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Abstract

Using LAURDAN fluorescence we observed that wate. dynamics measured at
the interface of DOPC bilayers can be differentially re qule ted by the presence of
crowded suspensions of different proteins (HSA, G, Gelatin) and PEG, under
conditions where the polymers are not in direct 1,>2lecular contact with the lipid
interface. Specifically, we found that the decre~<: in water dipolar relaxation at
the membrane interface correlates witt an increased fraction of randomly
oriented (or random coil) corfigwations in the polymers, as
Gelatin>PEG>IgG>HSA. By usin_ tre same experimental strategy, we also
demonstrated that structure! transitions from globular to extended
conformations in proteins ca'r ."duce transitions between lamellar and non-
lamellar phases in mixtures o, OPC and monoolein. Independent experiments
using Raman spectroscony showed that agueous suspensions of polymers
exhibiting high progorticas of randomly oriented conformations display
increased fractions >f tetracoordinated water, a configuration that is dominant in
ice. This indicates a jreater capacity of this type of structure for polarizing water
and consequently reducing its chemical activity. This effect is in line with one of
the tenets of the Association Induction Hypothesis, which predicts a long-range
dynamic structuring of water molecules via their interactions with proteins (or
other polymers) showing extended conformations. Overall, our results suggest a
crucial role of water in promoting couplings between structural changes in
macromolecules and supramolecular arrangements of lipids. This mechanism
may be of relevance to cell structure/function when the crowded nature of the
intracellular milieu is considered.

Keywords: Lipid polymorphism, macromolecular crowding, LAURDAN fluorescence, protein
secondary structure, lipid membrane hydration, PEG.
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1. Introduction

The intracellular milieu of virtually all cellular systems is characterized by very
high concentrations of macromolecules, estimated to be around 200-350
mg/mL[1,2]. In this extremely crowded environment, the distance between
macromolecules is estimated to be around 1-2 nm, enough to accommodate
just a few water molecules in these interstices[3]. As a consequence, it can be
expected that the physical properties of intracellular water will be affected by
this environment and will be considerably different from those of the bulk[3].
This challenges the idea that the intracellular miliev can be described as a
regular aqueous solution of ions and proteins, as it is g=ncrally assumed in the
dominant model describing the cell[3-7].

Although there is still a consensus that the lip.2 component of biological
membranes acts as a barrier, and is describe 1 a- a (mostly static) bilayer entity
compartmentalizing “solution like” environme its 1 the cell, there is currently a
re-emergence of colloidal concepts to a>.cribe the spatial organization of the
intracellular milieu. In particular, it Fa. be=n recently shown that the cell interior
can be dynamically compartmei.’alized without the assistance of lipid
membranes through the emergenca of 3D liquid phase transitions, with a crucial
participation of polyelectrolytes siich as intrinsically disordered proteins[8—10].
This observation poses a.» ineresting challenge regarding the barrier role
attributed to lipids and, .m0\ > importantly, raises interesting questions about the
way lipid self-assemkr'iec <re integrated into these biological coacervates.

The colloidal prc.~run< of the cell stem crucially from the state of cellular water
(the major compor~nt of all living systems) and, in this respect, there is a
sound, still unrefuted, theory of colloids available to describe this type of
phenomenon, called the Association Induction Hypothesis (AIH). Among others,
the AIH incorporates an original treatment of water as part and parcel of a
crowded, dynamic protein-water-ion/solute system[11-14]. Briefly, it develops a
treatment of the energetics of water association to the repetitive peptide bonds
in extended protein conformations (called extroverted systems), which offer
properly-spaced alternating dipoles that orient and polarize water in successive
layers. This structure of successive layers of polarized-oriented water dipoles is

cooperatively modulated by metabolic activity (via cardinal adsorbents such as



ATP)[13,14]. The polarization of water causes a reduction in their translational
as well as rotational motional freedom and, more importantly, influences its
chemical activity[13,14]. This has been substantiated by a large amount of
experimental work performed both in vitro and in vivo[11-14].

In a series of studies published over the last six years we have tested and
validated several core tenets of the AIH[15-19] using a system consisting of
dense suspensions of living Saccharomyces cerevisiae cells displaying a
central metabolism characterized by glycolytic oscillations. Among other things,
we established that the extent of water dipolar relaxation in the cell interior is
coupled to, and oscillates synchronously with, the con_antration of metabolites
(such as ATP and NADH). Importantly, oscillations, g'vco ytic and all others, are
abolished when the polymerization of actin is comrorised, suggesting that the
actin cytoskeleton is an active component of the nrocess that gives rise to the
metabolic oscillations and all those thax =.e coupled to them[15,18].
Interestingly, and very relevant for thi .urticle, we also observed that the
cytosolic oscillations in water dipolar re:axauon can be coupled to those existing
in membranous structures[15,16,Z9]. This led us to hypothesize that metabolic
changes may regulate mesom.~rphic changes in lipid self-assemblies via the
physical state of cell water[Z.u:. 7nis last hypothesis represents an original
contribution from our grodp tu the framework of the AIH, which barely
addresses the role of lipii's. 1nerefore, this paper attempts to test in vitro, with
different spectroscopic me:thods, whether structural features of proteins (and
another polymer lik2 P.=G) may influence the physical properties of lipid self-
assemblies via char.jes in the dynamical and collective structural properties of

water.

2. Materials and Methods

2.1. Materials

The lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dilauroyl-
sn-glycero-3-phosphocholine (DLPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1-oleoyl-rac-glycerol (GMO) and cholesterol, were purchased from
Avanti Polar Lipids (USA). 6-lauroyl-2-dimethylaminonaphthalene (LAURDAN)
was from Invitrogen (Denmark). 1,4-Bis(4-methyl-5-phenyl-2-oxazolyl)benzene

(DMPOPOP), Polyethylene glycol (PEG) of average molecular weights of 400
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and 20000, Gelatin, Guanidine hydrochloride (GdnHCI), Phosphate Saline
Buffer (PBS) and cellulose dialysis membranes (cut-off ~14kDa) were
purchased from Sigma (Argentina). High purity Human Serum Albumin and
Immunoglobulin G were gifts from the Laboratorio de Hemoderivados
(University of Cordoba, Cérdoba, Argentina). Organic solvents were purchased
from Sintorgan S.A. (Argentina). All solvents and chemicals were of the highest
commercially available purity. Deionized water (18 MQ cm) was obtained from

an Osmoion purifier (Apema, Argentina).

