Observation of Water Separated lon-Pairs between Cations and

Phospholipid Headgroups

Sietse T. van der Post,’ Johannes Hunger,i Mischa Bonn,* and Huib J. Bakker*'

TFOM Institute AMOLF, Science Park 104, Amsterdam, The Netherlands
*Max-Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

ABSTRACT: In this work, we present evidence for ion pair formation of cations with a high surface charge NH
density (Na* and Ca®") and phosphate groups of phospholipids. We used femto-second infrared pump—

probe and dielectric spectroscopy to probe the dynamics of water molecules in solutions of
phosphorylethanolamine and different types of cations. We find that sodium and calcium cooperatively d W o—fP=o0

retard the dynamics of water in solutions of phosphorylethanolamine, implying the formation of solvent
separated ion pairs. This ion-specific interaction is absent for potassium, cesium and ammonium. We

o o
®< .

compare our results to dielectric spectroscopy experiments, which probes the rotation of all dipolar
molecules and ions in solution. The rotation of the dipolar phosphorylethanolamine ion shows that long-
lived ion-pairs are only formed with calcium and not with ammonium, cesium, potassium, and sodium. This finding implies that
the association between calcium and the phosphate is strong with lifetimes exceeding 200 ps, while the interaction with sodium is

relatively short-lived (~20—100 ps).

B INTRODUCTION

Phospholipids are the main building blocks of lipid membranes
that are ubiquitous in all living organisms. Because of their
hydrophilic headgroups and hydrophobic tails, phospholipids
form stacked bilayers in the presence of water. The molecular
character of the hydrophilic headgroup governs its interaction
with proteins adsorbed at the membrane surface. Lipid
membranes thereby influence the properties of these proteins
and catalyze biochemical processes."”” As has become clear in
the last decades, water does not play a passive role as just the
medium, but is actively involved in membrane—protein
interaction.>* In addition, water has an influence on the
physical properties of the membrane. The dynamics of the
phospholipid headgroups is for example found to be more
collective when less water is present at the lipid surface.®

Ions have been found to change some of the properties of a
lipid membrane such as thickness, headgroup conformation and
lateral diffusion.”®™"* In a number of studies it was found that
the tendency of anions to adsorb at the membrane surface
follows the Hofmeister series: weaker hydrated anions (with a
low surface charge density) such as iodide are attracted, while
fluoride is repelled.*'* For cations the effect is rather opposite:
strongly hydrated ions (with a large surface charge density)
such as Ca** and Na* can penetrate into the interfacial region of
the membrane and tend to form clusters with lipids by binding
to their carbonyl and phosphate groups.*”'*'>~'* These results
suggest a delicate balance of the interactions between the
hydrophilic groups of the phospholipid headgroups, water and
the cosolvated ions.

In recent work it was found that cations can influence the
dynamics of water in the solvation shell of their counterions in
a subtle way.">'® Water that hydrogen-bonds to an anion is
restricted in its reorientation depending on the surface charge
density of nearby cations. In this work, we study the combined

effect of different types of cations and phosphorylethanolamine
on the dynamics of water. We study the solutions with
femtosecond infrared spectroscopy and GHz dielectric
relaxation spectroscopy, which have both proven to be powerful
techniques to study aqueous salt solutions.">"”

B EXPERIMENT

fs-IR Pump—Probe. We use polarization-resolved femto-
second infrared pump—probe spectroscopy to measure the
reorientation of OD groups in isotopically diluted water (8%
HDO in H,0), for various concentrations of phosphoryletha-
nolamine salts (M'PE", see Figure 1, M* being different types
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Figure 1. Molecular structure formula of NaPE in water. PE™ is a
zwitterion at neutral pH.

of cations). In this experiment we excite the OD-stretch
vibration with an intense, linearly polarized pump pulse, after a
delay time t followed by a much weaker probe pulse with its
polarization either parallel or perpendicular to the pump
polarization. Preferably the OD groups that have their
transition dipole parallel to the pump-polarization are excited,
resulting in an anisotropically excited subensemble of OD
groups. The excitation thus leads to a polarization dependent
change in absorption, which is recorded by two probe pulses
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with mutual perpendicular polarizations. By increasing the delay
time between the pump and the probe pulses, the dynamics of
the absorption changes are monitored. Vibrational relaxation
causes the oscillators to relax to the ground state, resulting in a
decrease of the absorption changes. In addition, with increasing
delay the excited OD groups reorient and thus become more
isotropically distributed, causing the parallel and perpendicular
signals to become increasingly similar. The dynamics of the
vibrational relaxation can be extracted by taking the weighted
sum of the parallel and perpendicular signal,

