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Biological membranes play a major role in diffusing protons on their surfaces between transmembrane
protein complexes. The retention of protons on the membrane's surface is commonly described by
a membrane-associated proton barrier that determines the efficiency of protons escaping from surface
to bulk, which correlates with the proton diffusion (PD) dimensionality at the membrane's surface. Here,
we explore the role of the membrane's biophysical properties and its ability to accept a proton from
a light-triggered proton donor situated on the membrane's surface and to support PD around the probe.
By changing lipid composition and temperature, while going through the melting point of the
membrane, we directly investigate the role of the membrane phase in PD. We show that the proton
transfer process from the proton donor to the membrane is more efficient in the liquid phase of the
membrane than in the gel phase, with very low calculated activation energies that are also dependent on
the lipid composition of the membrane. We further show that the liquid phase of the membrane allows

higher dimensionalities (close to 3) of PD around the probe, indicating lower membrane proton barriers.
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Accepted 14th February 2025 n the gel phase, we show that the dimensionality o is lower, in some cases reaching values closer to

1, thus implying specific pathways for PD, which results in a higher proton recombination rate with the

DOI: 10.1039/d4sc07044¢ membrane-tethered probe. Computational simulations indicate that the change in PD between the two
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Introduction

Proton transfer (PT) reactions are at the heart of bioenergetic
systems, where PT occurs between the two sides of a biological
membrane via transmembrane protein complexes."> Much
scientific attention was given to the question of how protons
reach the transmembrane protein complexes, whether from the
bulk aqueous medium or the surface of the membrane. Such
studies resulted in our understanding that the surface of bio-
logical membranes can support lateral proton diffusion (PD)
with an apparent proton barrier between the surface of the
membrane and the bulk.*” The proton barrier is an inherent
property of biological membranes that creates an energy barrier
to the diffusion of protons from the surface of lipid membranes
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phases can be correlated to the membrane’s ‘stiffness’ and ‘looseness’ at each phase.

to the bulk, encompassing the entire membrane surface. It
consists of lipid head groups and surrounding water molecules,
with its formation driven by hydrogen bonding interactions
between the protons and lipid head groups or nearby water
molecules at the interface, as well as by electrostatic interac-
tions. A few decades ago, several studies revealed the capacity of
the membrane interface to function as a proton barrier,
employing pH indicators to demonstrate that when protons are
released on the surface of the membrane via a proton channel,
the protonation of membrane-bound molecules occurs signifi-
cantly faster than that of molecules in the aqueous phase.****
This discovery ignited extensive research into how
a membrane's proton barrier affects PD at the membrane
surface, utilizing both experimental and theoretical
methods.>®**** Subsequent studies and theoretical models
concerning the membrane-bulk interface disclosed that factors
such as bulk proton concentration, the charge and type of lipid
head groups, membrane composition, and structural attributes
such as membrane fluidity and ordering (as seen in this study)
can markedly influence this energy barrier.’>™®

While the proton barrier can result in a delayed equilibrium
between protons on the surface of the membrane and bulk
protons and can explain the observed lateral long-range PD on
the surface of the membrane, lateral long-range PD and the
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mechanism behind the proton barrier are not well understood.
Also, the nature of the delayed equilibrium process is myste-
rious; while some suggest a quasi-equilibrium model between
protons on the surface and bulk,"?* ie., fast desorption and
adsorption of protons from the surface to the bulk, others
suggest a non-equilibrium model,">'%** i.e., the retention of the
protons on the surface of the membrane. While the initial
studies targeting the membrane-related proton barrier proved
the capability of biological membranes to support lateral
PD,**>? more recent studies targeted the role of the membrane
composition in this process.*****” A fundamental biophysical
property of the membrane that was commonly overlooked in
most studies concerning PD on the surface of biological
membranes is the membrane phase, liquid (fluid) vs. gel (solid)
phase. In general, the phase transition of biological membranes
is a complicated process involving various intermediate stages
of lipid ordering as the membrane transitions between its two
phases.”® Traditionally, and even though it is not a first-order
process, the phase transition is characterized by a transition
melting temperature (T,,), commonly determined by
calorimetry/thermal techniques.”>** This transition signifies
a global alteration in the membrane's fluidity. As the tempera-
ture increases beyond the Ty,, a greater portion of the
membrane exists in its liquid phase. Conversely, as the
temperature decreases below the T, a larger portion of the
membrane resides in its gel (ordered) phase. In this study, we
directly tackle the role of the membrane phase, which is also
related to the membrane composition, on the ability of the
membrane to support PD and the nature of the proton barrier.
By changing the composition of the membrane and performing
temperature-dependent measurements going through the Ty,
we can resolve the changes in the PD and other PT processes
happening on the surface of the membrane and decipher the
mechanism of PT.

