutes were
chosen due to their similarities in terms of size and because of
their opposite effects on protein stability. Focus is laid on how
these polar solutes influence lipid self-assembly and phase
transitions in conditions of low water contents. The model
systems are composed of either dimyristoylphosphatidylcholine
(DMPC) or palmitoyl-oleoyl-phosphatidylcholine (POPC).
The DMPC model systems were chosen to enable studies of
hydration-induced phase transitions between lamellar gel phase
(Lp)“ bilayers with ordered and rigid chains or liquid
crystalline (L,) bilayers with fluid/disordered chains." The
POPC model systems allow for studies of gradual hydration of
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fluid bilayers over a large range of water contents.”” We use
complementary experimental techniques, including sorption
microcalorimetry, NMR, as well as small- and wide-angle X-ray
scattering (SAXS and WAXS), together with molecular
dynamics (MD) simulations, to characterize the hydration of
phospholipid bilayers in the presence of the solutes at varying
relative humidities and constant temperature (T = 27 °C).

B MATERIALS AND METHODS

Sample Preparation. DMPC and POPC were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL). Urea and
TMAO were obtained from Sigma-Aldrich. The samples were
prepared so that the mass fraction of urea or TMAO in the dry
samples, (Dlsiglil(lite = msolute/(msolute + mlipid)) was fixed and the
water content may vary. Experiments were performed for
samples with compositions of ®F4 0—10 wt %. The samples
were mixed together by the use of a mortar and pestle to
produce a fine powder mixture and then submitted for further
drying under vacuum with a 3 A molecular sieve for at least one
day. According to Nilsson et al.*® and Mcintosh et al,*” such a
careful drying procedure is sufficient to remove all water from
the lipid sample. The dry samples were then loaded into the
calorimetry cell in a glovebox under a stream of dry N,.
Samples for NMR and scattering measurements were
equilibrated at 27 °C in closed chambers for 3—4 days with a
relative humidity (RH) of 43, 84, and 96%, controlled with
saturated solutions of K,CO;, KCl, and K,SO,, respectively.

Sorption Microcalorimetry. A double twin isothermal
microcalorimeter was used to study the thermodynamics of the
water vapor sorption.40'41 The instrument involves a two-
chamber calorimetric cell, with a sorption chamber that
contains the dry sample and a vaporization chamber in which
liquid water is injected to start the sorption experiment. The
chambers are connected by a tube. Water vaporizes in the
vaporization chamber and diffuses through the tube to the
sorption chamber where it is absorbed by the sample. The
calorimetric cell is inserted into a double twin isothermal
microcalorimeter that separately measures thermal powers
released/absorbed in the two chambers. From this method, one
can simultaneously monitor the relative humidity, the partial
molar enthalpy of mixing of water (sorption enthalpy, AH,,,, =
0H/0n,,), and the water uptake.”” The experimental setup can
be considered a continuous titration of an initially dry sample
with water vapor. The data for each experiment were recorded
for ca. 14 days at 27 °C.

Solid-State NMR. Site-specific qualitative information
about molecular mobility can be obtained by comparing signal
intensities acquired with cross-polarization (CP),” insensitive
nuclei enhanced by polarization transfer (INEPT)," and direct
polarization (DP) set of experiments in polarization transfer
solid-state NMR (PT ssNMR), where DP is used as a reference.
The CP** and INEPT" schemes for 'H — '*C polarization
transfer are commonly used to enhance the "*C signal in NMR.
NMR experiments were performed at 'H and "C resonance
frequencies of 500 and 125 MHz, respectively, on a Bruker
Avance AVII—500 NMR spectrometer equipped with a Bruker
Efree 4 mm magic-angle spinning (MAS) probe. Prior to
measurement, all samples which had been pre-equilibrated at
controlled RH were equilibrated in the NMR spectrometer for
at least an hour at 27 °C, which had been calibrated at 5 kHz
MAS using the "H chemical shift of methanol."* The following
setup was used: spectral width of 248.5 ppm, acquisition time
of 0.05 s, 64 scans per experiment, recycle delay of S s, and 'H
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Figure 1. Schematic summary of the effects of urea and TMAO on phase behavior and hydration of phospholipid bilayers. (A) Illustration of the
effect of urea and TMAO on lipid lamellar phase behavior with ordered and rigid chains in dehydrated conditions, here denoted Ly (left), and a
bilayer with fluid acyl chains, L, in hydrated conditions (right). Chemical structures of urea and TMAO are also shown. (B) Summary of lipid phase
behavior at varying RH in the presence and absence of solutes urea and TMAO.

and 3C hard pulses at @,"/¢/27 = 80.6 kHz. All experiments
were carried out at a spinning frequency of S kHz and recorded
under 68 kHz two-pulse phase modulation 'H.*> The 'H
nutation frequency was ramped up from 72 to 88 kHz during
the contact time of 1 ms in the CP experiment. The INEPT
experiments were performed with the delay times 7 of 1.8 ms
and 7’ of 12 ms. The data were processed with a line
broadening of 20 Hz, zero-filling from 1024 to 8192 time-
domain points, Fourier transform, and phase and baseline
correction by inhouse Matlab code partially from matNMR.*’
The chemical shift of the INEPT methyl peak at 14.2 ppm was
used as an internal reference, whereas for the samples without
INEPT signal, the calibration from previous experiments was
kept.