2.2. Methods

Lipid dispersions and dialysis experiments

All lipid stock solutions were prepared in Cl3CH:C H43GH 2:1 v/v. To prepare the
different lipid aqueous dispersions, desired alic'io.~ of the lipid organic solutions
were dried in a clean vial under a stream o1 nitfogen and then placed under
vacuum for 1 hour. The samples were th7z nydrated in PBS (0.01 M phosphate
buffer, 0.0027 M potassium chloride a:*1 0..37 M sodium chloride, pH 7.4) to a
final concentration of 0.5 mg/mL di.ring 1 hour at temperatures above the
melting transition of the pure lipid or aesired mixture. During this procedure the
samples were subjected to v.n cycles of vortexing (30 seconds each).
Multilamellar vesicles (MLV 5) cnoinposed exclusively of phospholipids were used
for fluorescence measure mens right after preparation, while dispersions (cubic
or lamellar phases) ccntar .ing GMO were allowed to equilibrate overnight and
vortexed prior to daa collection. All lipid samples were labelled with LAURDAN
(0.5% mol) by premixing the probe with the lipids in organic solutions.
LAURDAN stock solution was prepared in chloroform at a final concentration of
1 mM.

The setup and procedures for the dialysis experiments are described in detail in
the supporting material (Section A). Briefly, the lipid dispersion was placed in a
dialysis sac and placed in a tube containing the desired polymer/protein
aqueous suspension (Figure S1), letting it equilibrate overnight. After this
procedure the lipid dispersion was removed from the dialysis sac to immediately
proceed with the fluorescence measurements. All proteins used in these

experiments were first dialyzed against deionized water and then lyophilized



before use. The protein/PEG colloidal suspensions, at a desired concentration,

were prepared in the same buffer used to disperse the lipids (PBS).

2.2.a. Spectroscopic measurements

Raman Spectroscopy

Raman measurements were performed using a Horiba Lab Raman confocal
microscope (LABRAM-HR 800) equipped with a 4x objective for liquids.
Protein/polymer solutions were placed into 3 mL quartz cuvettes. The spectra
were taken between 2800 and 4000 cm™ using a 609 lines.mm™ grating and
10 s acquisition time with 10 accumulations per <econd. The excitation
wavelength used was 633 nm (He-Ne laser, 1.5 rm* <pectral resolution) at 5
mW laser power. Protein/polymer solutions at 0."%, w/v concentration were
used, since higher concentrations led to F.ay'eigh scattering hindering the
Raman signal. All measurements were performe at room temperature and the
spectra were measured in at least th-ez different zones of each sample.
Previously to the measurements, c~*hr.tions were done with a silicon pattern.

Data analysis was performed using “riginLab.

Attenuated total reflectance Fourier Transform Infrared (ATR-FTIR)
Spectroscopy

ATR-FTIR spectra of proieins were recorded on a Nexus FT-IR
spectrophotometer (f'icoict) equipped with a single reflection diamond
accessory (Golden 5>ate, Specac). The measurement chamber was purged with
nitrogen to reduce w ater vapor distortions in the spectra. Samples were spread
on the diamond crystal, flushed with nitrogen and rehydrated using nitrogen
saturated in deuterium to obtain the protein spectra. A total of 256
accumulations were recorded at 20 °C using a nominal resolution of 2 cm™.
After subtraction of water vapor and side chain contributions, the baseline of
spectra were corrected and the area was normalized between 1600 and 1700
cm™t. All data were processed and analysed using Kinetics software (SFMB,
Brussels, Belgium). For details on spectral analysis see supporting information

(section D, Figure S5).

Fluorescence measurements



Fluorescence measurements were performed in an ISS Chronos FD
fluorometer (Champaign, IL, USA) upgraded with a Xenon arc lamp and an
excitation monochromator. For fluorescence emission spectra and Generalized
Polarization measurements, the lamp was set at 360 nm excitation wavelength,
with the polarizer in vertical position and a KV408 filter in the emission path.
This setup filters out scattering effects including those related to Wood’s
anomaly[21]. Each lipid dispersion was always prepared in duplicate with and
without the fluorescent probe in order to test for potential contributions of scatter
or fluorescent contaminants.

For lifetime measurements, phase and modulation dat. were obtained using a
374 nm diode for excitation with the emission collectd e ther through a 47020
nm bandpass filter or a 500 nm long pass filte- (s:e below lifetime phasor
section). A KV370 filter was placed in the excitau~n path to filter out undesired
contributions of the excitation diode. Data w.~rz collected until the standard
deviation from each measurement of phe.se delay (¢) and modulation (M) were
at most 0.2° and 0.004, respectively. DYioue modulation frequency was ranged
logarithmically from below to abo. = t'e crossover of ¢ and modulation M in at
least 15 steps (between 10 Mt~ and .50 MHz), and analysed for each sample
using the Vinci 3 software (‘s> assuming decays containing either 1 or 2
discrete components. ¥* scarcs were all below 1 (see supporting information,
section H, table S1). In c:der 0 eliminate polarization effects[22], the excitation
and emission polarizors vere set at magic angles (0°-55° respectively). A
solution of DMPOF OP in ethanol was used as reference with a fluorescence
lifetime of 1.45 ns|3]. All fluorescence measurements were carried out by
triplicate at 20.0 + 0.1°C. The data reported correspond to the mean value of

the measurements.