Aoy(w, t) + 240 (@, t)
3 (1)

where Ay (w,t) and Aa,(w,t) are the transient absorption
changes probed by the probe parallel and perpendicular to the
polarization of the pump. The typical relaxation time of the
OD-stretch vibration in isotopically diluted water is 1.8 + 0.1
ps.”® The reorientation dynamics, free from the effect of the
vibrational relaxation, is expressed in the anisotropy parameter

R(t), defined by,

3 Aoy(w, t) — Aoy (@, t)
Ri@, ) = Aay(w, t) + 240 (@, t) )

Aa, (o, t) =

In neat 8% HDO:H,O R(t) of the pure OD-stretch
excitation (i.e., the transient spectra corrected for the
accompanied heating of the sample) decays monoexponentially
for a delay t > 0.4 ps with a time constant of 2.5 + 0.1 ps.”®

GHz Dielectric Relaxation. We performed GHz dielectric
relaxation (GHz-DR) measurements on the same salt solutions
as studied with fs-IR, but now dissolved in pure water instead of
HDO:H,0. In this experiment the frequency dependent
complex dielectric function of the sample is obtained in the
range of 200 MHz to 70 GHz by the phase-sensitive
measurement of reflected microwaves. A detailed description
of the experiment can be found in ref 27.

GHz-DR measures the correlation function of the macro-
scopic polarization of the sample as a response to an externally
applied electric field. In the presence of an electric field the
partial alignment of molecular dipoles against thermal
fluctuations results in a polarization effect. This polarization
can be expressed in terms of the complex permittivity &(v) =
&'(w) — ie" (). For electrolyte solutions the translation of the
ions, as determined by the macroscopic conductivity, o, gives
rise to an additional contribution to the imaginary part " of the
permittivity. This contribution of ((—ic)/(27ve,)) is subtracted
from the data in line with the analysis done in refs 27 and 28.

For single-component molecular liquids, for which the
polarization decays with a single-exponential functional shape,
the measured permittivity can often be described by a Debye
relaxation model

S
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where &, is the permittivity at infinite frequency, 7 is the
characteristic relaxation time and S the amplitude of the Debye
mode. For a mixture of different dipolar species that show
distinct time constants, each species can be described with a
separate Debye mode. The amplitude S of each relaxation mode
is proportional to the corresponding concentration ¢ of dipoles
and their effective dipole strength u,; through the Cavell
equation,29

S = & Ny 2

He'c
3(85 + é(l - es)) ksTe,

4)

where & is the static permittivity.

Samples. We studied the molecular anion phosphoryletha-
nolamine (PE) in combination with different cations M = NHj,
Cs*, K*, Na*, Ca®* (see the structure formula of NaPE in Figure
1). PE forms the polar headgroup of a very common class of
phospholipids, the phosphatidylethanolamines. Phosphoryle-
thanolamine (98% purity) was obtained in pure form from
Sigma-Aldrich. After dissolving PE in water (isotopically diluted
or pure H,0), a stoichiometric amount of hydroxide with the
appropriate cation was added to obtain the salt solution of
interest. The solutions were brought to pH = 8 by adding a
small amount (a few percent maximum) of a solution with the
same PE concentration. At pH = 8, the phosphate fragment is
fully deprotonated and the ammonium group is positively
charged,® as illustrated in Figure 1. A small amount of D,0
was added to the samples used in the fs-IR experiments, such
that the solvent consisted of 8% HDO:H,O. Samples for the
dielectric experiments were prepared in volumetric flasks, in
order to obtain well-defined molar concentrations of all
components, required for the analysis of the dielectric data.
Throughout this manuscript all concentrations mentioned will
refer to the concentration of PE”, meaning that the amount of
bivalent Ca** cations in a solution of Cay<PE is only half the
amount of Na* cations in a solution of NaPE of the same (PE)
concentration.

