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Studying lipid monolayers as model biological membranes, we demonstrate that water
molecules interfacing with different model membranes can display preferential
orientation for two distinct reasons: due to charges on the membrane, and due to large
dipole fields resulting from zwitterionic headgroups. This preferential water orientation
caused by the charge or the dipolar field can be effectively neutralized to net-zero
water orientation by introducing monolayer counter-charges (i.e. lipids with oppositely
charged headgroups). Following the Gouy—Chapman model, the effect of monolayer
surface charge on water orientation is furthermore strongly dependent on the
electrolyte concentration and thus on the counterions in solution. In contrast, the effect
of ions in the subphase on the dipolar alignment of water is zero. As a result, the
capability of monolayer counter-charges to null the effect of dipolar orientation is
strongly electrolyte-dependent. Notably, the different effects are additive for mixed
charged/zwitterionic lipid systems occurring in nature. Specifically, for an E. coli lipid
membrane extract consisting of both zwitterionic and negatively charged lipids, the
water orientation can be explained by the sum of the constituents. Our results can be
quantitatively reproduced using Gouy-Chapman theory, revealing the relatively
straightforward electrostatic effects on the hydration of complex membrane interfaces.

1 Introduction

Lipids are the main structural components of biological membranes. The
formation of these membranes is mainly driven by the interaction of amphiphilic
lipid molecules with the water molecules in the surrounding aqueous phase.*?
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The self-assembly of lipids into membranes originates from the hydrophobic
alkyl tails grouping together and dehydrating - thereby forming an interface
between hydrophilic and hydrophobic regions. In addition to hydrophobic
interactions, hydrophilic interactions between the polar headgroups and water
play an essential role in membrane formation and function. Indeed, details of the
hydrated polar headgroup of the lipid, either zwitterionic or negatively charged in
most biological membranes at physiological pH,*>* are essential for determining
membrane properties. As the interface between biological membranes and the
surrounding water molecules constitutes a platform where many biological
reactions occur, the structure and charge density of said interface is of great
importance.® The charge density of the membrane surfaces will influence the
properties of water in the interfacial region.® This, in turn, may have a significant
trickle-down influence on important biochemical processes which take place on
membranes, such as protein folding”® or the transport of ions and metabolites
across the membrane.*™*

To better understand the environment in which these processes take place and
the impact that the properties of the membrane interface itself may have on them,
it is crucial to understand not only the effective charge of the membrane under
physiological conditions, but also the structure of the aqueous phase around it.
The latter has been shown to influence the effective viscosity and dynamics of
water in intracellular media."

Due to the experimental challenge of working with soft aqueous interfaces, our
molecular-level structural understanding of biological membranes, the effective
charge, and its impact on the structure of the aqueous subphase has been limited.
The properties of the membrane itself may impact water structure in its prox-
imity, both through the hydration shell structure of the solvated headgroups and
- arguably to an even larger extent — through its net charge.

While the extent to which charged interfaces affect water structure has been
extensively studied for mineral/liquid interfaces, the soft and malleable nature of
the lipid/water interface, as well as the wide variety of charge architecture in the
lipid headgroup, make it very challenging to straightforwardly transfer findings
between these systems. The lipids in, e.g., inter- and intracellular membranes can
contain headgroups of varying charge and charge density and multiple charges
within one lipid. While the first approach to assigning an average charge to these
systems is, without doubt, a helpful entry point, it has been shown that especially
zwitterionic lipids, which are net neutral, still have the ability to strongly impact
water structure close to the headgroup.™ This is because the strong and localized
field between the positive and negative charge leads to the formation of a small
population of water molecules - intercalating with the headgroups - that are
highly ordered.*

As such, the specific charge architecture of lipid headgroups and the resulting
differences in the behavior of the water molecules hydrating these headgroups
need to be considered when describing the lipid membrane’s influence on the
structure of water.