2.2.b. Fluorescence Analysis

LAURDAN Generalized Polarization (GPey) function and GPe Spectra

The fluorescence emission spectrum of LAURDAN is sensitive to the extent of
water dipolar relaxation process occurring at the local probe milieu. Specifically,
dipolar relaxation caused by the rotational modes of water molecules occurring

during the fluorescence lifetime of the probe affects the energy of the excited



state, causing a red shift in the fluorescence emission. This mechanism has
been extensively discussed and reviewed for LAURDAN in lipid membranes
(see e.g. [24-26]). Briefly, it has been shown that the relaxation effect exerted
by water molecules located at the membrane interface is particularly
pronounced for bilayers exhibiting liquid-disordered (Ly) phases (the probe
emits from a relaxed state), but negligible for those exhibiting solid-ordered (gel
or Lg) phases (the probe emits from an unrelaxed state). The emission spectra
for these two cases are shown in Figure la. Notice the red shifted, broader,
LAURDAN emission spectrum observed in the L, phase respect to that
observed in the Lg phase (DOPC and DPPC respectivc'v in Figure 1a). When
there is coexistence of both phases in the bilayer, LAUF.DAN emission comes
from both, relaxed and unrelaxed states, and in consequence a broader
emission spectrum can be observed (e.g. the ey.'imolar mixture of DPPC and
DOPC in Figure 1a). This spectral behavior .=r. be quantified using the GP¢y

function as:

GP,, -- - (1)

~t+ IR

where Ig and Iz correspond tc v 2 intensities at the blue and red edges of the
emission spectrum (respect.vly, using a given excitation wavelength[24,25]. In
this work, Iz and Ir correznond to 440 and 490nm respectively. The LAURDAN
GPex function has bern e tensively utilized to obtain information about lateral
packing of lipid bil: yer;[26]. In this respect a strong correlation between the
LAURDAN GP¢y fui ction and the order parameter obtained by NMR in lipid
bilayers has been recently confirmed[27]. In general, high LAURDAN GPe
values (0.5-0.6) have been reported for bilayers in the Lg phase state, whereas
low LAURDAN GP¢y values (below 0) where reported for L, phase. In addition,
intermediate GP.x values have been observed when phase segregation is
present and in the case of bilayers exhibiting liquid-ordered phases induced by
cholesterol[28,29].

While discrete GP¢ values at a given wavelength can be useful for comparative
measurements, GPey information can be further exploited by constructing a
GPex spectrum. This analysis, originally described by Parasassi and
collaborators[24,26], allows to visually determine from the slope of the GP
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spectrum, if relaxed (slope<0), unrelaxed states (slope=0) or a mixture of both
states (slope>0), are present in a given sample. A GPg spectrum can be
constructed by changing the excitation wavelength while measuring GPex at
each point, as exemplified in Figure 1b for membranes displaying Lq, Lg and

their coexistence.

Phasor plots

LAURDAN spectral and lifetime data can be further analysed using phasor
plots. This analysis offers a powerful, model free, graphic method to
characterize spectral[30] and lifetime information[3.!'. Briefly, the analysis
consists in the calculation of a vector (G,S) i.e. the prascr, in which coordinates
correspond to the real and imaginary part of a rcrier transform computed

using spectral or lifetime data as described belo

LAURDAN spectral phasors
The LAURDAN spectrum is transformea 1<ing the following expressions for x

and y coordinates:

P L )
Y=0w = T rm )
SaF(Wsin(TI=10)
AW T ZAF ) ©

where F(1) are the fiuorescence intensity values, A is the initial wavelength of
the spectrum, L is the length of the spectrum and n is the harmonic value. In
general, L=180 (from 420 to 600 nm) and n=1 were used for phasor
calculations, unless otherwise specified. The angular position of the phasor in
the plot is related to the center of mass, while the radial position depends on the
full width at half maximum (FWHM) of the spectrum[32]. This is well exemplified
in Figure 1c, where the phasor plot for the fluorescence spectra depicted in
Figure 1a are shown. As observed, when moving from DPPC (Lg) to DOPC (L),
the phasor for LAURDAN moves counter clockwise due to the red shift of the

center of mass, and closer to the radial center (0;0) due to the increase in the



FWHM. When the mixture DPPC:DOPC is plotted, the corresponding phasor
falls in the linear trajectory between the pure components[32]. This is due to the
vectorial properties of the Fourier space: if the phasors for the pure components
are known, then the mixtures will fall in between as the linear combination of
these two reference states since L,/Lg coexistence, i.e. relaxed and unrelaxed
states, occur in this particular lipid mixture[32,33] because the coexistence of
the two phases. In general, variations in the position on this trajectory can be
also expected if the extent of water relaxation at the membrane interface is
modified by other means. One interesting example is that of the phasor
calculated for DLPC at 20°C. First, it can be seen that u.» DLPC phasor is also
located on the trajectory between DPPC and DCPC, suggesting that this
trajectory is a general feature for L, to Lg phase t.ans tion. However, the DLPC
phasor position does not coincide with that for =*'re DOPC at 20°C, even though
these two bilayers exist in the L, phase (Figm = 1c). DLPC is a saturated lipid
that forms bilayers and has a main pha‘e (ransition temperature (Ty,) of -2°C,
different to that of the unsaturated NOPC, which is -17°C. This chemical
difference impacts the stability ¢° t'ie interactions established among lipids
(ksT), causing slight variation. in packing and consequently water dipolar
relaxation processes at the intaric.22. Specifically, at 20°C, the position of DLPC
in the phasor plot is closer to the end point defined by DPPC on the DOPC-
DPPC trajectory, indicatil,> that the extent of dipolar relaxation is lower than for
DOPC at the same temperature. However, when DLPC is heated to 35°C its
phasor is displacec on the Lg-Lq trajectory to a point near DOPC at 20°C, as
shown in Figure 1c indicating that both interfaces bear a similar extent of
dipolar relaxation. The case of DLPC is a good example showing how a
membrane existing in the same phase state (L,) and keeping the same
composition can experience changes in water dynamics by tuning an external
parameter (temperature in this case). It is important to remark that this effect is
particularly noticeable when the membranes are in the Ly phase, since the Lg
phase has much slower dipolar relaxation dynamics than the LAURDAN
fluorescence lifetime[26].

Taking into account this information it is reasonable to conclude that the

trajectory Lg-L, observed for lamellar configurations can be generalized for



lipids displaying this particular type of transition and, more important, whatever
variation occurring in the phasor position on this trajectory will provide sensible
information on variations in the hydration dynamics of the membrane. This
analysis is used in our experiments when membranes are exposed to polymeric
solutions (see results section, e.g. Figure 2). Overall, LAURDAN spectral
phasors provide a powerful graphic way to evaluate changes in membrane
hydration dynamics, without the need to assume a model, as is the case of the
GPex function[32].