B FS-IR RESULTS

Figure 2 shows transient differential absorption spectra for ten
pump—probe delay times for a 1 mol/kg solution of KPE. The
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Figure 2. Transient absorption spectra at different delay times for a 1
mol/kg solution of KPE. The solid lines are the results of a fit to the
data of the kinetic model described in the text.

negative absorption change (bleach) for short delay times
results from the depletion of the ground state and stimulated
emission of the probe from the v = 1 to the v = 0 state for the
excited fraction (a few percent) of HDO molecules. The
excited state decays in a few picoseconds to a differential
absorption spectrum that remains constant on the time scale of
the experiment (10 < t/ps <100). This differential absorption
signal results from the increase of temperature after the
excitation has completely equilibrated over all the bath modes,
and hence will be referred to as the thermal difference



spectrum. To determine the time constant of the vibrational
relaxation, we fit a kinetic model to the data in which the
excited state relaxes to the thermalized, hot ground state
through an intermediate state. We assumed the spectral
response of the intermediate state to be the same as that of
the ground state, meaning that this state does not possess a
differential absorption spectrum. This model provides an
accurate description of the vibrational decay and thermalization
of neat 8% HDO:H,0.%° The solid lines in Figure 2 represent
the fit of the model to the 1 mol/kg KPE data. For all the
different salts and concentrations the vibrational relaxation
times obtained are very close to the value of 1.8 ps obtained for
neat 8% HDO:H,0.

The fit yields the dynamics of the rise of the thermal
difference spectrum. We can thus subtract its contribution at all
delay times from both the parallel and perpendicular probed
signals to obtain the polarization dependent absorption changes
that only result from the excited OD oscillators. Using these
signals in equation eq 2 provides us with the anisotropy
parameter R(t) of the excitation of the OD vibrations.

The anisotropy decay for different concentrations of NaPE
are presented in Figure 3. The reorientation dynamics of neat
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Figure 3. Anisotropy decays for different concentrations of NaPE.
With increasing concentration a larger fraction of the OD groups
shows slower reorientation.

8% HDO:H,O decays monoexponentially for delay times ¢ >
0.4 ps with a time constant of 2.5 ps, similar to what was found
in previous work.”® The reorientation dynamics for pump—
probe delay times shorter than 0.4 ps were not fitted. Hence,
we do not include the ultrafast decay component of the
anisotropy due to librational motions. For increasing
concentrations of NaPE, the anisotropy decay becomes slower.
The curves in the logarithmic plot of Figure 3 clearly show that
the decay is not single exponential. A free biexponential fit to
the reorientation dynamics of three independently measured
data sets of 2 mol/kg NaPE yielded a fast reorientation time of
2.3 = 0.2 ps and a slow reorientation time of 20 + 5 ps.

Figure 4 shows the anisotropy decays obtained for 1 mol/kg
solutions of NaPE, KPE, Nal and KI. The curves of all
measured salts and concentrations are very well described by a
biexponential function with a fast and a slow component.
Previous work on aqueous solutions of osmolytes also found a
biexponential behavior of the anisotropy dynamics.*'~>* It was
shown that even in concentrated solutions a fast relaxation
component persists with a time constant similar to the bulk
water reorientation time. For such concentrated solutions it is
very unlikely that there are many water molecules in an
environment that is like bulk water. However, at high solute
concentrations there is still a considerable amount of OD
groups that have the freedom to reorient on a time scale like in
bulk water.

Here we also find a component of the anisotropy decay that
has a bulk-like reorientation time. This component includes
both water molecules with a bulk-like reorientation mechanism,
and the wobbling motion of OD groups that are hydrogen-
bonded to the negatively charged oxygens of the phosphate
group of PE~. Wobbling motions**** can lead to a relatively
fast but incomplete reorientation of water and have been
observed by many researchers.'®>***73® It has recently been
shown that the wobbling motion of OD groups hydrogen-
bonded to halide anions happens with a time-constant of 2 ps."®
Since we expect the same components for the solutions of
lower concentrations, we fix the time constant of 2.5 ps in all
fits. The slow component represents OD groups for which the
reorientation is severely hindered. For all concentrations we fix
this time constant to 20 ps according to the value we found
from a biexponential fit to the 2 mol/kg anisotropy decays of
KPE and NaPE. It should be noted that the error margin on the
fitted time constants is quite large due to the fact that we can
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Figure 4. Comparison of the anisotropy decay of different salt solutions, all at a concentration of 1 mol/kg. (A) NaPE has a stronger effect of
immobilization of water molecules than KPE. (B) This difference is absent in the case of the corresponding iodide salts and therefore finds its origin

in a cooperative effect between the cation and the PE™ ion.