To measure the PT reactions on the surface of the biological
membrane, we use here our recently developed probe that can
be tethered to the surface of the membrane and can release, i.e.,
inject, a proton to the surface of the membrane on demand
following light excitation."*' The probe is based on the pyr-
anine photoacid to which long alkyl chains were attached,
a probe that we term C,,-HPTS (Fig. 1). Following excitation and
owing to the low pK, value in the excited state of the probe, it
undergoes a deprotonation process known as excited-state PT
(ESPT):

ROH " ROH* == RO * 4 H". (1)
kpr ™!

Following deprotonation, the released proton to the surface of
the membrane can either undergo lateral PD, escape to the bulk
medium surrounding the membrane, or undergo geminate
proton recombination with the deprotonated excited probe
(RO™*). In this way, our probe serves as both the proton donor,
the ROH* form, and the proton acceptor, the RO™* form. Since
the protonated and deprotonated states of the probe emit at
different wavelengths, we can detect the population of each
state individually. Using steady-state and time-resolved fluo-
rescence measurements, together with our recently developed
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model for the mentioned ESPT process,* we can gain valuable
information on the ESPT rate (kpr), the recombination rate
(kpr "), and the dimensionality of the PD process surrounding
the probe. Since we observe only the excited-state of the probe in
our measurements, and taking into account its few nanosecond
lifetime, we can follow PD only at time scales of dozens of
nanoseconds. Nonetheless, this time scale corresponds to PD
lengths of >10 nm, which has physiological relevance as it is
more than the common distance between protein complexes in
bioenergetic systems.

Results
The membranes of this study

All the membranes we use in this study are small unilamellar
vesicles (SUVs). Recently, we explored the role of membrane
composition on the ESPT processes from C;,-HPTS and the
related dimensionality of PD by using different SUVs, differ-
entiated by the ratio of POPC to POPA (1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphate, respectively).>* Owing to the negatively charged
nature of POPA, it was expected to observe a faster ESPT
process and a slower recombination rate (further discussion
below) as more POPA lipids are present within the membrane.
However, we observed a complicated non-monotonic change
in the ESPT parameters.*® Using molecular simulations, which
indicated a regular distribution of lipids in such PA-PC
mixtures, we attributed the peculiar observation to a change
in the membrane structure at low concentrations of PA within
PC. Specifically, we highlighted the role of suggested
membrane defects in the PT capabilities of the membrane. In
this study, we also use membranes with different ratios of PC:
PA, but now we use the DMPC and DMPA (DM = 1,2-dimyr-
istoyl, i.e., 14:0 PC or PA). Unlike the POPC : POPA system,
where all the different membrane compositions have their Ty,
below room temperature (RT), i.e., they are all in their liquid
phase at RT, the DMPC : DMPA system has a large accessible
range of Ty, values between 24 °C (for DMPC) and 52 °C (for
DMPA), hence, allowing us to follow the PT processes at
different phases (Fig. 1 for the molecular structure of DMPC
and DMPA, the ratios used in this study, and the Ty, values of
each membrane). Furthermore, while comparing the DM
system to the PO system, we can compare the PT properties of
a membrane with the same headgroup but at different phases
at a given temperature. Importantly, in both DM and PO
systems, the PC and PA lipids create a homogenous distribu-
tion of lipids without a clear indication of phase separation or
domain formation.**