LAURDAN lifetime phasors
From lifetime measurements performed in the freq.'ency domain, modulation
(M) and phase (¢) data are obtained. This data car be transformed into the

phasor coordinates by the following expressiors:
y =Gy =Mcos(p) (4)

x =S - Msin(¢) (5

For a single-exponential deca,, *his vector describes a semicircle of radius 0.5
with a center at (0.5, 0) cuc w the relationship M=cos(¢)[31]. Therefore, a
fluorophore characterizec' by a single lifetime will always give rise to a phasor
point that falls on this ~em.circle, typically referred to as the universal circle (see
Figure 1D). The pt asc- points for fluorophores that present multiexponential
decays are constran 2d within the universal circle, as described by Egs. (4) and
(5). Longer lifetimes will fall towards the origin (0;0), while shorter lifetimes will
fall towards (1;0). Finally, in the presence of excited state reactions, as in the
case of dipolar solvent relaxation or FRET, phasor data points can fall outside
the universal circle[34,35].

Given the photophysics of LAURDAN, it has been suggested that it is possible
to identify the presence of dipolar relaxation processes by using appropriate
filters[36]. Specifically, using a 500 nm long pass filter (“‘red” filter) dipolar
relaxation effects can be discriminated. This is exemplified in Figure 1d for
DOPC (Ly) and DPPC (Lg) bilayers, where the blue filter shows the increment in

lifetime associated to changes in polarity and relaxation, and the red filter shows
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the marked decrease in dipolar relaxation when going from the L4 to the Lg

phase state.
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Figure 1. Examples of the diffc =nt nuorescence parameters measured in our work. (a) Normalized
LAURDAN fluorescence spectra ~t z.°C observed in DOPC, DLPC, DPPC, DPPC:DOPC 1:1 mol mixture,
and DLPC membranes at %5°C (b) LAURDAN GPex spectra for DOPC (red), DLPC (orange),
DPPC:DOPC 1:1 mol mixt..~ (y.-en) and DPPC (blue). From the sign of the GPex spectrum slope the
phase state of the membi ane ¢ an be inferred. (c) Spectral phasor plot for the spectra shown in (a). The
trajectory Lq-Lg is higan>hte ! with the dashed line. (d) Lifetime phasor plot for LAURDAN observed in
DOPC (Lq phase,*) and L *PC (Lg phase,®) obtained through the blue and red filters at 26 and 47 MHz,
respectively (these frequ..cies were chosen arbitrarily for clarity, but the same effect is observed at all
frequencies) The data obtained with the blue filter show a rise in the LAURDAN fluorescence lifetime as
the membrane phase state changes from L, to Ly phase. This is interpreted as decrease in membrane
polarity and relaxation. The data obtained with the red filter show a decrease in dipolar relaxation as the
membrane phase state changes from L, to L phase.

3. Results

3.1. Effect of PEG crowding on the hydration of DOPC membranes

PEG is a compound commonly used as a molecular crowder due to its simple
structure and inertness. The effect of PEG on lipids was extensively studied
during the '80s and the beginning of the '90s. For example, phospholipid

monolayers at the air-water interface show a condensation effect when PEG is
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incorporated in the water phase, displaying changes in the monolayer surface
potential. These effects were attributed to changes in the hydration of the lipid
polar groups induced by PEG[37]. In addition, when PEG was added to
liposome suspensions, it was shown that the polymer excludes from the vesicle
surface[38] and dehydrates the membrane due to long range water
structuration[39]. This was proven to be an indirect effect, since the same
results were obtained either for aqueous PEG/liposome mixtures or PEG
suspensions separated from the liposomes using a dialysis membrane[40].

In order to evaluate the effect of PEG on the hydration properties of lipid
membranes, DOPC MLVs labelled with LAURDAN we> prepared in presence
of different concentrations of PEG 400 and the.r e nission spectra were
measured as shown in Figure 2a. DOPC was chos:n for its low T, and in
consequence its high extent of water dipolar re.cxation at room temperature,
allowing to better determine subtle changes > tiis parameter (see supporting
information, Figures S2 and S3). It can 'se observed that with increasing PEG
concentration the band at 440 nm is auymented, suggesting a less relaxed
polar environment around the prc!e 24,26]. This effect becomes clearer when
LAURDAN emission spectra ar> used 10 compute spectral phasors, as shown in
Figure 2b. When PEG concer.tr.tion is increased, the phasors gradually move
along the Lq-Lg trajectory tcweras the Lg reference point, suggesting decreased
dynamics of the interfacic. wawer. This effect can be also connected with a stiffer
lipid packing, consic*ent with results recently reported for DMPC small
unilamellar vesicles 41).

Another quantitative ‘vay of evaluating the spectral changes observed in Figure
2a is by using the LAURDAN GPg, function. Figure 2c shows the relative
changes in GPex (AGPex=GPpopc+rec-GPporc) When different concentrations of
PEG are added to DOPC vesicles. It can be seen that the LAURDAN AGPgy
value becomes more positive when a small amount of PEG is included in the
system reaching a maximum value at PEG concentrations of 30%. Assessment
of the LAURDAN GP¢y spectra indicates that the L, phase state persists at all
PEG concentrations, but with a lower extent of relaxation as the GPe values
increase with increasing PEG concentration (see Figure S4). Finally, when
evaluating LAURDAN lifetimes, it can be seen that when using the blue filter

there is an increase in LAURDAN fluorescence lifetime upon PEG addition, as
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expected for a decrease in polarity and hydration dynamics (Figure 2d). In line
with the information provided by the GP¢x Spectra, the lifetime data obtained
with the red filter suggest that dipolar relaxation persists in the sample upon
PEG addition. From all these data it can be concluded that LAURDAN is
responsive to crowding effects induced by PEG, supporting previous
conclusions about membrane dehydration caused by the polymer due to long

range water structuration[37—-41].
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Figure 2. (a) Normalized LAURDAN fluorescence spectra at 20°C of DPPC, DOPC, and DOPC+PEG 400
at the compositions indicated. (b) LAURDAN spectral phasor plot of the spectra shown in (a). For clarity,
only some compositions are shown. (¢) LAURDAN AGP¢ for DOPC+PEG 400 at different concentrations.
(d) Comparative lifetime phasor plot for LAURDAN in DOPC and DOPC+ PEG 30% wi/v, obtained using
the red and blue filters at 18 MHz.