For example, simple charged lipids, which carry 1 or 2 units of negative charge
on their headgroup, can be considered to form a simple charged interface, similar
to some solid/liquid interfaces. The Coulomb potential extending into the liquid
will thus induce reorientation of the water molecules according to their dipole.
Moreover, this potential also polarises the water molecules. These Coulomb
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potentials can reach quite deep into the aqueous interfacial region; however, they
decay exponentially and are also strongly screened by ions and other charges that
may be present. Their influence on water structure is thus highly sensitive to the
composition of the aqueous phase, but can be described and predicted reason-
ably well using existing theories.™

In the case of multiple charges of opposing polarity in, for example, zwitter-
ionic lipids, the behavior may be more complex, as the hydrating water molecules
will experience strong and highly localized fields generated by these charges."
This will lead to a tightly bound hydration shell, in which water molecules are
highly oriented by the charges in the headgroup. It is also probable that this local
field effect will be less sensitive to screening by ions near the lipid. This pop-
ulation of water molecules is likely relatively small - as it is possibly a fraction of
the hydration shell - but will display pronounced and persistent structural
alignment with the headgroup.

Another critical factor for biochemical processes influenced by membrane
charges is the local distribution of other solutes contained within the aqueous
phase, such as ions or smaller organic molecules. A significant charge density at
the interface will increase the propensity of ions or charged molecules of opposite
charge to approach the interface. This interaction between charged solutes and
the charged membrane interface leads to the formation of a Stern and diffuse
layer,™ in which the orientation and structure of water can strongly deviate from
that in the bulk due to the resulting surface potential. The spatial extent of non-
bulk orientation is known to strongly depend on the ion concentration in the
aqueous phase, as these charges may screen the field generated by the lipid
headgroups.**™’

Different membranes are known to exhibit different compositions and
different surface charge densities. It is not a priori clear how these properties,
each influencing the water orientation, will interact for complex membranes
composed of both charged and zwitterionic lipids and for subphases with
different concentrations of ions. Here we systematically study the effect of surface
charge and salinity on the interfacial water orientation by studying the constit-
uents of complex membranes isolated and combined under low salinity and
physiological conditions. The current study aims to determine if the effects are
simply additive or if cooperativity plays a role.

Since biologically relevant membranes are complex composite systems made
up of many different lipids, we will first study the behaviour of three individual
lipids representing headgroups of different charge architecture, namely the
negatively charged PG, positively charged TAP, and zwitterionic, but net-neutral,
PC (see Fig. 1 and Experimental section below). Subsequently, we compare the
properties of these mono-lipidic systems with the model organic monolayer of
Escherichia Coli (E. coli) extract to investigate to what degree the composite system
mirrors the properties determined for the individual lipids. We use E. coli as
a model system, as it is one of the most widely studied model organisms'®* in
various fields. The inner leaflet of the E. coli plasma membrane mainly consists of
zwitterionic and negatively charged phospholipids,* and the polar lipid extract of
the E. coli membrane is often used as a model system for studying bacterial cell
membranes.**>* The influence of the ions present in the subphase will allow
insight into the charge screening and resulting surface potential of the monolayer
and, thus, the mechanism through which these lipids impact water structure.
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Fig.1 Chemical structures of the lipid headgroups contained in the E. coli polar extract as
well as the structures of the positively charged TAP lipid and the zwitterionic PC lipid.

The interfacial water orientation can be measured by sum-frequency-
generation (SFG) spectroscopy, a surface-sensitive vibrational technique. The
amplitude of the observed water vibrational band can be correlated with the
charge-induced orientation of the water molecules near an interface. Briefly, SFG
relies upon light generation at the sum-frequency of two incident beams. Since
this is a second-order nonlinear optical process, it can only occur in non-
centrosymmetric media. The centrosymmetry of the bulk is inherently broken
at the interface, making SFG a surface-specific technique. In the case of vibra-
tional SFG, employed in this study, one of the incident beams is in the IR range,
whereas the second beam is in the visible range. When the wavelength of the
incident IR beam is in resonance with a molecular vibrational transition, the SFG
process becomes resonantly enhanced, thereby providing a vibrational spectrum
of the surface region. The material response probed in the SFG process is the
second-order nonlinear susceptibility, which scales not only with the number
density of SFG active molecules 7; in the ensemble, but also with the projection of
the transition dipole onto the surface normal d,, - which is linked to their
respective orientation.