only probe the anisotropy over a time interval of 8 ps, due to
the short vibrational lifetime (1.8 ps). The fraction of slowly
reorienting water fu,, = Agy,/(AgutApy) follows from the
fitted fast and slow amplitudes, Ay, and Ay, respectively. The
biexponential fits are represented by the solid lines in Figure 3
and Figure 4. The slow water fraction f;,,, is shown in Figure 5
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Figure S. Slow fraction of water (,, ~ 20 ps) for PE solutions with
different cations, as inferred from fs-IR experiments. The slope of the
lines represents the hydration number Z. Cations with a larger surface
charge density are seen to slow down a larger number of water
molecules.

for all data (salt solutions and concentrations). We obtain the
hydration number Z, the number of slow OD groups per solute
molecule, from the slope of a straight line fitted through the
points (solid lines in Figure S). The hydration number
decreases in the cation series Ca?* > Na* > K* ~ Cs* > NH,".

B GHZ-DR RESULTS

Figure 6 shows the real (blue, circles) and imaginary (red,
squares) part of the dielectric function for different
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Figure 6. Real (blue, circles) and imaginary (red, squares) part of the
dielectric function for solutions of 0.24, 0.48, 0.71, 0.93, 1.33, and 1.75
mol/kg of NaPE in water. The bulk water mode at 20 GHz is
decreasing with concentration and a mode at low frequencies grows in
with concentration. The latter mode is assigned to the reorientation of
the zwitterion PE™.

concentrations of NaPE. As already apparent from the raw
data, the spectra show an intense relaxation mode (peak in &”
and accompanying dispersion in ¢’) at frequencies ~0.3 to 1
GHez. Its amplitude increases with concentration, apparent from
the increase of the peak in the dielectric loss upon the addition

of solute. The electronic structure of the PE™ anion is such that
the negative charge is located at the phosphate group and the
positive charge is centered at the ammonium fragment. This
charge separation leads to an intrinsically large dipole moment
and the observed lower frequency relaxation can thus be
assigned to the rotation of the PE™ ion.

The observed frequency corresponds to a reorientation time
of the solute on the order of 200 ps, increasing with increasing
solute concentration to over 400 ps. We derive the effective
dipole of the PE™ ions from the fitted mode amplitudes using
the Cavell equation eq 4. For all salt solutions except CaysPE
the effective dipole is independent of both cation type and its
concentration (Figure 8). The obtained dipole moments of 25
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Figure 7. Results of a fit (solid line) of three Debye modes to the real
(blue, circles) and imaginary (red, squares) part of the dielectric
function of a 1.75 mol/kg solution of NaPE in water. The dotted lines
represent the imaginary part of the three resolved modes. The
amplitude and time constant of the slow water mode (middle) are
obtained from the fs-IR experiments.

+ 1 D correspond well to the results of an ab initio calculation
of a PE™ zwitterion in a dielectric continuum.> Interestingly,
the effective dipole of PE™ in solutions of CaysPE shows a
significant decrease with concentration.
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Figure 8. Effective dipole moment of PE™ as obtained from the
amplitude of the low frequency mode using the Cavell equation (eq
4). The obtained values are in good agreement with an ab initio
calculation of the PE™ dipole in a constant medium, which gives ;=
24-33 D, depending on the conformation. The error bars for the
NaPE data points are exemplary, the error bars for the other data
points are of similar magnitude. The dipole moments of PE~ show no
significant dependence on concentration, except if Ca®* forms the
counterion.