The basis of the PT ssNMR experiment is to compare the
signal intensities acquired from three different experiments
(DP, CP,” and INEPT)" comprised in a set of PT ssNMR
and performed on the same sample, yielding information about
the rate and anisotropy of the C—H bond reorientation, as
quantified by the correlation time 7. and order parameter
IScyl-*” The DP spectrum generally shows resonances from all
carbons in the sample and acts as a reference. CP is efficient in
boosting the signal of segments with reorientation slower than
7. = 10 ns and/or more anisotropic than IScyl = 0.02. The
signal from mobile segments with motion faster than 7. = 0.1 us
and anisotropy lower than IS¢yl = 0.2 is selectively enhanced in
INEPT spectra.

SAXS and WAXS. SAXS and WAXS were performed to
determine the lamellar periodicity and the packing order of the
lipid chains, respectively. The experiments were carried out
using a SAXLab’s GANESHA 300 XL SAXS system (J] X-ray,
Denmark) equipped with a microfocus sealed tube X-ray source
(GE’s Inspection Technology) and a PILATUS solid-state two-
dimensional photon counting detector (Dectris, Switzerland).
Different g ranges were accessed by adjusting the distance
between the sample and detector. The scattering vector q is
defined as q = (4xsin 0)/4, where 6 is half of the scattering
angle and A = 1.54 A is the X-ray wavelength. All samples were
measured in a specially designed “sandwich cell”, where the
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sample which had been pre-equilibrated at controlled RH is
contained between two mica sheets. The samples were
equilibrated at 27 °C in a temperature-controlled sample
holder in the instrument for at least S h before measurement.

MD Simulations. Single periodically replicated hydrated
planar DMPC and POPC bilayers were simulated. Pre-
equilibrated membrane systems in the liquid state L, were
used as the starting structure.”® For the simulations, the
GROMACS 2016.3 software package was used. The simulation
box with dimensions d,, d,, and d, contained one lipid bilayer
composed of ny,;4 = 72 DMPC or POPC molecules (36 in each
monolayer) hydrated with a fixed number of water molecules
Nyater- The level of hydration is defined as the number of water
molecules per lipid 7,/ ypi0- The amount of solutes (TMAO
or urea) added is 1 and 10 wt % of the corresponding lipid
bilayer to match the experimental concentrations. The
membranes are arranged parallel to the (x,y)-plane without
any position restraints and stabilized by the hydrophobic effect.
Periodic boundary conditions in all spatial directions are used.
In this way, a periodic stack of infinitely extended phospholipid
membranes that interact across thin layers of water (with or
without added solute) is atomistically represented. In our
simulations, we used the Berger lipid force field for the lipid
membranes,*’ together with the SPC/E water model.>°
Thermodynamically optimized force fields were used for
TMAO”” and urea.’’ The simulations were performed in the
NpT ensemble at atmospheric pressure (1 bar), with a time
step of At = 2 fs. Temperature was controlled using the
velocity-rescale thermostat,”” with a time constant of 7, = 0.5 ps.
The pressure was controlled semi-isotropically using the
Berendsen barostat,”” with a time constant of 7,=2psanda
compressibility of k = 4.5 X 107> bar™'. We used a Lennard-
Jones cutoff of 0.9 nm with a potential shift and accounted for
the electrostatic interactions using the particle-mesh-Ewald
method with a 0.9 nm real space cutoff. All simulations were
performed at T = 27 °C and equilibrated for 50 ns before a
production run of again S0 ns.
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Bl RESULTS AND DISCUSSION

We here investigate the effects of urea and TMAO on lipid self-
assembly under osmotic stress conditions. An overview of the
main findings is shown in Figure 1. It is shown that urea and
TMAO have clearly different effects on lipid self-assembly in
dry conditions. Urea stabilizes fluid lamellar structures in
dehydrated conditions, whereas TMAO has no effect on the
lipid phase behavior at low water contents. In hydrated systems,
on the other hand, urea and TMAO have very similar effects on
the self-assembly, both leading to increased swelling of the
lamellar liquid crystalline phase. Below, we separately discuss
the experimental findings for urea and TMAO in the different
phospholipid systems. This is followed by a description of the
simulation results. The results are then collected into a unified
description of the phase behavior to support the conclusions
illustrated in Figure 1.