3.2. Protein secondary structure modulates membrane hydration

According to AIH[12,13] proteins existing in extended configurations (for
example, in random coil structures) can interact with water, largely reducing its
rotational motional freedom affecting its chemical activity. This effect is much

smaller in proteins in globular conformations, dominated by a-helix and B-sheet
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secondary structures, which mostly favour intramolecular electronic interactions.
In the language of the AIH these two situations (i.e. extended and globular
proteins) are respectively called extroverted and introverted systems. With the
aim of evaluating the effect of different proteins on membrane hydration, DOPC
vesicles were incubated with protein suspensions under crowded conditions.
HSA and IgG, two globular proteins differing in their secondary structure types
and content, were selected as introvert models, and Gelatin, a protein with a
large percentage of random coil in its structure, due to the great number of
prolines and hydroxyprolines in its sequence[42], was selected as an extended
(extrovert) model. The relative contributions of the disu.>ct secondary structure
elements for these three proteins were obtained fiom analysis of FTIR-ATR
spectra and are summarized in Table 1. For HSA tt 2 alpha-helix structure is
predominant, whereas in IgG beta-sheets and 'rns are the main secondary
structural motifs, in line with previous repon.f135-45]. For Gelatin, there is a
prevalence of random coil structure[46—%o,. Interactions of HSA and IgG with
lipid membranes are well described i the literature[49-51] showing binding,
and formation of aggregates[5C: Since we are particularly interested in
discarding direct interactions between these two components, a dialysis
membrane was used to sepe.a.> ne lipid dispersions from the proteins (see

section 2.2.1 and supporting n.formation, Figure S1).

Table 1. Percentay > o1 secondary structure analysis from FTIR-ATR spectra*.

SMona-helix Beta-sheet Turns Random coil
HS 37.79 11.05 1.16 0
IgG 0 65.75 34.25 0
Gelatin 0 7.22 0 92.78

*for details see S5.

Figure 4 shows the effects of incubating DOPC membranes with a 5% w/v (50
mg mL™) solution of the proteins and PEG 20000 for comparison (higher MW
PEG was used to avoid permeation trough the dialysis sac). This percentage
was chosen to mimic crowding conditions (notice that diluted concentrations
presented no changes in membrane hydration as seen in Figure S6 from the

supporting information, while higher concentrations led to gelation of Gelatin).
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The fluorescence emission spectra of LAURDAN labelled DOPC membranes
show a gradual increase in the intensity of the 440 nm band in the order
Gelatin>PEG>IgG>HSA, as depicted in Figure 3a. When the emission spectra
are analysed using the spectral phasor method (Figure 3b) it can be seen that
all points fall within the Lq-Lg trajectory, with a displacement towards the Lg
position in the order Gelatin>PEG>IgG>HSA. Similarly, the relative change in
the LAURDAN GP¢y and the LAURDAN fluorescence lifetime values increased
following the same trend in the polymer series (see Figures 3 c,d and S6). All
these results suggest that the polymers promote a decrease in the extent of
water dipolar relaxation at the membrane interface, bc.ng more noticeable for
Gelatin. It is important to mention that the results obte inec: with PEG 20000 (and
also with the proteins) using the dialysis sac, a‘e ¢omparable to the results
obtained in the previous section where the ve<ic.~s where prepared directly in
aqueous suspensions of PEG400. This result .= 7/ line with a previous report on
the indirect effect of PEG and its exclusio:1 »-om membranes[40].
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Figure 3. (a) Normalized fluorescence spectra at 20°C of LAURDAN in DOPC vesicles, and DOPC vs a
solution of 5% w/v of the indicated protein/polymer. (b) Spectral phasor plot of the spectra shown in (a). (c)
AGP¢ for DOPC vs the different proteins/polymer. (d) LAURDAN lifetime values obtained with the blue
filter. These values were obtained by fitting one discrete exponential to phase and modulation data
measured between 10-150 MHz.

Since there is a clear dependence of membrane dehydration on the differential
contribution of the protein secondary structure, we decided to investigate how
HSA, IgG and Gelatin impact the structure of water. For this purpose, we
performed Raman spectroscopy measurements in agueous suspensions of the
proteins. The water band in the Raman spectrum is centred between 3000-3800
cm™, which is separated from the protein contributior that is located between
400-1700 cm™. The Raman spectra of water can be 4. ~oiwvolved into five sub-
bands assigned to OH vibrations engaged in .. 'arugen-bonding and free
vibrations[52]. The two main contributions are licaicd at 3225 cm™ and 3432,
cm™, corresponding to tetracoordinated anc a.~oordinated water molecules,
respectively[52]. In liquid water the 3432 cr.* Land is predominant, but when
water freezes, the 3225 cm™ becomes coriinant, causing a spectral shift to
lower wavenumbers [53]. When r.eisuring the water band for solutions of
proteins and PEG it can be obsc rved that the contribution of the band
corresponding to tetracoordinateu ‘water increases, indicating that the collective
structure of water is changed ir the presence of polymers. In the case of
proteins this effect is notaL'v higher when random coil structures are present,
even at this low conce.tration, as observed for Gelatin. These results were
analysed adapting thc e.;uression of the GP function described in equation (1),
where Iz and Iz .1V czirespond to the 3225 and 3432 cm™ bands respectively.
The values of this function, called GPyyaqi, Obtained for the different proteins

and PEG is shown in Figure 4b.
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Figure 4. (a) Normalized Raman spectra of deionized water, and protein/- =G solutions at 0.1% w/v. The
spectra correspond to the mean of at least three spectra taken at diffe. 2nt zones of the sample. (b)
Spectral changes are quantified with the GP function calculated for *.. > m.cnsity contributions of the bands
at 3225 and 3432 cm™ (GPrerrarai), corresponding respectively to *e.aceordinated and dicoordinated water
molecules engaged in hydrogen bonds.