Isrg « [XPP « |ny-do | »

In the case of the lipid monolayers studied here, a large SFG signal could
therefore be attributed to either a high number density of oriented molecules in
the surface region and/or a high degree of orientational order of the molecules
making up the surface. For charged surfaces, another contribution has to be
considered, namely the x*) signal generated by a combination of the fields of the
two incident beams and the surface potential ¢, generated by the surface charge,
which may additionally polarise the water molecules. The observed SFG intensity
is, therefore, also related to the charge density at the surface — and the resulting
surface potential ¢, — as well as the interaction of any ions and water molecules in
proximity to the charged surface on a molecular scale.'®”** Including this
contribution, the SFG intensity is more accurately described as follows:
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Since the third-order x® contribution is not subject to the same selection rules
as the X(Z) contribution, and can be generated in centrosymmetric media as well,
it can already be the dominant contribution in the SFG spectrum at moderate
surface charges. However, the x*) contribution can be screened effectively by ions
in the aqueous phase, since the surface potential is inversely proportional to the
ionic strength I of the aqueous phase,**7**** mathematically described by:

2kgT . . g . 1 2
= h | ————— th I = = E ¢ 3
& L xsin ( T NAIEUET) wi 22 zi¢ (3)

With kg being the Boltzmann constant, T the temperature, e the elementary
charge, ¢ the surface charge density, N, Avogadro's constant, ¢, the vacuum
permittivity, and ¢, the relative permittivity of the subphase. The ionic strength I is
determined by the square of the charge number z; of the specific ion multiplied by
the concentration of that ion in the bulk ¢;, summed over all ions i.

The x®)-term of eqn (2) can be expanded by an interference term, which
accounts for the interference between SFG radiation generated from different
depths inside the Stern and diffuse layers constituting the electric double layer
(EDL). However, for salt concentrations above 1 mM this EDL is very thin, and this
interference term becomes 1. As in the current study we work at ion concentra-
tions of 10 mM and above, the interference term has the value of 1.'*

We study the effect of charge and dipolar field on the water orientation by
studying the OH-stretch SFG signal of water molecules in contact with a purely
negatively charged 1,2-dipalmitoyl-phosphatidylglycerol (PG) monolayer, a purely
positively charged 1,2-dipalmitoyl-3-trimethylammonium-propane (TAP) mono-
layer, and a zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (PC) mono-
layer as a function of salinity. Subsequently, we increase the complexity of the
system and study the polar lipid extract of E. coli, mainly consisting of lipids with
three different headgroups, namely the zwitterionic phosphoethanolamine (PE),
the negatively charged phosphatidylglycerol (PG) and the doubly negatively
charged cardiolipin (CA). The ratio of these three different headgroups in the
extract is 67% PE, 23.2% PG and 9.8% CA, as determined by the supplier (see
below). Moreover, different combinations of the negatively charged and zwitter-
ionic lipids with the positively charged lipid TAP are studied. The chemical
structure of the various lipids is depicted in Fig. 1.

2 Experimental
2.1 Sample preparation and environment

All lipids were obtained in powder form from Avanti Polar Lipids and were used
without further purification: 16:0 TAP (890870), 16:0 PC (850355), 16:0 PG
(840455), and E. coli polar extract (100600). The lipids were dissolved in a mixture
of chloroform (stabilized with Amylene, >99%; Thermo Fischer Scientific) and
methanol (99.8%; VWR Chemicals) with a ratio of 9: 1, yielding a lipid concen-
tration of 4.3 x 10~* M. As the polar E. coli extract in its powder form is unstable
to oxygen, the parent solution was prepared under an inert N, atmosphere.
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Since we aim to study the monolayers in a stepwise approach toward physio-
logical conditions, we study the monolayers on subphases of increasing salinity,
namely 10 mM NaCl, 100 mM NaCl and 150 mM NaCl solutions and 150 mM
phosphate-buffered saline (PBS, ionic strength 171 mM). NaCl and PBS were
purchased from Sigma Aldrich; NaCl was heated to 600 °C under ambient
conditions for 6 h to remove impurities. The aqueous solutions were prepared by
dissolving NaCl or PBS buffer in ultrapure Water (MilliQ, 18.2 MQ resistivity) at
the desired concentration. In the case of PBS, one PBS tablet was dissolved in
200 mL of ultrapure water, resulting in the following ion concentrations in the
solution: 137 mM Nacl, 2.7 mM KCIl, 10 mM Na,HPO,, and 1.8 mM KH,PO,. For
this composition, we determine the ionic strength of PBS to be 171 mM, assuming
that most phosphate groups remain protonated in the solution.