Sorption Microcalorimetry Characterization of Phos-
pholipid Hydration and Solute Dissolution. The calori-
metric sorption measurement provides a relation between the
water content and the water chemical potential (Ag,),
expressed in terms of the RH as

Ay, = —RT In(RH/100) (1)
where RH is given in percent, R is the gas constant, and T is the
temperature. These data are presented as sorption isotherms,
presenting water uptake as a function of RH. Ay, can also be
expressed in terms of osmotic pressure (Il ,) as A, =
=V, Mg, where V,, is the molar volume of pure water (Figures
2A and S1). In simultaneous measurements, the partial molar
enthalpy of water (called sorption enthalpy) is obtained, AH
= 0H/0n,, for the whole range of water contents.

To enable the interpretation of the data obtained for the
ternary lipid—solute—water systems, we first present reference
data for the binary lipid—water and solute—water systems. The
sorption microcalorimetry data for the binary systems of
DMPC—water and POPC—water are shown in Figure 2. For
DMPC, the uptake of the first 1—2 water molecules gives rise to
an exothermic peak (Figure 2B, blue curve), which is
interpreted as being due to the water molecules that interact
strongly with the oxygen atoms of the choline phosphate
groups.*”>* This hydration step also leads to the formation of
the Ly lamellar gel phase.' The simultaneously measured
sorption isotherm of DMPC (Figure 24, blue curve) shows a
gradual but small uptake of water over a large span in relative
humidities up to 93% RH. This reflects the swelling of the Ly
phase. Further increase in the relative humidity leads to a
transition between Ly and L, phases.”** This is observed as a
stepwise increase in water content at constant RH = 93% in the
sorption isotherm (Figure 2A). The transition can also be
identified in the enthalpy curve for DMPC (Figure 2B, blue
curve) as a region with positive and constant AHj,,. The
endothermic nature of this process is consistent with the
interpretation that the main molecular event is the melting of
the alkyl chains.”” At even higher water contents, the whole
sample forms the L, phase and AH,,, drops to a small but
positive value, which then gradually decreases toward zero
when approaching saturation humidity (Figure 2B). In the
sorption isotherm, this corresponds to the regime with
continuous increase of the water content toward the swelling
limit. In the regime where there is a swelling of the L, phase,
the enthalpy and the free energy have opposite signs and it is
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Figure 2. (A, B) Microcalorimetric sorption data for DMPC and
POPC at 27 °C. (A) Sorption isotherm giving water content
(Mygater/Mipia) versus relative humidity (% RH) (bottom axis) and the
corresponding osmotic pressure of water (Hosm) (top axis). (B)
Sorption enthalpy of water, AH,,,, as a function of water content. The
phase behavior is represented by: Ly gel phase (- -), fluid L, phase
(—), and coexistence of Ly and L, phases (xxx). For the POPC
system, the exact position of the L,—Lj phase transition was not
determined and it occurs within the RH regime denoted (£H55).
Inset in (B) shows a magnification of the AH,,,, at high water content.
(C) Sorption isotherm of neat urea and TMAO. The arrows indicate
the dissolution of the solid compounds.

therefore concluded that the swelling of the lamellar L, phase
toward full hydration is entropy driven.*
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The binary POPC—water system differs from the binary
DMPC—water system in that the POPC L, phase is stable at
much lower relative humidities. The sorption isotherm of
POPC shows a gradual uptake of water over a large relative
humidity range, with a tiny vertical step at f, /Mg ~ 3 at
37% RH (Figure 2A, green curve). In separate SAXS and
WAXS experiments, it was confirmed that POPC forms a
lamellar phase with rigid chains in the completely dry sample,
whereas at 43% RH (corresponding to 71,/ Miipia 4), only
the L, phase is present (Figure S2).”’ The observed
endothermic signal (ie, AH,,, > 0) at low water contents
(Myyater/ Mipia R 2—3, Figure 2B, green curve) can be interpreted
as the combined heat effects from melting of the alkyl chains
and primary hydration of the headgroups. At higher relative
humidities, there is a continuous swelling of the POPC L,
phase, which is associated with small but positive AH,. It is
also noticed that the sorption isotherms for the POPC and
DMPC L, phases are very similar for high relative humidities
(Figure 2A, RH > 93%).

Experiments were also performed for the binary systems of
solute (urea or TMAO) and water (Figures 2C and S3A,B).
The vapor pressure over a saturated solution of urea in water is
74% RH at 27 °C. Solid powder of urea does not absorb any
detectable amount of water at RH < 74%, whereas there is a
sharp increase in water uptake at RH = 74% to the saturation
concentration (yqer/Murea = 3) (Figure 2C, red curve), which is
associated with an endothermic AH,,, (Figure S3A). The
dissolution step is followed by a continuous uptake of water
when the relative humidity increases, which is associated with
the dilution of the aqueous urea solution. The sorption
isotherm of TMAO (Figure 2C, blue curve) shows uptake of
water already in the dry sample, leading to the formation of
TMAO dihydrate,”> which is associated with a strong
exothermic enthalpy change (Figure S3B). At 49% RH, the
solid TMAO dihydrate is dissolved to its saturation
concentration. This is detected as a step corresponding to
Nyater/ PTMa0 = 3 in the sorption isotherm at RH 49%,
associated with an endothermic enthalpy change. Finally, the
dissolution step is followed by a continuous dilution of the
aqueous TMAO solution with increasing relative humidity. The
enthalpy of dilution of both solutes is positive and decays
toward zero with increasing relative humidity (Figure S3A,B).