Interestingly, the structuration of water cz:'sed by these polymers follows the
order Gelatin>PEG>IgG>HSA, mirrorin.y u.Z order observed in the experiments
involving LAURDAN labelled merabranes (Figure 3). This suggests that the
impact that proteins/polymer eyert on .vater structure couple to the dynamics of
water existing at the membra-e nterface. The fact that PEG and Gelatin
generate a major change ir »'awc/ long-range structuration is in agreement with
the Polarized Oriented Muiilayer Theory, a subsidiary theory of the AIH,
proposed by Ling and cc''aborators[13,14,54,55], as will be discussed in the
next section.

In order to further *est whether protein secondary structure determines the
extent of water long-range structuration, and consequently the changes in water
dynamics at the membrane interface, we decided to explore the effects caused
by structural changes in the same protein, i.e., a transition from globular to a
fully extended configuration. This structural change can be caused by protein
denaturation, destabilizing the protein tertiary structure and secondary motifs,
producing a more disordered (extroverted) structure. For that purpose, vesicle
dispersions were put in contact with solutions of the three proteins in native and
denatured states using a dialysis sac. While no effects were observed for
LAURDAN labelled DOPC membranes in contact with the native proteins at low

concentration (0.5% w/v, Figure 5a), the same concentration of proteins
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denatured in 6M GdnHCI led to marked effects on the LAURDAN labelled
DOPC membrane emission spectra (Figure 5b), spectral phasors (Figure 5c)
and relative changes in the LAURDAN GPgy function (GPe, Figure 5d). These
effects involve respectively an increase in the intensity of the 440 nm band, a
displacement towards the Lg position within the Ly-Lg phasor trajectory and an
increase in the relative change of the LAURDAN GP¢. In addition, the shape
observed for LAURDAN GP¢ spectra resemble in all cases that observed for
membranes existing in the L, phase state (Figure S7) but with higher GPgy
values when proteins are denatured, suggesting a decrease in the extent of
water relaxation in the membrane.
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Figure 5. (a) Normalized fluorescence spectra of LAURDAN in DOPC vesicles in buffer and in the
presence of 0.5% w/v of the different native (n) proteins. (b) Normalized fluorescence spectra of
LAURDAN in DOPC vesicles in buffer and in the presence of 0.5% w/v of the different denatured (d)
proteins (c) Spectral phasors of the spectra shown in (a) and (b). (d) LAURDAN AGPe, for DOPC vesicles
in contact with native and denatured protein solutions.

3.3. Changes in protein secondary structure can induce mesomorphic

transitions in aqueous dispersion of lipids
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Having found that protein secondary structure can differentially modulate the
hydration properties of membranes via structuration of water, and consequently
changes in its chemical activity, we asked whether membranes can experience
mesomorphic transitions under similar circumstances. For these experiments
we selected monoolein (GMO), a very well characterized lipid that exhibits a
rich lyotropic mesomorphism[56-58] that has been studied for many decades
for its advantages in protein crystallization, drug delivery, and food industry
applications[58—-60]. It is very well documented that pure GMO in excess water
forms a Pn3m (double-diamond) cubic phases at 20°C[56-58], while when
mixed with DOPC, it can transition from cubic Pn3... to lamellar L, phase
depending on composition[61,62].

The fluorescence spectrum of LAURDAN incoryoreted in pure GMO water
dispersions is shown in Figure 6a. When comnaraed to DOPC, it can be seen
that for GMO the maximum of the spectru.» s red shifted, near 497 nm,
indicating that the probe is located in a n aore relaxed environment compared
with DOPC bilayers. This is probably due to the higher degree of curvature
exhibited by cubic phases when ¢ ymwared to bilayers [58,63—65]. The position
for GMO in the spectral phosor aiagram is displaced counter clockwise
compared to DOPC bilayers '1re 6b), as expected from the observed red
shift. In line with this result u.”» GPe value for GMO is -0.37, much lower than
for that reported for L, phases (see Figure 6¢ and GPe spectra in the
supporting material, ~igwe S8). Regarding the fluorescence lifetime data
obtained using the bive filter, GMO phase delay and modulation can be
accurately adjustea vith two discrete components of 3.08 ns and 1.1 ns with a
v* of 0.217 (Figure 6d and SI9). All these LAURDAN parameters that
characterize the Pn3m cubic phase composed of pure GMO are clearly distinct
to those observed for DOPC bilayers.

Figure 6 also shows the spectral and lifetime changes for mixtures of GMO with
DOPC at different molar compositions. As mentioned above, the use of this
mixture allows us to study the Pn3m-L4 transition[61,62]. When adding DOPC to
GMO the LAURDAN spectra begin to appear blue shifted, with a progressive
increase in the band at 440 nm. Figure 6b show that the LAURDAN spectral
phasors for this mixture show a completely different trajectory compared to the

La-Lg shown in the previous sections, defining a fingerprint for the Pn3m-Lq
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transition. In addition, the GPe increases considerably with the addition of
DOPC, as shown in Figure 6¢, suggesting a gradual decrease in the extent of

water dipolar relaxation in the system.
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Figure 6. (a) Normalized f'uu. “scence spectra of LAURDAN in pure DOPC and GMO dispersions, and in
the indicated mixtures (moi. '), (b) LAURDAN spectral phasors for the spectra shown in (a). The phasor
for DPPC was included to ' 'epict the Lq-Lg transition (grey line). The Pn3m-Lq transition is indicated with
the orange dashed line. Notice that the phasors are located at different coordinates compared to previous
sections because a different range was used (from 420 to 700 nm, L=280). (c) Absolute GPex values for
pure GMO and DOPC and their mixtures (the compositions indicated correspond to molar mixtures of
DOPC:GMO). (d) LAURDAN lifetime values obtained using the blue filter. GMO, and DOPC:GMO 10:90
mol and 20:80 mol are well described by two discrete lifetimes, while all the other mixtures and pure DOPC

were adjusted with a single exponential. For details on the fitting see S9.

Interestingly, fluorescence lifetimes can be adjusted with two discrete
exponentials up to the composition DOPC:GMO 20:80 mol. However, when the
percentage of DOPC is 230% the fluorescence lifetime is better described by a

single exponential similar to that observed for pure DOPC (Figure 6d, Table
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S1). These results are consistent with the prevalence of a Pn3m cubic phase up
to 25% of DOPC and a presence of a Ly phase at higher proportions of DOPC
(226%), as reported by Cherezov et al. using X-ray diffraction[61]. Thus, in
order to select a point where the lyotropic transition Pn3m->L, is completed, an
upper limit at 30% of DOPC was arbitrarily selected.