For the charge titration experiments, the lipid solutions were mixed at
different ratios before being deposited onto the subphase (20 mL) using
a microliter syringe. After deposition, the monolayers were left to equilibrate for
5 min. All experiments were performed at a constant area per molecule of 78 A2,
corresponding to a surface pressure of roughly 15 mN m™" for the pure E. coli
monolayer. All SFG experiments were performed on a rotating trough to prevent
local heating effects.”®

2.2 Sum-frequency generation

SFG spectroscopy has previously been described in detail elsewhere.?”?® In this
study, SFG experiments were performed with a pulsed Ti:sapphire regenerative
amplifier that generated 800 nm pulses with a pulse duration of 40 fs and
a repetition rate of 1 kHz. A part of the output was used to pump an optical
parametric amplifier with a difference frequency generation (DFG) stage to
generate a broad IR pulse. The narrowband (around 15 cm ™' FWHM) VIS pulse
was generated by passing another part of the laser output through a Fabry-Perot
etalon. Both beams were then focused onto the sample surface and overlapped in
time and space. The generated SFG signal was collimated, focused onto a grating
spectrometer and detected with an electron multiplied charge-coupled device
(CCD) camera. The polarization of both the IR and VIS beams can be tuned by
a combination of polarisers and half-wave plates. All SFG spectra shown here were
collected in ssp polarisation (s-polarised SFG, s-polarised VIS and p-polarised IR)
and normalized to the non-resonant signal of z-cut quartz. All SFG spectra ob-
tained in this study were acquired in the CH/OH-stretch window of the vibrational

spectrum, i.e. the region between 2700 and 3600 cm ™.

3 Results and discussion

SFG spectra of pure TAP, PG, PC, and E. coli monolayers, on subphases containing
10, 100, and 150 mM Nacl, as well as 150 mM PBS, are depicted in Fig. 2. The
narrow bands of the spectrum between 2800 and 3000 cm ™" originate from CH-
stretch vibrations of the alkyl tails of the lipids, while the broad double feature
extending from 3000 to 3600 cm ™" arises from the hydrogen-bonded OH-stretch
vibrations of water molecules below the lipid monolayer, as well as from the OH
groups contained in certain lipid headgroups. A more detailed peak assignment
can be found in Table 1.
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Fig. 2 SFG spectra of (a) TAP, (b) PG, (c) PC, and (d) E. coli monolayers on aqueous
subphases containing 10 mM NaCl (dark blue), 100 mM NaCl (light blue), 150 mM NaCl
(orange) or 150 mM PBS (red). The inset shows the normalized sum of the fitted OH area as
a function of the ionic strength of the subphase. The corresponding model is described in
the main text. The dashed line indicates O SFG intensity.

In agreement with the literature,>"” the intensity of the OH-stretch band for
the singly positively charged TAP and singly negatively charged PG lipids
decreases with increasing salinity of the subphase (Fig. 2a and b). This indicates
that the ions in the subphase effectively screen the cumulative surface charge of
the monolayer, thereby reducing the surface potential and, consequently, the x©*)
contribution to the overall SFG signal, as explained above in eqn (2) and (3). The
difference in the spectral shape, especially between 2900 and 3050 cm™ ", can be
explained by the opposite charge of the lipid headgroups. As is predicted from the
net charge and previously observed in the literature, the sign of the x®
contribution to the OH-stretch band, and thus the orientation of the water

Table1 Summary of peak assignment, based on ref. 27, 31 and 32

Width 2T
Assignment Sign Frequency o [cm '] [em™]
CH; bend overtone — 2735-2760 45-60
CH, symmetric - 2845-2855 20-30
CHj; symmetric - 2870-2875 20-25
CH, fermi — 2890-2905 40-45
CHj; fermi — 2930-2935 20-40
CHj; asymmetric + 2950-2960 20-35
OH symmetric 1 + 2180-3220 280-310
OH symmetric 2 + 3420-3480 190-260
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molecules, flips when comparing negatively (PG) and positively (TAP) charged
lipids. However, the signal corresponding to the CH; asymmetric-stretch vibra-
tion of the end of the lipid tails appears at approximately 2950 cm ™" and is known
to have a positive x® for an aqueous subphase, irrespective of the headgroup.
This band thus interferes, either constructively or destructively, with the OH-
stretch signal, depending on the net orientation of the interfacial water mole-
cules and the resulting sign of x®) of the water signal. The interference between
the CH; asymmetric stretch of the lipid tails and the OH stretch of the oriented
water molecules, therefore, acts as an indicator for the sign of X(Z) of the inter-
facial water groups. Specifically, in the case of positively charged aqueous
surfaces, such as the TAP monolayer (Fig. 2a), this interference is destructive and
results in a prominent dip in the SFG spectrum, which is not observed at nega-
tively charged aqueous surfaces, such as the PG monolayer (Fig. 2b).