Urea Stabilizes Fluid Lamellar Structures in Dehy-
drated Conditions. The addition of urea has strong influence
on both hydration-induced phase changes and swelling in
phospholipid systems. The hydration process was followed in
sorption microcalorimetry experiments (Figures 3 and S3C),
and phase characterization was done for selected RH conditions
using SAXS and WAXS (Figure S2, Table S1) and PT ssNMR
(Figure 4). The inset panels in Figure 3A,C show the
experimental isotherms for the ternary systems with composi-
tions PP = 10 wt %, together with the isotherm calculated as
a linear combination of the isotherms for binary lipid—water
and urea—water systems with the appropriate proportions. As
the calculated and experimental data do not overlap, we
conclude that the hydration process in the ternary systems is
not simply the sum of the processes in the binary systems,
implying that there are additional interactions to be considered.
One striking observation is that the dissolution of urea is
strongly altered when present in the lipid systems. This is
apparent from the shifts of the dissolution step in the isotherms
(indicated with arrows in Figure 3A, Table S2), which is also
consistent with previous studies.”” The dissolution of urea
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Figure 3. Microcalorimetric sorption data for DMPC and urea (A, B),
®EMPC = 0, 1, and 10 wt % (blue, purple, and red curves, respectively)
and POPC and urea (C), ®29C = 0 and 10 wt % (green and red
curves, respectively). (A, C) Sorption isotherms giving water content
(Mygater/ nlipid) versus relative humidity (% RH) (bottom axis) and the
corresponding osmotic pressure of water (Il,) (top axis). (B)
Sorption enthalpy of water, AH,,,, as a function of water content. The
arrows indicate the dissolution of the urea. The phase behavior is
represented as follows: Ly gel phase (- -), fluid L, phase (—),
coexistence of Ly and L, phases (xxx), and the region where Ly—L,
transition occurs (exact position not determined) (EH=3). Inset in
(B) shows a magnification of the AH,, at high water content. Insets
in (A, C): comparison between the experimental sorption isotherms
for samples with composition @Y = 10 wt % (red line), and a
theoretical isotherm (cyan line) calculated as the linear combination of
the experimental isotherms for the binary systems of lipid—water and
urea—water with the right proportion to match ®%4 = 10 wt %.
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cannot be resolved in the POPC—urea—water isotherms, which
might be explained by the fact that the dissolution of urea
occurs gradually over a range of relative humidities when
present in the fluid lamellar phase.

To illustrate the effects on lipid phase behavior, we will first
discuss in detail the system of DMPC with relatively high
content of urea, ®MPC = 10 wt %. For this system, urea
dissolves at RH = 62%. At lower relative humidities, urea is
present as a solid powder together with the DMPC lamellar gel
Ly phase. As solid urea does not take up water, the isotherms
for the ternary systems in Figure 3A are completely dominated
by the sorption behavior of the DMPC Ly phase for this RH
interval. At RH = 62%, urea is dissolved in the DMPC lamellar
system, thereby affecting both the swelling of the lamellar
phases and the overall phase behavior (Figure 3A,B). In
particular, the addition of urea alters the position of the Ly—L,
phase transition toward lower relative humidities. The assign-
ments of the coexistence regions (Figure 3 and Table S1) were
based on the combined sorption and enthalpy data together
with PT ssNMR experiments for selected RH values (Figure 4).
For the ®OMPC = 10 wt % sample, the Lp—L, transition
coincides with the dissolution of urea and the enthalpy curve
shows an endothermic regime at 7.,/ Mg = 3—8 (Figure 3B)
that is associated with both these events. The PT ssNMR
experiments confirm a rigid lipid phase for the DMPC system
(Figure 4A) and an anisotropic liquid crystalline phase for
DMPC with 10 wt % urea (Figure 4B) at RH 84%. Similar
trends were also found at lower urea contents. At the lowest
urea concentration investigated (@Ef;ﬁpc = 1 wt %), urea is
dissolved at RH 72% in the Ly phase, and the Ly—L, phase
transition takes place at 87—93% RH (Figure 3A).