With this information in mind we chose the DOPC:GMO 10:90 mol mixture
(cubic phase) to evaluate the ability of PEG and denatured proteins to promote
a lyotropic Pn3m->L, transition. Figure 7a shows the spectral changes obtained
with increasing PEG concentration. From the emission spectra it is noticeable
how the fluorescence intensity of 440 nm band incree.=s, with a concomitant
blue shift at higher proportions of PEG. This is clearly visible in the spectral
phasor plot shown in Figure 7b: with 5% w/v PEG te phasor is located in a
position similar to that observed for DOPC:GMQ 50:50 mol (Figure 6b), far
beyond the point where the transition Pn3m-L, ~ccurs (DOPC:GMO 70:30 mol;
marked in Figure 7b and 7d with a surrd pink diamond). For higher PEG
concentrations the phasor position surhasses the Pn3m-L, transition point and
moves towards the position of pur > DIOPC. At 30% w/v PEG the phasor falls in
the Lq-Lg trajectory between COPC and DPPC. This result clearly shows that
PEG can induce a mesomorpar. transition in the system via water long range
structuration, implying chan ge2 i water activity.

It is interesting to highligi:* that when PEG is added to a pure GMO dispersion,
the transition to L, is chsei ved for 30% w/v PEG (supporting information, Figure
S10). For lower pe cenages it can be seen that there is a deviation from the
Pn3m-L, trajectory. When mixing GMO with DOPC the system can only
transition from a cubic to a lamellar phase[61,62] and dehydration follows the
Pn3m-L, trajectory, as shown in Figure 7. However, pure GMO can undergo a
Pn3m-la3d and a la3d-L, transition[56—-58] (see supporting information, Figure
S10c). Moreover, it is possible to fall in regions of phase coexistence, or even in
regions where the formation of a L3 (sponge) phase[56-58,66,67] may occur.
The case of pure GMO is clearly a more complex scenario, and therefore
deviations for the Pn3m-L, trajectory can occur as shown in Figure S10b from
the supporting information.

Finally, Figures 7c and d show that denatured proteins can also induce a

lyotropic transition in this system: for the three proteins the phasors are
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localized beyond the DOPC:GMO 70:30 mol transition limit, more prominently in
the case of denatured Gelatin.
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Figure 7. Normalized LAURDA. ' fliorescence spectra in DOPC:GMO 10:90 mol mixture dispersions with
different concentrations o’ PE™ 400 (a), or solutions of 0.5% w/v of the denatured proteins (c). (b, d)
Spectral phasors for *. = s, ect'a shown in (a) and (c) respectively. The LAURDAN phasor obtained for
DPPC was included as a 1. ference. The Pn3m-L transition point is marked with a pink diamond.

4. Discussion

This paper attempts to test at in vitro conditions if particular structural features
of proteins can influence the physical properties of lipid membranes through
changes in the physicochemical properties of water. For this purpose, we
exploited the exquisite sensitivity of LAURDAN fluorescence, which provides
information on lipid packing and the hydration state of lipid membranes[26]. In
this respect, we used a series of analytical tools, including spectral
phasors[30,32], GPex and GP¢ spectra[24—-26] and lifetime phasors[31,34,35]
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(Figure 1), that allowed us to identify different states of the systems. Among
them, we want to remark the use of the spectral phasor plots[32], which allows
to define trajectories connecting different structural states of membranes. This
analysis permits to visually monitor perturbations in the extent of water dipolar
relaxation at the membrane interface mediated by the presence of polymers
(Figures 2b, 3b, 5c, 6b and 7b). This methodology represents a very powerful
analytical tool that has been previously exploited to evaluate changes in the
composition of lipid mixtures[32] and comparatively monitor the hydration state
of natural membranes in living cells using artificial membrane systems as a
reference[68].

To perform part of our experiments we used a simi.ar e xperimental design as
the one utilized by Ling and collaborators to stucy the effect of different
polymers (PEG, proteins) on their capacity tn _tructure water, consequently
affecting ionic activity, solute solvency, ~=rd osmotic behavior[69—-71].
Specifically, the experimental setup cor.sisted in a dialysis bag containing a
crowded aqueous polymer suspensicn wiat is in contact with an aqueous
medium containing the compouncs rf interest. This particular setup prevents
direct interactions between the two parts of the system, with water being the
only link between compartmeni. ‘1he main conclusion of Ling’s experiments
using this setup was that, in harmony with the Polarized Multilayer Theory of
cell water[13], aqueous < lutiuns of proteins (and polymers) bearing extended
conformations (extrcveri.d systems) exert greater long-range water
structuration than tlose of globular proteins (introverted systems) differentially
impacting their colligative properties.

As a first step we independently tested whether the polymers effectively affect
the structure of water. Specifically, we measured the Raman spectra of water in
solutions of Gelatin, PEG, IgG and HSA. The results show that the fraction of
tetracoordinated water (abundant in ice) increases when the fraction of
randomly oriented polymer conformations increases, in the order
HSA<IgG<PEG<Gelatin (Figure 4). This is in agreement with previous
conclusions reported by Ling and Ochsenfeld[69]. Additionally, these findings
are also in line with previous observations obtained using IR methods, showing
not only that water rotational dynamics in the protein solutions can be affected

in the long-range[72], but also that protein surfaces can produce long range
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constraints on water’s orientational flexibility[4]. Particularly, this indicates that
water is strongly hydrogen bonded and behaves as a coordinated collective in
crowded systems][4], in accordance with our observations.