In contrast, the SFG spectrum of monolayers containing the zwitterionic PC
lipids, and in particular the OH-stretch area, is not affected by the salinity of the
subphase at all (Fig. 2c). This clearly shows that screening does not impact the
dipole-induced water orientation, originating from the negative and positive
charge present in the lipid headgroup. This observation can be traced to the
assumption that ions are unlikely to incorporate into the hydration shell of the
headgroup. This observation of salt-independence confirms the conclusion
drawn in ref. 13, that in zwitterionic headgroups, the relative position of the
phosphate and the choline moieties determines the water orientation. Addi-
tionally, the spectral shape of the OH-stretch band is also different in the case of
PC compared to PG and TAP: the double feature of the band is less pronounced
and the band at higher wavenumbers appears to be slightly redshifted. This
supports the previously outlined assumption that the water population for zwit-
terionic lipids is not the same as for charged lipids.

From these experiments, we can already highlight the following points: firstly,
charged lipids, and their resulting cumulative surface charge, are effectively
screened by ions in the subphase. Secondly, the intermolecular dipole of the
zwitterionic lipid headgroup induces a net orientation in the water molecules,
which is completely unaffected by the addition of salt. We attribute this to the
pronounced short-range ordering of water in the hydration shell of the zwitter-
ionic headgroup.

If we now turn to the composite E. coli monolayer, we still see a clear depen-
dence of the OH-stretch area on the salinity of the subphase, specifically between
10 and 100 mM NaCl (Fig. 2d). However, the area of the OH-stretch band is stable
at higher salt concentrations, i.e. 100 to 150 mM NaCl and 150 mM PBS. Since the
E. coli monolayer is comprised of both zwitterionic (PE) and charged lipids (PG an
CA), its behavior bears a resemblance to both cases: at low to intermediate
subphase salinity (10-100 mM NacCl) the increased ionic strength of the subphase
effectively screens the molecular charge of PG and CA, thereby reducing the
surface potential and the degree of water orientation these lipids may induce.
However, at larger ionic concentrations in the subphase (=100 mM), the persis-
tent water OH-stretch band is attributed to the persistent water orientation
induced by the zwitterionic PE lipids. Qualitatively, the E. coli monolayer can
therefore be described as a composite case, with the properties of the charged
lipids dominating at low subphase salinity, and those of the zwitterionic lipids
becoming increasingly apparent at high salinity. Although the zwitterionic lipid
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PE has a small difference in the headgroup structure compared to PC (Fig. 1), the
water SFG spectra have been shown to be very similar*® and, as such, very likely
the water structure is too. Additionally, we observe a difference in the shape of the
low-wavenumber flank of the CH region (between 2800 and 2850 cm ") for the E.
coli monolayer on a 10 mM NacCl subphase, which has been attributed to the
change in the amplitude of the OH-stretch band and the resulting changes in the
interference between the bands. These results show that the impact of
a membrane's apparent charge, as related to the specific architecture of the
charge distribution, will play a significant role in the resulting water orientation,
even under physiological conditions.

While these results allow for a qualitative understanding of the processes that
drive water orientation at these monolayers, we aim to obtain a deeper under-
standing of how charge impacts water structure. To this end, we perform lipid
titration experiments, as previously outlined by Dreier et al.*” These experiments
involve replacing, in defined increments, a fraction of the lipids covering the
surface with lipids of the opposing charge, thereby varying the net charge from,
e.g., net negative to net positive. As can be seen in Fig. 3a and b for a subphase of
10 mM NaCl and 150 mM PBS, respectively, the combined OH-stretch band,
between 3000 and 3600 cm ™, is quite pronounced in the case of the pure nega-
tively charged E. coli lipid monolayer (blue spectrum). When positively charged

T T T il |
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Fig. 3 (a) SFG spectra of various mixtures of E. coli and TAP on a 10 mM NaCl subphase.
The interference as a result of opposing dipole orientation is visible around 2960 cm ™. (b)
SFG spectra of various mixtures of E. coli and TAP on 150 mM PBS. All spectra are offset
relative to one another.
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TAP is added to the monolayer — decreasing the net charge - the area of the OH
band decreases (green and grey spectra) until it reaches a minimum, from which
its area increases again (orange and red spectra) with increasing TAP fraction as
the monolayer becomes positively charged.