The data in Figure 6 shows another relaxation mode that is
centered at ~20 GHz. The amplitude of this relaxation
decreases with increasing concentration and can be readily
assigned to the reorientation of bulk-like water.*’

From the fs-JR data, it is apparent that not all water
molecules show bulk-like dynamics, and that a subensemble of
water molecules exhibits distinctively slower rotational
dynamics. Accordingly, we fit a superposition of three Debye
modes to the experimental permittivity spectra, representing
the solute rotation, the relaxation of slow water molecules, and
the orientational relaxation of bulk-like water molecules. As the
relaxation of the slow water subensemble is located in the
spectrum between the intense bulk water relaxation and the
lower frequency solute mode, it is difficult to unambiguously
determine its amplitude and central frequency. Thus, we reduce
the number of adjustable parameters and fix the fraction of slow
water molecules in these fits to that obtained from our fs-IR
experiments. Further, we fix the relaxation time of the slow
water molecules. GHz-DR measures the first order correlation
function of the macroscopic polarization, whereas fs-IR
measures the second order correlation function of the transition
dipole moments of the OD stretch vibration. The rotational
correlation times of the two different experiments are found to
be related to each other by a factor of 3.4.°° We use a value of 7
= 68 ps correspondsing to the value of 20 ps used in the fs-IR
analysis. As can be seen in Figure 6 the fits are in excellent
agreement with our experimental spectra. The good quality of
the spectral decomposition into the three Debye modes is
exemplified for the spectrum of a 1.75 mol/kg solution of NaPE
in Figure 7.

After correction for kinetic depolarization®” the sum of the
amplitudes of the two water relaxation modes (slow water +
bulk-like water) reproduce the total analytical water concen-
trations for KPE, NH,PE and CsPE within experimental
accuracy. For the samples with Ca** and Na* as counterions,
the water concentration extracted from the sum of the
amplitudes of the two water relaxation modes, is lower than
the analytical water concentration, indicative of the presence of
irrotationally bound water molecules within the hydration shell
shells of those cations.>”

B DISCUSSION

The hydration numbers obtained from the analysis of the fs-IR
data for solutions with low charge density cations like K, Cs*
and NH," all close to Z ~ 7 (as shown in Figure $).
Considering that these three cations have a low surface charge
density this suggests that the hydration number of KPE, CsPE,
and NH,PE is entirely due to the solvation of the PE™ anion.
This hydration water likely corresponds to water molecules that
are strongly hydrogen-bonded to the phosphate group or in the
hydrophobic hydration shell of the C,H, backbone of PE".
Figure S shows that a marked difference in hydration number
exists between NaPE (Z = 11 = 1) and KPE (Z = 7 + 1). This
means that there are more slow water molecules for NaPE than
for KPE. This suggests that for NaPE not only the PE™ ion, but
also the cation is responsible for the slower dynamics of water.
Na* has a higher surface charge density than K', which indeed
points to a stronger interaction of Na* with its solvation shell.
The data on Nal and KI, however, are contradicting the
hypothesis that the stronger retardation around NaPE
compared to KPE is just caused by the cation. The anisotropy
decays shown for the solutions of Nal and KI in Figure 4B
reflect the reorientation of only the OD groups hydrogen-

bonded to other water molecules (OD---O, see also ref 16),
including those in the solvation shell of the cations. The
anisotropy decays are identical to that of neat 8% HDO:H,O,
implying no retardation of the reorientation of OD groups of
water molecules around either K" or Na'. The difference
between NaPE and KPE can therefore not be explained by a
cationic effect alone, but implies a cooperative effect between
the cation and the PE” ion, present for sodium, but not for
potassium. This observation is indicative of the formation of
weak solvent separated ions pairs for sodium, similar to the
longer ranged cooperative effects that were recently found in
highly charged ion combinations such as MgSO,."

Positively and negatively charged ions affect the dynamics of
their solvating water molecules in different ways. Cations tend
to align the static dipoles of their hydrating water molecules
through coulomb interaction."® In this configuration the water
molecule can rotate around the dipolar axis, so that OD groups
(or hydroxyls) can still reorient in a bulk-like fashion. In the
vicinity of the PE™ ions, however, the OD groups of the cation
hydration layer can form hydrogen-bonds to the negatively
charged phosphate oxygens at the same time, thus decreasing
the mobility of the OD groups. Such a hydration complex can
be defined as a solvent separated ion pair.