In terms of the size of the vesicles used, all the different SUVs
used in this study were of a similar size with a diameter of
~100 nm, as estimated using dynamic light scattering (DLS)
(Fig. S17). The density of the inserted probe (1% vs. lipids) is
such that the averaged distance between the probes is of the
order of 7 nm, which is the same order of magnitude to the
distance of protein proton channels/pumps within membranes.
Another important system criterion is that the C;,-HPTS probe
should be protonated (in its ground state) at the pH value of the

Chem. Sci., 2025, 16, 5194-5204 | 5195
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Fig. 1 Molecular structures of the DMPC and DMPA lipids and the ratios of these lipids used for making six different vesicles together with the
molecular structure of Cy>-HPTS. The melting points of different lipid membranes were measured using differential scanning calorimetry

experiments.

solution used to allow the ESPT process in the excited-state. To
verify it, we performed pH titration and followed the UV-vis
absorption of the probe in each membrane composition used
here (Fig. S2 and Table S1+ for the calculated apparent ground
state pK, values of the probe in the membranes).

Steady-state fluorescence measurements

Steady-state fluorescence measurements can give us straight-
away direct evidence that C;,-HPTS deprotonated by the emer-
gence of a fluorescence peak (at ~550 nm) associated with the
deprotonated probe (RO™*), whereas the peak of ROH* is at
~470 nm. Fig. 2 shows the normalized temperature-dependent
steady-state fluorescence measurements at the temperature
range of 10°-70 °C for the DMPC and DMPA membranes and
the different ratios between them used in this study (Fig. S31 for
the graphs for POPC and POPA). As seen in the figure, the
predominant peak at all measurements is the RO™ * one (which
is also undergoing a bathochromic shift as a function of
temperature due to faster solvation at higher temperatures).
However, the RO™ */ROH* is considerably changing as a func-
tion of temperature (Fig. 2, insets, and Table S2t). As can be
observed in eqn (1), the stationary (steady-state) population of
RO * is defined by the kpr and kpy ' rates as well as the deac-
tivation rate (k) of the excited RO *, so as:

RO™*  ker
ROH* kPT7l + er ‘

(2)

At this stage, we can already see a general trend where below
the melting point, when the membrane is in its gel phase, the
change in the RO™*/ROH* as a function of temperature is
modest compared to the change in the ratio above the T, when
the membrane is in its liquid phase (the insets of Fig. 2).
However, from the steady-state fluorescence measurements
alone, we cannot extract the needed PT rates to understand the
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PD process (as both the kpr and kpy ' rates are unknown and
temperature-dependent), which leads us to the time-resolved
measurements.

Time-resolved fluorescence measurements

In line with eqn (1), the time-resolved measurements can
resolve between different processes happening in the excited-
state of the probe at different times after the excitation
process ROH —" ROH*. The first process is the ESPT process,
the deprotonation of the excited probe, which is a fast process
on the dozens to hundreds of picoseconds. This process reflects
how good the surface of the membrane is in accepting the
proton from the excited probe. A poor proton acceptor will
result in a slow ESPT process, as we showed previously for
cationic membranes,"” whereas a good proton acceptor will
result in a fast ESPT, as we showed for anionic (POPA)
membranes. Following the fast initial ESPT, there are two
competing processes: the reverse proton recombination process
(with RO™*) for reforming ROH* and the PD process, resulting
in the escape of protons from RO™*.

Fig. 3 shows the time-resolved decay of ROH* for the DMPC
and DMPA membranes and the different ratios between them
used in this study (Fig. S47 for the graphs for POPC and POPA),
measured at different temperatures (from 10° to 70 °C). Already
in this stage, it is evident that the change in temperature
changes both the initial fast process and the subsequent slow
decay tail.