For both the DMPC and POPC systems, a single L, phase
forms at high RH values. A comparison between the sorption
curves (Figure 3A,C) shows that the samples that contain urea
also contain more water compared to the binary lipid—water
system at the same relative humidity. The hydration of the L,
phase is associated with small and positive AH,,,. The
enthalpy has the opposite sign relative to the free energy,
thus again demonstrating that the swelling process is entropy
driven. We finally note that the effects of urea in the L, phase
are quantitatively very similar for the DMPC and POPC L,
phases at high relative humidities (Figure S4).
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TMAO is Expelled from the Dehydrated Solid
Lamellar Phases. In clear contrast to urea, TMAO shows
no detectable effects on lipid self-assembly in dry conditions.
This conclusion is based on combined observations that (i) the
dissolution of TMAO is not affected when being present in the
lipid systems (Figure SA), (ii) the position of the Ly—L, phase
transition in the DMPC system is not altered by TMAO
(Figure SA,B), (iii) the DMPC Ly lamellar repeat distance is
not affected by the addition of TMAO (Table 1 and Figure S5),
and that (iv) at low relative humidities, the measured sorption
isotherm for the DMPC Ly gel phases with added TMAO
overlaps with the theoretical isotherm calculated as a linear
combination of the binary DMPC—water and TMAO—water
isotherms (Figure SA, inset). At high water contents, on the
other hand, TMAO and urea show a similar effect on the
swelling of the L, lamellar phase (Figure SC). The
experimental data underlying these conclusions will be
described in detail below.

In the ternary lipid—TMAO—water systems, the dissolution
step of TMAO occurs at 49% RH, which is the same as
observed in the binary TMAO—water system (Figures 2C and
SA,C). In the enthalpy curves, this corresponds to endothermic
“bumps” at A/ Mg & 3—6 (Figures SB and S3D). The
measured AH,, at low water contents is due to a combination
of processes, including exothermic heat effects from primary
hydration of the PC headgroups and formation of TMAO
dihydrates, together with endothermic heat effects from the
dissolution of TMAO. These different events at low relative
humidities cannot be resolved in the present data and are not
analyzed in more detail.

We will first discuss the effect of TMAO on the DMPC self-
assembly at varying relative humidities. In the lipid sample with
®PMPC =~ 1 wt %, the Ly—L, phase transition is recognized
from the sharp increase in the water content (11, ,/ Mlipia = S—
12) at 93% RH, which coincides with a region of constant and
positive enthalpies (Figure SB and Table S1). The transition
occurs at the same RH as that for the binary DMPC—water
system. For the higher TMAO concentration (®Pag = 10 wt
%), the Ly—L, phase transition is discerned as a sharp increase
in water uptake at 93% RH, corresponding to #1,,,ce/ypia > 20
(Figure SA) and in the enthalpy curve at water contents above
Myvater/ Mipia = 21 (Figure SB). In other words, the Ly—L, phase
transition is not affected by the presence of TMAO. This
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Figure S. Microcalorimetric sorption data for DMPC and TMAO (4,
B), ®PMAG = 0, 1 and 10 wt % (blue, purple, and red curves,
respectively) and POPC and TMAO (C), ®7oho = 0, 5, and 10 wt %
(green, orange, and red curves, respectively). (A, C) Sorption
isotherms showing water uptake (1,,ye;/ nhpid) versus relative humidity
(% RH) (bottom axis) and the corresponding osmotic pressure of
water (I1,) (top axis). (B) AH,,, as a function of water content.
The arrows indicate the dissolution step. The phase behavior is
represented by: Ly gel phase (- -), fluid L, phase (—), coexistence of
Ly and L, phases (xxx), and region where Ly—L, transition occurs
(exact position not determined) (E45&). Inset in (A) Comparison
between the experimental sorption isotherms for sample with
composition DG = 10 wt % (red line) and a theoretical ideal
isotherm calculated as the linear combination of the experimental
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Figure S. continued

isotherms for the binary systems of DMPC—water and TMAO—water
with the right proportion to match ®2Mrs = 10 wt % (cyan line). Inset
in (B) shows a magnification of the AH,,,, at high water content. Inset
in (C) comparison between the experimental sorption isotherms for
sample with composition ®iyho = 5 wt % (orange line) and a
theoretical ideal isotherm (black line) calculated as the linear
combination of the experimental isotherms for the binary systems of
POPC—water and TMAO—water to match @G = 5 wt %.

Table 1. Summary of Scattering Data for Lipid Phases with
Added TMAO at Different Relative Humidities”

lipid RH (%) solute d (A) phase
DMPC 84 no 54 Ly
TMAO 10 wt % 54 Ly
96 no 52 L,
TMAO 10 wt % 59 L,
POPC ca. 1 no 54 and 58 Lo
43 no 52 L,
TMAO 2 wt % 52 L,
TMAO § wt % 52 L,
96 no 53 L,
TMAO 2 wt % N L,
TMAO § wt % 59 L,
TMAO 10 wt % 59 L,

“Lamellar phase was confirmed for all systems by means of SAXS,
which also gives the lamellar repeat distance d. WAXS experiments
were performed to distinguish between ordered and disordered acyl-
chain packing.’**” Lipid phase was assigned on the basis of scattering
data and previous studies.*”*”** TMAO concentration is defined
relative to the dry weight of the lipid—TMAO sample @4, . bFor the
POPC—water system, we did not determine structure of the lamellar
phase with ordered chains.