This cooperative locking of water molecules in between PE™
and the cation only occurs if both the cation and the anion
strongly interact with water. In the case of Nal and KI
solutions, the iodide ions have a too low surface charge density
to cooperatively lock water molecules with their cosolvated
cations. When iodide is replaced by the PE™ anion, a distinct
difference between the Na® and K" solutions becomes
apparent: In the case of NaPE about three water molecules
show slower dynamics in addition to the slow water molecules
that were associated with the hydration of PE™. In case the
cation is Ca®*, with a yet higher surface charge density than
Na*, the effect is even more pronounced (Z = 14 + 2). Both
the PE™ ion and a cation with large surface charge density are
thus required to form such a solvent separated ion pair. The
obvious molecular group in PE™ to participate in these
hydration complexes is the negatively charged phosphate
group. It is noteworthy that we observe the rotation time of
water molecules located between the phosphate group and the
cation of the solvent separated ion-pair to be in the order of 20
ps. This time constant implies that the lifetime of the Ca®'—
PE™ and Na'—PE~ jon-pairs must exceed 20 ps in order to
observe a noticeable retardation of the water dynamics.

We thus find strong evidence for the formation of solvent
separated ion pairs for NaPE and Ca(PE), solutions. Dielectric
spectroscopy is in particular powerful in detecting such ion pair
species as an ion aggregate possesses an intrinsic electrical
dipole moment. In case the lifetime of such an ion aggregate is
comparable or longer than its rotational correlation time, the
rotation of the aggregate will be observed as a strong low
frequency relaxation in the DR spectrum.”’

In the present case the PE™ anion itself has an electrical
dipole owing to its zwitterionic chemical structure. The
formation of an ion-pair via interaction of the cation with the
negatively charged phosphate group of PE™ would balance part
of the negative charge located at the phosphate group. An
M'PE™ ion pair would therefore have a smaller electrical dipole
than the PE™ anion itself.

For all studied samples (except for Ca**), we observe Heff to
be constant at all studied concentrations. This observation
implies that ion pairs between PE™ and the monovalent alkali-



metal jons (including Na™) are too short-lived (<200 ps) to be
detected with DRS. This provides an upper boundary for the
persistence times of the PE™ cation contacts as inferred from
our fs-IR results. Only for Ca®* we observe Hefy to decrease with
increasing concentration. This indicates that only for Ca*" the
solvent separated ion pair exists longer than 200 ps. The
observation of a reduced PE™ dipole in solutions with co-
solvated Ca®" cations is in line with recent phase-sensitive SFG
results.”® A reduced ordering of water was found at water-
membrane interfaces containing Ca®* cations."> Such an effect
can be explained by the binding of Ca®* ions to the phosphate
groups of membrane lipids that lead to a reduced dipole-
induced alignment of the water solvating the headgroups.

Our findings agree with previous theoretical work and
molecular dynamics simulations that showed that the
interaction between membrane lipids and co-solvated ions is
highly dependent on the charge density of the ions. Cations
with a high surface charge density like sodium and calcium were
found to have a higher propensity at the lipid surface.>'*'* The
binding of Na* and Ca’* to particular anionic groups may also
play a role in the denaturation of biomolecules (e.g., proteins
and DNA), as cations with a higher surface charge density
typically destabilize protein conformation.”> To explain
denaturation effects, most recent work favors the picture of
direct ion-protein interaction rather than a long-range structure
making or breaking effect on water.”* >* Our observation of
solvent separated ion pairs between phosphate and Na* or Ca**
is strong support for direct ion—protein interaction.

B CONCLUSIONS

We studied the dynamics of water in solutions of phosphor-
ylethanolamine (PE™) and different types of cations using
femtosecond infrared (fs-IR) pump—probe spectroscopy. We
find that cations with a large surface charge density like sodium
and calcium form a hydration complex or solvent separated ion
pair with PE™. For larger cations like potassium or ammonium
such ion pairs are not observed. The dielectric spectra in the
region of 200 MHz to 70 GHz are consistent with these results.
In these spectra we find a low frequency mode that we assign to
the reorientation of the PE™ ijon. From this mode we
determined the effective dipole moment of PE™ to be 25 + 1
D, consistent with ab initio calculations. The effective dipole
shows a concentration dependence in the case of Ca®* as
counterion, which is indicative of the formation of ion pairs
with lifetimes exceeding 200 ps. Since such a concentration
dependence is not observed for solutions of NaPE, but the fs-IR
results provide evidence for the formation of ion pairs, the
lifetime of Na"™-PE~ complexes is in the range 20—200 ps.
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