The fast initial ESPT process can be decoupled from the PD
parameters of the accepting medium and the subsequent
proton geminate recombination process, whereas the depletion
in the excited ROH population (proux(t)) at very early times
(dozens to hundreds of picoseconds) can be expressed as:**

kPT
B+1 b (3)

Prou+(f) = 1 —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Normalized temperature-dependent steady-state fluorescence measurements of Cy,-HPTS within membranes composed of (a) DMPC,
DMPC : DMPA ratios of (b) 9:1, (c) 3:1, (d) 1:1, (e) 1: 3, and (f) DMPA. The insets show the RO™*/ROH* as a function of temperature.

where B is a Boltzmann factor related to the charge of RO™* and
corresponding proton attraction. As stated, the subsequent
slower process is more complicated. As shown, both by us** and
by the seminal work of Agmon and coworkers on
photoacids, at the longer timescales of the process (tens of
ns), the depletion of prou+(t) decays as a power law, which is
dependent on the dimensionality of PD around the probe (d):

1
e (4)

33-35

Prou=(t) ~

Accordingly, we can use our time-resolved measurements of
all the different membranes used in this study at different
temperatures (from 10° to 70 °C) to extract kpy from the first
~100 ps of the decay, and d from later (>2 ns) in the decay
(Fig. S5 and Table S3t). The time-resolved measurements at the
position of RO~ * (Fig. S61) can be used to calculate its & at the

© 2025 The Author(s). Published by the Royal Society of Chemistry

different membrane models and temperatures. By knowing, kpr,
k~, and RO™*/ROH*, we can extract the recombination rate
kpr " using eqn (2) (Table $47). It should be noted that in line
with our previous study showing an anomalous change in kpr
and kpr ' as a function of the %POPA in POPC vesicles at RT,*®
we also observe the same anomaly for the DMPC : DMPA system
at both the high-temperature liquid phase and the low-
temperature gel phase (Fig. S71). As discussed in our previous
study,”® this non-monotonic change in ESPT parameters
occurring at low PA concentrations within PC membranes can
be attributed to changes in the membrane's structure at these
low concentrations of PA (such as the presence of defects) while
considering a regular distribution of lipids in the system.
Nonetheless, our focus here is the change in the PT and PD
properties as a function of temperature for different phases of
a given membrane.

Chem. Sci., 2025, 16, 5194-5204 | 5197
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Fig.3 Normalized temperature-dependent time-resolved fluorescence measurements of C1,-HPTS within membranes composed of (a) DMPC,
DMPC : DMPA ratios of (b) 9:1, (c) 3:1, (d) 1:1, (e) 1: 3, and (f) DMPA. The right panels zoom in on the first nanosecond of the decay.

Discussion

Proton transfer and proton diffusion at different membrane
phases and temperatures

Fig. 4 shows the parameters of kpr, kpr ', and d (as in Tables S3
and S41) as a function of temperature for all the different
membrane models along with the Ty, of each membrane. The
figure highlights several important factors that are temperature-
dependent and for which, the membrane phase dramatically
changes them, which will be discussed below.

The PT rate (kpy) - how well the membrane surface accepts
a proton from the probe. The rate kpr is directly estimated from
the initial stages of the kinetics shown in Fig. 3. In general, a PT
process from a photoacid to the surrounding solution is
a thermally active process, whereas the activation energy (E,, by
fitting the calculated kpr to an Arrhenius equation) can also
change as a function of temperature, resulting in higher values
at lower temperatures.***” The first important observation from