conclusion is also supported by SAXS, WAXS, and PT ssNMR
phase characterization for the same systems at selected RH
conditions (Table 1, Figures S5, and 4D). The SAXS spectra
(Figure SSA) show equidistant Bragg reflections of the lamellar
structures both in the presence and the absence of TMAO. At
larger diffraction angles (WAXS, Figure SSB), several
prominent peaks indicating coexisting ordered solid struc-
tures*™” are present at 84% RH, whereas no indications of the
lamellar gel phase are seen in any of the samples at 96% RH. It
is further concluded that the addition of TMAO has no effect
on the lamellar repeat distance in the Ly phase at 84% RH
(Figure SSA). From PT ssNMR experiments, it is also shown
that the molecular dynamics of the lipid molecule is not altered
by the addition of TMAO at RH = 84% compared to the
DMPC—water Ly phase at the same relative humidity (Figure
4B,D). Finally, the comparison between the experimental and
calculated sorption isotherms at RH < 93% in Figure SA (inset)
indicates that the overall sorption process in the ternary
DMPC—-TMAO—water system is simply the sum of the
processes in the binary systems with no additional interactions.
The most likely interpretation of these data is that TMAO is
not incorporated in the Ly phase. At the lowest relative
humidities, TMAO exists as a dry powder and at RH > 43%,
TMAO will be dissolved in water to form an aqueous phase
that coexists with a lamellar Ly phase. The dissolution of
TMAO and the dilution of TMAO—water solution lead to
substantial water uptake at RH > 49% (Figure SA). These
interpretations are supported by the PT ssNMR data showing
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Figure 6. (A) Snapshot of an MD simulation of DMPC at ./ flipig = 13 with added 10 wt % TMAO (water is only shown on the right half;
simulation box is indicated in blue). (B, C) Radial distribution functions g(r) of the lipid headgroup nitrogen (B) and phosphorous (C) atoms for
urea (green) and TMAO (red) in lipid systems with 10 wt % solute and #1,,e/tyipiq = 13. (D—F) Density profiles of lipids (black), water (blue), urea
(green), and TMAO (red) in binary lipid—water systems (D) and lipid—solute—water systems with 10 wt % urea (E) or TMAO (F) at #1,,ye,/ Mipiq =
13. Insets show the ratio of solute and water densities, normalized to the respective bulk values. The solid and dashed lines represent DMPC- and

POPC-containing systems, respectively.

fast and isotropic reorientation of the TMAO molecule (84%
RH, Figure 4D).

When the relative humidity increases above 93%, a single L,
phase is formed in the DMPC—TMAO—water system (Figure
SA,B, Table 1, and Figure S5). In contrast to the low-water-
content Ly phase, the hydrated L, phase clearly responds to the
addition of TMAO, showing an increased swelling (96% RH in
Table 1 and Figure SSA). To investigate the effect of TMAO
on the L, phase over a larger range in hydration conditions, we
studied the ternary POPC—TMAO—water systems using the
same experimental approach (®Sho = 0, 5, 10 wt %) (Figures
SC and S3D). Again, we confirm that TMAO is dissolved at ca.
49% RH (Figure SC) and that the lamellar repeat distance is
not affected by the addition of TMAO at lower relative
humidities (RH < 49%). However, the addition of TMAQ
causes a rather strong increase in swelling of the L, phase for
RH > 49%. (Figure SC, Table 1, and Figure S6A,B). It is also
shown that the theoretical isotherm calculated as the linear
combination of the experimental isotherms for the binary
POPC—water and TMAO—water systems for ®rhp = 5 wt %
clearly deviates from the experimental data at higher relative
humidities (inset Figure SC). This strongly suggests that
TMAQO is present in the POPC L, system over a much larger
range of RH compared to the DMPC system that forms a gel
phase with ordered and rigid chains at RH < 93%. From the
analysis of the concentration dependence, it is further
concluded that the lipid L, phase is saturated with TMAO at
concentrations around ®59hG = 5 wt %, and that excess
TMAO is expelled from the lamellar system at higher overall
TMAO concentrations. This is inferred from the SAXS data
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showing that the lamellar repeat distance does not change when
increasing the concentration of TMAO above @i = S wt %
(Figure S6B) and from the comparisons between experimental
and calculated sorption isotherms at different TMAO
concentrations (Figure S7). Finally, we note that the hydration
of the L, phase in the presence of TMAO is associated with
small and positive AH,,,, as demonstrated for both lipid
systems (Figures 5B and S3D).