As the net negative charge of the monolayer is reduced and finally switched to
a net positively charged monolayer, the orientation of the interfacial water
molecules is expected to decrease correspondingly and eventually flip (from
hydrogen towards the monolayer to hydrogen towards the bulk). This re-
orientation of the interfacial water molecules will result in a positive/negative sign
of the nonlinear response in the OH-stretch region for a positive/negative
monolayer.” In contrast, the orientation of the hydrophobic lipid tails is inde-
pendent of the charge of the headgroup, as their orientation is primarily deter-
mined by the hydrophobic effect. Therefore, the sign of x® of the CH-stretch
bands has to be the same for all lipids. Thus, the flip in the nonlinear response
of the water signal causes a difference in the interference between 2900 and
3000 cm™ " as mentioned above, and is indeed clearly visible by comparing the
blue/green spectra with the orange/red ones in Fig. 3. We can therefore conclude
that the successive addition of positively charged TAP to the negatively charged E.
coli lipid monolayer decreases the overall negative charge, as expected. This
results in a corresponding decrease in the orientation of the water molecules, as
observed through the resulting decrease in the OH-stretch band amplitude
generated by the aqueous phase. When sufficient positively charged TAP head-
groups are present to neutralize the net charge of the monolayer, resulting in
a neutral surface, the water signal passes through a minimum, which we refer to
as a crossing point here. By comparing Fig. 3a and b, it is clear that this crossing
point appears at a higher amount of added TAP for the 150 mM PBS case. This can
be explained by the screening effect of the ions on the TAP lipids, effectively
partially neutralizing the monolayer. As such, at higher ionic strength, more TAP
has to be added to achieve the point of zero water orientation. Upon further
increasing the relative fraction of TAP in the mixture, the net charge of the surface
becomes more positive, and the amplitude of the water signal increases again.
This reflects the growing positive charge of the monolayer and the resulting
orientation of the water molecules in the subphase. As the water molecules are
now oriented in the opposite direction (with the oxygen facing toward the lipid
layer), we now observe a dip in the spectra below 3000 cm ™" due to the destructive
interference with the CH; asymmetric-stretch vibration of the lipid tails, as
mentioned above. To build on this qualitative understanding of the structural
changes that occur across the lipid titration, we now evaluate the water orienta-
tion close to the monolayers in a more quantitative manner.

In order to trace the changes in the OH-stretch band, we take the sum of the
fitted A,, parameters of the two OH-stretch bands OH1 and OH2 (see Table 1) and
evaluate their evolution as a function of %TAP in the monolayer, as can be seen in
Fig. 4. To obtain the amplitude of the OH bands, we use a commonly used model
to fit SFG spectra based on a sum of complex Lorentzian lines, assuming that the
x®? and x©® components can be combined into an effective x® as described in
eqn (2). The fit function is:

= Aye” 4
Xeu © +Z@1R—wn T (4)

n
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Fig. 4 Sum of the fit parameter A,, corresponding to the two water resonances OH1 and
OH2 (see Table 1) — normalized to the OH-stretch area at pure TAP - as a function of
increasing TAP fraction for PG/TAP (orange), PC/TAP (red), and E. coli/TAP (blue) mixed
monolayers on a subphase containing (top) 10 mM NaCl, (middle) 150 mM NaCl, and
(bottom) PBS buffer. The corresponding model (solid line) is based on the Gouy—Chapman
model described in the Introduction and assumes the observed SFG signal to be
a combination of a constant x'? and a surface-potential-dependent x® contribution.