5198 | Chem. Sci, 2025, 16, 5194-5204

our results is that the E, of kpy is different between the liquid
phase and the gel phase of a certain membrane. Furthermore,
the change in the calculated E, between the two phases of the
membrane is related to the composition of the membrane. In
DMPC membranes and membranes rich in DMPC (up to the
ratio of 1:1 for DMPC : DMPA), the E, calculated for the gel
phase is higher than the one calculated for the liquid phase.
However, in DMPA membranes and the ratio of up to 1:3 of
DMPC : DMPA, the E, calculated for the liquid phase was higher
than that calculated for the gel phase. The latter trend was also
observed for POPA membranes, having an accessible T, value
(28 °C) (Fig. S8t comparing DMPA to POPA), hence highlighting
the role of the headgroup in this observation. This finding is
surprising since, as stated, the E, is expected to increase with
decreasing temperatures. Interestingly, the liquid phase of PC-
rich membranes and the gel phase of PA-rich membranes
both result in a very low E, of the PT process in the order of only
11-14 meV. This small value indicates almost activation-less

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The extracted kpt values (top panels, green dots) from the initial decay and the extracted dimensionality (d) values (bottom panels, right
axis, blue dots) from the slow tail of the decay of ROH* (see fitting in Fig. S51), together with the extracted kpr * values (bottom panels, left axis,
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proton dissociation from the excited state, given kg7 at room
temperature of 25 meV. It should be noted that all the extracted
E, values here are on the lower end of what was observed with
the pyranine photoacid in solution,*® which highlights the
different environment of the membrane surface for accepting
a proton compared to the bulk medium.

The magnitude of the proton dissociation rate kpy ~10'® s~
that we obtain together with the magnitude of activation energy
(enthalpy), E, ~10 meV, can be used by the transition state
theory, kpyr = 10" exp(—AG/RT), to calculate the activation
entropy part (TAS) of AG, which comes out to be around —180
meV. The latter estimate can be interpreted in terms of the
fraction of thermal configuration states of the probe within the
membrane with strong hydrogen bonds that lead to proton
TAS
RT
transient, and the obtained number is a statistical fraction of
total configurations that result in the reaction.

The proton recombination rate (kpy ') - how fast the
membrane returns the proton back to RO *. Given the above
evaluations of kpp, and the estimate of relaxation rate ki
(Fig. S61), we can evaluate the rate kpr * (using eqn (2)). We
found that this rate is in the order of a few 10° s, depending
on the composition of the membrane and temperature (Fig. 4).
When discussing proton recombination with the deprotonated
photoacid in its excited state we need to differentiate between
two sources of protons: (1) the geminate proton, i.e., the proton
that was released from the photoacid to the surface of the
membrane, (2) other protons from the aqueous environment
surrounding the membrane and the probe. For investigating
the contribution of protons coming from the medium, we
supplemented our measurements at neutral pH (7.4) with
measurements at low pH (3.6), meaning a change of 4 orders of
magnitude in the proton concentration of the medium
(Fig. S91). In our measurements, we found that the change in
kpr " is only around two to three folds (depending on the
temperature) higher at pH 3.6 (Fig. S9t) than at pH 7.4.
Accordingly, we can safely claim that the main contribution to
the magnitude of kpy ' is coming from geminate protons.

Moreover, if we assume that the recombination occurs with
the typical bimolecular rate of 10'* M~" s, the concentration
corresponding to the geminate proton around the probe can be
evaluated from the relation kpy ' = 10"'[H'],. For a rate in the
magnitude of kpy ' ~10° s, we find that the geminate proton
concentration is [H'], = 107> M, ie. the effective geminate is at
pH = 2, ie. much lower than the pH of biological system.
Interestingly, this geminate concentration corresponds to one
proton per ~100 nm >, which means the geminate proton
explores the region of some 4-5 nm around the probe before
recombining with the probe. This distance is also in the same
order of the calculated distance between the probes on the
surface of the membrane.