TMAO is Repelled from the Bilayers Whereas Urea
Interacts with the Membrane Interface. The binary lipid—
water and ternary lipid—solute—water systems were studied in
MD simulations performed in the NpT ensemble at
atmospheric pressure and constant temperature (27 °C) for
different hydration conditions (illustrated at 1,/ fyipq = 13 in
Figure 6 and e,/ Mypig = 25 in Figure S8). The simulations
reveal the location of different molecules in terms of density
profiles and radial distribution functions (RDFs) of the solutes
in relation to the nitrogen and phosphorus of the choline and
phosphate of the lipid headgroups. For the binary phospholi-
pid—water system, the water density increases toward the
center of the water slab (Figure 6D), approaching the bulk
value for neat water at high water contents (shown for .,/
g = 25 in Figure S8D). Furthermore, it can be seen that a
few water molecules penetrate into the outer parts of the
hydrophobic interior of the bilayer, which is also consistent
with previous reports.”*>” The minimum in the DMPC density
curve in the middle of the bilayer is known as the ‘methyl-dip’
and signifies the position where the two monolayers meet in
the bilayer center.
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A comparison between the profiles in Figure 6EF clearly
demonstrates that urea and TMAO show different affinities to
the bilayer interface. In the ternary lipid—solute—water systems,
the density profiles and RDFs (Figure 6B,C) show that both
urea and TMAO are mainly found in the aqueous slab between
the bilayers. However, the systems clearly differ in that urea is
accumulated close to the lipid headgroups at the bilayer
interface, whereas TMAO is completely repelled from the
interfacial layer. The density profile of urea in Figure 6E
demonstrates that some urea molecules penetrate into the
outer part of the hydrophobic region of the bilayer where the
urea/water ratio is significantly higher compared to that in the
aqueous slab (inset in Figure 6E). The RDFs for urea further
show distinct peaks near the POPC and DMPC headgroups
(Figure 6B,C). The TMAO-density profile, on the other hand,
declines rapidly when approaching the headgroup layer from
the aqueous slab, and the same result is apparent in the
corresponding RDFs (Figure 6F and B,C). The density profiles
further suggest that the TMAO/water ratio in the outer layer of
the bilayer is much lower compared with the concentration in
the water slab (inset in Figure 6F). The RDFs in Figure 6B,C
also show that TMAO is more repelled from the positively
charged choline group compared with urea and a similar and
more long-ranged effect is also observed for the negatively
charged phosphate group of the lipid headgroup. As DMPC
and POPC differ only in the composition of their hydrocarbon
tails, it is not surprising that the solute-headgroup interactions
do not significantly differ between these systems.

B DISCUSSION

Osmolytes are small polar molecules with low vapor pressure
that are commonly used in nature to protect biomolecular
systems against osmotic stress and to prevent dehydration-
induced structural changes in macromolecular assemblies. Here,
we confirm that urea has the ability to protect lipid membranes
against osmotic stress by preventing dehydration-induced lipid
phase transitions (Figures 3 and 4, Table S1), which is
consistent with previous studies.’*” Similar behavior has also
been reported for other small polar solutes, including glycerol®*
and sugars.*>** It is notable that even though urea and other
polar solutes will mainly be found in the aqueous layers of the
lipid lamellar phases, they still show strong effects on the solid—
fluid transition in the hydrophobic chains of the lipid bilayers.
These polar solutes may exchange for water in the lipid lamellar
systems in such a way that the properties of the lipid bilayer
remain largely unaffected, and for lipid systems with limited
access to solvent, the phase behavior is determined by the
solvent volume irrespective of the composition.”> With this
perspective, it may seem surprising that when urea is exchanged
with another small polar molecule, TMAO (Figure S and Table
S1), the protection against dehydration-induced changes in
lipid self-assembly is not observed.