In a second part of our study, we decided to test whether artificial lipid
membranes can respond to the structuration of water promoted by introverted
and extroverted polymer system. As shown in Figures 2 and 3, water dipolar
relaxation of membranes exposed to the different polymer solutions correlates
with the Raman results, suggesting a coupling between these two components.
Specifically, the extent of water dipolar relaxation in DOPC bilayers decreases
following the order Gelatin>PEG>IgG>HSA. This is rcflected in the changes
observed in all LAURDAN fluorescent paramete's, and is evident as a
displacement on the L,-Lg lamellar transition tra,2ctcry defined in the phasor
plot towards the Lg phase. Interestingly, a sir:'ar trend was observed when a
native protein was denatured, as shown in k. ure 5. In particular, these last
results are in harmony with those of Ling a*«d collaborators[69,70], showing that
protein denaturation causes a transitic® from an introverted to an extroverted
state, which greatly increases the oxt:nt of water structuration. Also, our results
with PEG are in concordance wth previous observations ascribing dehydration
effects on lipid interfaces to ©:; range water structuration promoted by this
polymer[37-39], increasing lip.d membrane lateral packing and main transition
temperature (T,) when the bolymer concentration is increased[38,39,41].

On top of the change. ca.used by the polymers on the hydration properties of
lipid lamellar structu-es, we want to stress the results observed with membranes
composed of DOFC:GMO. As shown in Figure 7, changes in PEG
concentration or structural changes caused by denaturation of proteins can
induce a transition from a cubic (Pn3m) to a lamellar (Ly) phase in the lipid
mixture. It is well known that mesomorphic transitions among different lipid self-
assemblies can be isothermally and isobarically induced by changes in
hydration[73] (see also Figure S10c in the supporting information). These are
produced by the emergence of curvature stress fields, via changes in the
membrane lateral pressure profile due to changes in hydration. In particular, the
results shown in Figure 7 may be of relevance in biological systems, particularly
when the colloidal nature of the cell is considered. This result provides in vitro

support to our hypothesis, which is that metabolic changes produced in the cell
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cytosol (changes in ATP, for example) affect the structure of intracellular
proteins which in turn impact water structure and therefore the structure of lipid
self-assemblies[20]. A schematic summary of the results and ideas discussed
here is provided in Figure 8. It is important to remark, that lipid mesomorphic
transitions exerted by these polymers occur at protein/polymer concentrations
much higher than those generally used for regular in vitro experiments. This
observation highlights the importance of working with model systems mimicking
the crowded cellular environment when biological membranes are addressed.
Finally, we also want to emphasize the identification and characterization of
another type of lipid structural transition using the LACRDAN spectral phasor
analysis, specifically the Pn3m—->L, (cubic to lam-=llar) transition trajectory,
which is different to that previously described ‘or he L,>Lg[32, 68] (both
lamellar). In addition this Pn3m—->L, transitio~ uoiectory also shows that the
linear combination of the two states (i.e., "=3m and L,) account for the
displacement of the phasor, as shown for tre Lg -Lq trajectory (see Figure 1). We
also obtained information on physica: features of the Pn3m phase of GMO:
according to our results, water re.oxzdion is greater in the cubic phase than in
the Ly phase (Figure 6). This dii,=rence can be interpreted as a consequence of
the very curved geometry of this 1 .=n-lamellar structure [65], which allows faster
rotation of water and a larger extent of relaxation near the probe compared with
the lamellar structure. In 1cat, the LAURDAN GPey value obtained for pure GMO
Pn3m phase is in ay"eenent with that observed in micelles composed of
complex gangliosid~s, inother type of lipid self-assembly with a highly curve
interface[74]. To the best of our knowledge, this is the first time that a full
characterization of LAURDAN fluorescence parameters is performed for GMO
and its mixtures with DOPC.

5. Concluding remarks and perspectives

Structural coupling between proteins and membranes mediated by changes in
water activity as demonstrated in this paper provides an alternative framework
to understand cellular processes and information exchange between non-
adjacent cellular components[75]. In particular, the colloidal theoretical

framework (AIH) considered here may offer alternatives to the prevailing
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application of models based on regular solution theory to account for the rapid
and coherent responses of cellular physiology. Under this alternative colloidal
view cells may exploit an almost instantaneous transfer of information through
the intervention of water, acting as a key dynamically and reversibly structured
biocomponent [5,20,75]. Furthermore, the fact that lipid mesomorphism can be
finely regulated by changes in water activity, which in turn can be governed by
metabolic changes on protein structure, may open another way to interpret the
role of membranes in biological systems, underlining the integration of lipid
mesomorphism as a dynamic phenomenon into the colloidal view of the cell.
For example, this can be relevant in the context of .>= role of coacervation
proposed by Rothman in the assembly of highly dynamic arganelles such as the
Golgi complex [76], whose surface has been gencrall ' portrayed as stable lipid
bilayers compartmentalizing environments. In fact, cells contain a great
percentage of lipids that when isolated, tend 1c form non-bilayer structures, like
micelles, cubic or inverted hexagonal p'io3es [77]. The general relevance of
lipid polymorphism in cell biology *as veen disregarded during the last
decades[73,77-80], as well ac tre key role that water plays in cell
function[5,20,75]. As a consefuence an integrated view of the cell is still
lacking[20,75]. These ideas, v/nch run counter to the generally accepted view
of the cell, are critically d'sci'ssed in great detail in a recent review article
published by our group [€'1, winich for the first time offers a possible role for lipid
self-assemblies withir. the framework of the AIH. Specifically, and based on
experiments perfornec in living cells displaying glycolytic oscillations, we
concluded that inten 1cial water is coupled (physically linked) to water activity in
the cytosol [20]. It “resonates”, as it were, with an oscillating central metabolism.
This does not specify what structure the lipids are in, just that it is not static and
that it is coupled to metabolism. This “dynamic hydration” can be a controlling
factor in the probability of lyotropic mesomorphic transitions, just as protein
hydration is intimately related to protein conformational dynamics [82,83],
allowing lipid self-assemblies to behave as metabolically reactive structures in

the cell.
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Figure 8. Sketch summarizing the main results obtainea ‘n f'is study. Through changes in protein
structure, it is possible to modulate water activity. This effec’ car e transmitted to membranes, producing
changes in hydration and allowing for conversion bet.c. n different mesomorphic structures. Altogether,
this dynamic interplay generates a coupling of prote n str icture and membrane polymorphism through
water activity. Adapted from [20].
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e Macromolecular crowding can modify membrane hydration.
e Distinct protein secondary structures differentially modulate water activity.
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