here, A, and ¢ are the amplitude and phase of the non-resonant background,
while A, w,, and I',, describe the area, frequency, and half-width at half-maximum
of the individual resonances in the SFG spectrum. We interpret the area 4,, to be
proportional to the number of ordered molecules contributing to the specific
resonance and the extent of their orientation relative to the surface normal. In the
experiments presented here, we detect Isrg, which is proportional to the absolute
square of x®. As a result, any information on the phase of the SFG signal, and
therefore the absolute orientation of the oscillators, is lost. However, as previously
outlined, the sign of the water OH-stretch band and, therefore, the sign of the
corresponding A, parameter, is known to be positive (negative) for negatively
(positively) charged surfaces.”® At intermediate charges, when the %TAP is grad-
ually increased, the orientation of the water molecules is no longer as clearly
determined. In order to obtain the %TAP at which the water OH-stretch band
changes its sign, the integrated area of the OH-stretch band is plotted as
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a function of %TAP and fitted with a second-order polynomial function. The
minimum of the fit function thus indicates the %TAP at which the water orien-
tation flips and the sign of the band changes. The spectra at higher %TAP than
the minimum therefore have a negative sign. As such, we know the sign of the two
OH-stretch bands that we then give as input in the fit. The resulting summed 4,
values of the OH-stretch bands OH1 and OH2 (see Table 1) are depicted in Fig. 4
for the titration curves from Fig. 3, as well as for titration of PC and PG. The figure
combines these titration data for the three different monolayers on three different
subphases (10 mM NaCl, 150 mM NaCl, and the physiological condition of
150 mM PBS). Data from one titration series are normalized to the fitted value for
pure TAP, which is assumed to be —1, and the normalized values for all experi-
mental series are combined into one data set. To verify that adding the 4, values
of both OH-stretch bands does not introduce any artifacts, an analogous analysis
was performed for both the OH1- and OH2-stretch bands independently, and
qualitatively similar results were obtained.

The titration curves for PG are only weakly affected by the nature of the
subphase. The zero crossing, indicating the point of zero water orientation, is
slightly above 50% TAP on 10 mM Nacl, increasing to just below 60% for 150 mM
NaCl and PBS. The charge-screening effects for PG and TAP are, therefore, very
similar. In comparison, for PC the zero crossing shifts to higher TAP concentra-
tion much more with increasing ionic strength of the subphase, due to the
screening of the positive charge of the TAP lipids by the negative ions in the
subphase. The higher the ionic strength, the larger the screening effect, and more
TAP has to be added to neutralize the water orientation induced by the dipolar
alignment of the water molecules in the PC headgroup. The titration curve of E.
coli shows qualitatively the same result: more TAP is needed to obtain the point of
zero water orientation upon increasing ionic strength.

To quantify how the contributions to water alignment - charge-induced
alignment, dipole-induced alignment, and charge screening - influence each
other, the data are modeled with the Gouy-Chapman model described in the
Introduction. In the modeling, we assume that the OH-stretch amplitude of the
water molecules in the case of a TAP monolayer is dominated by x'¥; we set the
x® component in eqn (2) to zero. According to this equation, the SFG amplitude
is then proportional to ¢,, which is calculated following eqn (3). The resulting
curve, using a charge density of 0.205 C m ™ > given by our working conditions of an
area per lipid molecule of 78 A%, as a function of ionic strength is depicted in the
inset of Fig. 2a. The data points in the same inset are obtained by fitting the SFG
spectra from the main panel of the figure, as described above. Besides a scaling
factor, no adjustable parameters are used to model the experimental data, and
good agreement is achieved. For the PG curve in Fig. 2b, we add a small x®
component as well, which will be explained in more detail below. As no salt
dependence is observed for the zwitterionic lipid PC, the SFG spectrum is fully
dominated by the X(Z) contribution. As E. coli consists of a mixture of zwitterionic,
charged, and doubly-charged lipids, both a x® and x'® contribution are used to
model the experimental data in Fig. 2d. The charge density at an area per lipid
molecule of 78 A” is given by considering that E. coli consists of 67% PE (zwit-
terionic), 23.2% PG (singly charged) and 9.8% CA (doubly charged), resulting in

a surface charge density of —0.087 C m>.
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To model the titration curves of Fig. 4, we use the Gouy-Chapman model to
calculate the ¢, at a given TAP fraction by considering that the charge density
changes linearly between the charge density for the pure PG (—0.205 C m~?), pure
PC (0 C m™?), or pure E. coli monolayer (—0.087 C m™?) at 0% TAP and the charge
density at 100% TAP. The calculation is repeated for the three different ionic
strengths. For the PC/TAP titration (red curves in the middle panel of Fig. 4), we
assume that the TAP lipids contribute to the total SFG amplitude as x®) o, while
the PC lipids contribute with solely a x? component linearly scaling with the
fraction of PC present in the mixture. The thus obtained curves are normalized as
in the experiment to —1 at 100% TAP. To describe the variation of the curves with
ionic strength, we only change the ionic strength I in eqn (3), and we keep the
values of x(z) and x(g) constant. This simple model describes the data remarkably
well. For the PG/TAP titration, a similar procedure is followed, except that PG has
a x® and x® contribution. If no x® contribution is included, the difference in
absolute intensity at 100% PG (left side of the titration curve) and 100% TAP (right
side of the titration curve) could not be explained, as we assume that the x® term
should be equal for PG and TAP, as it is coming from the bulk. Moreover, the
small x® contribution is also responsible for the small shift of the zero-crossing
with increasing ionic strength. The ratio between the x® and x® contributions
for PG is the same in the inset of Fig. 2b and the orange curves in Fig. 4. This
straightforward model also describes the titration curves for PG well. For the E.
coli lipid membrane extract, the mixed lipid contributions are described with
a sum of x® and x® components. The ratio of x® and x*) is constant for varying
ionic strength; the ionic strength is only changing ¢, and thereby the SFG
amplitude. The resulting model curves are depicted in orange in Fig. 4. Also, for
this complex lipid mixture, the model describes the subphase-dependent crossing
of the x-axis very well.