As for the change in the calculated kpr ! values, we observed
a gradual decrease in kpy ' as a function of temperature,
without a major indication of a different rate of change between
the liquid and gel phases of the membrane. This means that the

1

O
release, Q—:exp( ) ~ 1073, Such hydrogen bonds are
0
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recombination of the proton coming from the membrane with
RO™ * is more efficient at low temperatures, which is in contrast
to the discussed kpr. Moreover, the change in the magnitude of
kpr ' is also larger than the discussed change in kpr, whereas
for the DMPC/DMPA system and the different ratios of them,
the change in kpy ' is several folds going from 10° to 70 °C.
Interestingly, the change in kpr ' as a function of temperature
is lower for the PO systems than the DM ones, and especially
while comparing POPC and DMPC (Fig. S101). What does it all
mean? Unlike kpr, which is not associated with the subsequent
PD happening after proton dissociation, kpy " is highly related
to the PD parameters of the dissociated proton. If the dissoci-
ated proton can rapidly diffuse away from RO™ *, it will result in
low kpr ' values, and vice versa. Accordingly, the high kpr
calculated for the low temperatures is indicative of the poor
escape of protons at such temperatures, which is reasonable.
The magnitude of the change in kpr ' as a function of
temperature is then directly related to the capability of the
membrane to enable lateral PD from the probe or the escape of
protons from the membrane surface to bulk. We can define two
important parameters in this context: the proton diffusion
coefficient of the process and its dimensionality. Unlike
previous models,* our model for the ESPT process does not
estimate the proton diffusion coefficient of the dissociated
proton. However, as discussed, we can directly estimate the
dimensionality of PD from the long-time component of the
decay.

The dimensionality (d) - how the geminate proton diffuses
around the probe following dissociation. The last parameter
that is shown in Fig. 4 and will be discussed in this section is the
dimensionality of the diffusion process of the geminate proton
around the probe (20). We will start with DMPC and DMPA at
the high-temperature regime, meaning they are both in their
liquid state. In this condition, DMPA and DMPC show the
dimensionality of 2 and 3, respectively, which is also in line with
what was observed with POPA and POPC.*® These values mean
that protons can diffuse laterally on the surface of PA
membranes, while on the surface of PC membranes, they can
also diffuse into the bulk medium above the membrane. This
observation already indicates a lower proton barrier on the
surface of PC membranes than on the surface of PA
membranes, which is reasonable considering the negatively
charged PA surface. At the high-temperature regime, the
dimensionality extracted for the different DMPA : DMPC ratios
falls between 2 and 3, whereas the higher the PA fraction, the
closer it is to 2. The next important observation is that the
extracted d values change as a function of temperature, whereas
the lower the temperature, the lower the d value. Moreover, the
magnitude of the change of d values as a function of tempera-
ture is generally smaller at the liquid phase of the membrane (at
high temperatures) compared to a larger change in the gel
phase (at low temperatures). For DMPC, the d values go down to
2.4 at 10 °C. However, upon adding PA, and regardless of the
amount of PA (even at the small DMPC : DMPA ratio of 9: 1), the
calculated dimensionality is significantly reduced, reaching
values of =1.5 at the low-temperature gel phase of such
membranes. Such low dimensionality values suggest a further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The calculated parameters of (a) area per lipid, (b) membrane thickness, (c) lipid diffusion, and (d) bending energy as a function of
temperature for the different membranes used in this study composed of DMPA and DMPC.

restriction of the PD process from lateral dimensionality to
lower ones, such as the previously discussed pathways/wires for
protons on the surface of membranes,"*® and an increase in the
proton barrier of the membrane.

To summarize this part of the discussion, our temperature-
dependence studies of the different membranes reveal a clear
distinction between the capability of membranes to accept
a proton and support PD in their liquid vs. gel phase, which is
also dependent on their composition. The activation energy for
the PT process from the probe to the surface is generally low
(<40 meV), whereas in membranes with high PC content, the E,
is higher in the gel phase, and in membranes with high PA
content, the E, is higher in the liquid phase. Following disso-
ciation, the recombination rate of the proton with the depro-
tonated probe decreases as a function of increasing
temperature due to the escape and diffusion of protons from
the probe. The PD dimensionality is also temperature-
dependent, showing larger values in the liquid phase than in
the gel phase. We also observed that having PA in the
membrane results in a lower dimensionality (<2) at the gel
phases of such membranes.