We here demonstrate that urea and TMAO have clearly
different effects on dehydration-induced lipid phase transitions.
In the more hydrated system, on the other hand, TMAO and
urea influence lipid self-assembly in qualitatively similar ways
(Figures 3 and S). These findings can be explained by the
differences in the molecular interactions between the solutes
and the lipid headgroups. In MD simulations (Figure 6B—F), it
was shown that TMAO is depleted from the region close to the
bilayer interface, whereas urea shows a slight affinity to the lipid
headgroup region. For the case of TMAO, the total thickness of
the depletion layers in between the bilayers in the lamellar
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phase is estimated to be ca. 2 nm (Figure 6F), which is similar
to the total thickness of the aqueous region between the
DMPC Ly phase bilayers at 84% RH (Table 1). The thickness
of the aqueous region including the headgroups was calculated
assuming a bilayer thickness of 30 A.°” In other words, the
TMAO molecules will likely be expelled from the lamellar
phase for all lamellar systems with narrow inter-bilayer
separations. For these conditions, TMAO will instead be
found in a segregated TMAO—water phase with the same water
chemical potential as that of the lipid lamellar phase, which, for
the present set-up, is determined by the RH in the vapor phase
(eq 1). As TMAO is not present in the lamellar Ly gel phase, it
cannot substitute for water upon drying and it will not affect the
lipid self-assembly at low water contents. However, when the
thickness of the inter-bilayer water region is larger than the
thickness of the depletion layers close to the lipid headgroups,
TMAO can partition into the water regions in the lamellar
system and it may then act in a similar way as other polar
solutes with low vapor pressure. This is illustrated here for urea
and TMAO in the L, phase at high water content (Figures
3A,C and 5C). One way to test this proposed mechanism of
how TMAO influences lipid lamellar systems at varying water
contents is to increase the water separation in the solid phase
by adding a small amount of charged lipids. By supplementing
the DMPC bilayer system with 5 mol % anionic dimyristoyl
phosphoglycerol (DMPG), the lamellar repeat distance in the
solid phase will increase due to the electrostatic repulsion
(Table S3), thereby increasing TMAO partitioning into
lamellar phase. Indeed, for the DMPC—DMPG system, both
urea and TMAO were shown to stabilize the L, phase over the
Ly phase (Table S3). The emerging picture from the
combination of data in Figures 3—6 and Table 1, S1 is a
mechanism where the interactions between lipids and solutes
are crucial for dry systems with high concentrations of lipid and
solute. The role of the specific solute—lipid interactions will
become less significant when the water content of the system
increases. When the lamellar phase is sufficiently swollen, the
molecular nature of the polar solute becomes less important
and the unspecific mechanism of water replacement applies.
From the combined experimental data in Table 1 and Figures
S and S5—S7, we conclude that TMAO is expelled from the
lipid lamellar systems to form a segregated phase for all
conditions where the total concentration of TMAO exceeds the
saturation limit in the lipid lamellar phase. The saturation limit
in the lamellar phase will depend on the distribution profiles of
TMAO and water in the inter-bilayer regions at the given water
chemical potential, as determined by the relative humidity of
the vapor phase. Segregation will thus occur at low relative
humidities, as discussed above, as well as at high overall TMAO
concentrations. For the model system of POPC, we conclude
that the addition of TMAO at a concentration above the
estimated saturation concentration of 5 wt % TMAO relative to
the lipid has no effect on the lipid self-assembly (Figures S6B
and S7). The conditions investigated here correspond to
samples that are in contact with a vapor phase and differ from
conditions where the lipid lamellar phase is dispersed in an
excess solution with a given concentration of TMAO. In the
latter case, the chemical potential of water, and thus the
osmotic pressure, will be determined by the concentration of
solute in the excess aqueous solution. If the concentration of
TMAQO is increased above its saturation limit in the lamellar
system, the excess amount of TMAO will be depleted from the
lamellar system, causing an increased osmotic pressure and an
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imbalance in TMAO distribution between the bulk and the
inter-bilayer space in the lamellar phase, thereby leading to
reduced inter-bilayer separation in the lamellar phase. This
situation was recently analyzed in combined experimental and
theoretical studies by Sukenik et al.*°

The observed differences at low hydration conditions can be
explained by differences in the molecular interactions between
the solutes and the lipid headgroups. Urea features a dipole and
is therefore able to interact favorably with the PC motif, in
particular, with the negatively charged phosphate group (Figure
6). As a result, urea is not excluded from the interlamellar water
layers. TMAO, on the other hand, possesses a strong electrical
dipole of which the positive charge is capped with hydrophobic
methyl groups. The phosphatidylcholine (PC) headgroup of
DMPC and POPC exhibits the same dipolar/hydrophobic
architecture. It has been shown that dipolar/hydrophobic
motifs experience mutual repulsion in aqueous environments,”’
which explains why TMAO is excluded from the membrane
surfaces and thus from the interlamellar water layers as long as
they are thin enough. It is noted here that it was previously
suggested that TMAO locates close to the PC headgroups and
exhibits a specific orientation effect in the headgroup layer on
the basis of vibrational sum frequency generation spectroscopy
studies of liquid condensed dipalmitoylphosphatidylcholine
monolayers.”’ This conclusion is not consistent with the
simulation data in Figure 6, although direct comparisons cannot
be drawn as the condensed monolayer and liquid crystalline
lamellar systems widely differ.

There are several examples of biological systems where
TMAO and urea are both present at relatively high
concentrations.'”'”"® Urea and TMAO show opposite effects
on protein stability, where urea is known to act as a protein
denaturant, whereas TMAO can stabilize folded protein
structures.”’~>” When it comes to interactions with phospho-
lipid membranes, both urea and TMAO may substitute water in
an unspecific way and thereby prevent dehydration-induced
phase transitions, which has also been shown for other
uncharged osmolytes.”>*** These polar compounds can
therefore be described as stabilizers in membrane systems
under osmotic stress. However, the ability of the different polar
compounds to stabilize lipid membranes in dry conditions is
strongly dependent on the specific interactions between the
solute and the lipid bilayer. As TMAO is repelled from the
bilayer interface and thereby excluded from lamellar systems at
dry conditions, it is inferred that TMAO is not efficient in
protecting phospholipid membranes from dehydration-induced
phase changes in very dry conditions. It is possible that the
combined effect of TMAO and urea is to both protect
membranes against severe dehydration and still avoid
denaturation of proteins.
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Bl ADDITIONAL NOTE

“For the DMPC—water system, the planar gel phase has been
assigned to Ly with tilted acyl chains. Here, we use the same
terminology without further investigation of how hydration and
addition of solutes influence the chain tilting in the planar gel

phase.
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