Combining both Fig. 2 and 4, it is clear that the Gouy-Chapman model, taking
charge screening into account, can explain the observed trends very well. As
mentioned, we model the data by assuming zero x® contribution for the TAP
lipids. Of course, we could equally well describe the titration data, including a
contribution for TAP and a subsequent change in the x® contribution for PG, PC,
and E. coli. The dependence of the modeled amplitude of the SFG data vs.
concentration (insets Fig. 2) is not sensitive enough to exclude a small x®
contribution to the TAP curve. In our previous publication,*® we additionally
invoked counterion condensation to explain the leveling off of the water signals
for highly charged monolayers. Within the signal-to-noise of the current dataset,
this additional effect does not have to be invoked to account for the data.

As the model describes all experimental data very well, we conclude that the
water SFG signal and, as such, the average orientation of water molecules in the
close proximity of a lipid layer, can be described by the effect of each constituent
of the monolayer itself. Fig. 5 schematically depicts the different effects. Positively
and negatively charged lipids orient the water molecules by their charges, with the
oxygen or hydrogen, respectively, pointing towards the lipids. The charge-induced
surface potential even breaks the symmetry over nm length scales, so that the SFG
signal does not come from just one interfacial layer. This charge-induced effect
can be screened by increasing the ionic strengths of the subphase. Interestingly,
the ionic strength of the subphase has no effect on the water alignment for
zwitterionic lipids, which is explained by the dipole alignment of water molecules
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Fig. 5 Sketches of the water structure at different lipid monolayers containing (a) TAP
only, (b) PG only, (c) equal amounts PG and TAP, (d) PC only, (e) PC and TAP, and (f) E. coli
lipid extract. Red arrows indicate the dipole moment of the individual water molecules in
the surface region. The overall water dipole is indicated on the right-hand side of each
sketch.

between the opposite charges in the headgroup (see Fig. 5d). For zwitterionic
lipids with the negative charge above the positive charge, the water orientation
has the same direction as for negative lipids and the lipid ‘appears’ to be nega-
tively charged (see Fig. 5b and d). A mixed PG/TAP monolayer with 50% TAP
results in a zero water signal in SFG and, as such, on average a zero water
orientation, but each lipid could still orient certain water molecules (Fig. 5c).
‘Neutralising’ the water orientation caused by zwitterionic lipids (Fig. 5e), occurs
at a TAP concentration significantly smaller than 50%, as the apparent charge is
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not as high as for a pure negatively charged lipid monolayer. With increasing
ionic strength in the subphase, more TAP has to be added to achieve a net-zero
water orientation, as the charge of a TAP molecule becomes more screened
with increasing ionic strength. The alignment of water molecules underneath
a complex lipid monolayer like E. coli can be very well described as a simple sum
of its constituents — we find no indications for cooperative or collective effects.

4 Conclusion

In this study of lipid hydration in model membrane lipid monolayers, we have
shown that there are two distinct mechanisms leading to lipid-induced orienta-
tion of water molecules: monopolar (charge-induced) and dipolar (zwitterionic)
water alignment. We probe the water alighment using nonlinear vibrational
spectroscopy. Charges give rise to a so-called x® contribution, whereas dipolar
alignment gives rise to a x® contribution to the water response. The two
contributions can be separated by their strong dependence (monopole, x*) vs.
absence of dependence (dipole, x®)) on electrolyte concentration. The electrolyte
can screen the monopolar but not the dipolar field. The response of water to an E.
coli lipid extract, consisting of a mixed monolayer of charged and zwitterionic
lipids, can be very well approximated by a sum of the separate contributions,
despite the system's complexity.
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