Computational analysis of the membrane's biophysical and
structural properties

The main remaining question is what biophysical and struc-
tural properties of the membrane that are changing as

© 2025 The Author(s). Published by the Royal Society of Chemistry

a function of temperature can explain our observations of the
PT to the membrane surface and PD at the different phases of
the membrane. To answer this question, we calculated a set of
membrane-related parameters (see further details in the
experimental section) for the different DMPC: DMPA ratios
used here and at different temperatures covering the two sides
of the T,,: membrane thickness, area per lipid, lipid diffusion,
and membrane bending (Fig. 5).

The first notable observation from Fig. 5 is that all the
biophysical properties simulated are experiencing a sharp
change in their values around the T, of the membrane
composition, which also corresponds to what we found with the
kpr values (Fig. 4). According to our calculations, the
membranes in their gel phase have a lower area per lipid, slower
lipid diffusion, they are thicker, and with a higher bending
energy than the membranes in their liquid phase. Hence, the
efficient kpr values we observed in the liquid phase are associ-
ated with a ‘looseness’ structure of the membrane (high area per
lipid, fast diffusion of lipids, low thickness, and low bending
energy). This membrane configuration also allows higher
dimensionality of PD, while for membranes with high content
of DMPC, it also lowers the membrane proton barrier, i.e., the
escape of protons from the surface. On the other side, the
‘stiffer’ membrane conformation at low temperatures supports
lower dimensionality of PD, ie., the emergence of proton
pathways, which in turn increases the kpy ' values. Such ‘stiffer’
membrane conformation at low temperatures also changes the
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membrane configuration, as can be observed by the high
bending (Fig. 5d), which also results in high membrane thick-
ness (Fig. 5b), both due to the straightening of lipid tails.
Another notable observation from the computational anal-
ysis is that for membranes with a high content of DMPA (the red
and dark orange curves, correspond to DMPA and PC: PAof 1:
3, respectively, in Fig. 5), the calculated parameters do not vary
much as a function of temperature but only within the
temperatures of their gel phase (primarily the area per lipid and
membrane thickness). This observation might be correlated to
the very low activation energy we found for the kpy values in this
temperature range for the different membrane compositions.

Conclusions

In summary, we use here the C;,-HPTS probe that can be
tethered to the surface of biological membranes, allowing
a straightforward examination of the role of the membrane in
PT reactions. Among the various membrane compositions
available for studying membrane-related PT processes, we
selected a relatively simple composition comprising DMPC and
DMPA. Nonetheless, this membrane composition allowed us to
study the role of the membrane phase in several parameters of
the membrane related to PT and PD: the PT from the
membrane-tethered C;,-HPTS photoacid to the surface of the
membrane (as noted by kpy), the reverse process of proton
recombination with the deprotonated photoacid in the excited-
state (as noted by kpy '), and the dimensionality of PD following
the release of the proton from the photoacid. The latter property
can also serve as an indicator of a change in the proton barrier
of the membrane; dimensionality values closer to 3 are indica-
tive of a low proton barrier and the escape of protons from the
surface to the bulk. On the other extreme, low dimensionality
values closer to 1 are indicative of a formation of proton path-
ways on the surface of the membrane, which is more restrictive
than lateral PD on the surface of the membrane. By following
the steady-state and time-resolved fluorescence of the photoacid
as a function of lipid composition and temperature, going
across the T, of the membrane, we could reveal several
important aspects of the PT and PD properties of biological
membranes:

(1) As expected, the PT rate from the photoacid to the
membrane increases as a function of temperature, and we
found the largest change while going from the gel to the liquid
phase.

(2) The activation energy of the PT process between the probe
and membrane is very low (~10-40 meV), and it is also
dependent on the lipid composition. In membranes with a high
content of DMPA, the activation energy is lower in the gel phase
than in the liquid phase, while in membranes with a high
content of DMPC it is the opposite, the activation energy is
lower in the liquid phase.

(3) The extracted back recombination process is also
temperature-dependent, but unlike the PT process to the
membrane, the rate of the reverse process (kpy ') is decreasing
as a function of temperature, i.e., it is higher in the gel phase,
with no major ‘jump’ around the T,,. The extracted kinetic
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parameters also indicate that the concentration of protons on
the surface of the membrane following the photoacid deproto-
nation is orders of magnitude larger than the one in the solu-
tion, thus further implying the existence of a proton barrier.

(4) The extracted dimensionality is also temperature-
dependent, and it is increasing as a function of temperature.
As one can expect, increasing the temperature can overcome the
proton barrier of the membrane. Indeed, we observed that at
high temperatures, and especially for membranes containing
primarily DMPC, the extracted dimensionality is approaching 3,
i.e., escape of protons from the surface to the bulk. On the other
extreme, we found that except for pure DMPC membranes, at
low temperatures, in the gel phase of the membrane, the
dimensionality is reduced to below 2. This interesting obser-
vation implies the formation of proton pathways in the gel
phase that restrict proton diffusion dimensionality, assisted by
the presence of DMPA lipids.

In our study, we also performed temperature-dependent
computational studies of several of the membrane's biophys-
ical properties: membrane thickness, area per lipid, lipid
diffusion, and membrane bending energy, for the different lipid
compositions used in this study. The computational result also
shows a major change in each of the parameters around the T},
of the membrane. Such results imply a correlation between the
observed PT and PD properties of the membrane to the other
biophysical properties and suggest that the PT/PD properties
observed for the gel phase might be due to the ‘stiffness’ of the
membrane in that phase, while for the liquid phase, it might be
due to the ‘looseness’ of the membrane in that phase.

Materials and methods
Preparation of small unilamellar vesicles (SUVs)

All the lipids were purchased from Avanti Polar Lipids and used
without further purification. A lipid solution of 2 mM was
prepared in chloroform at a ratio of 1: 100 for the probe to lipid
molecules. The solvent was evaporated to and a dried lipid film
was formed. Later, the lipid film was rehydrated with a 5 mM
phosphate buffer of pH 7.4. Finally, the solution was extruded
through a polycarbonate membrane (purchased from T&T
Scientific) to obtain a homogenous solution. When needed, the
pH was adjusted using 0.1 M NaOH or HCI solutions.

Steady state spectroscopic measurements

Steady state UV-visible absorption and fluorescence emission
experiments were carried out using Agilent Cary 60 spectrom-
eter and FS5 spectrofluorometer (Edinburg Instruments)
respectively. Dynamic light scattering (DLS) experiments were
measured using Zetasizer Nano ZS (Malvern Instruments).
Differential scanning calorimetry (DSC) measurements were
carried out using DSC-1 model from Mettler Toledo to find out
the melting point of different lipid membranes.

Time-correlated single photon counting experiments

Fluorescence life time of probe inside different vesicles were
measured using a CHIMERA spectrometer (Light Conversion)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with an excitation pulse at 400 nm where the time-resolved
spectrum was collected using a hybrid detector (Becker &
Hickl, HPM-100-07). The laser system includes a 10 W and
1030 nm Yb based PHAROS (Light Conversion) laser with
a pulse of 190 fs, operating at 1 MHz with a maximum pulse
energy of 10 pJ. The laser beam was seeded into an optical
amplifier ORPHEUS (Light Conversion) for harmonic
generation.

MD simulations

The full description of the MD simulations is in the ESL{
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All underlying data are available in the published article itself
and its ESL.T

Author contributions

Conceptualization: ARV and NA; funding acquisition: NA;
investigation (experimental data): ARV and RN; investigation
(computational): MR and DD; investigation (theoretical
aspects): AAS; supervision: NA; visualization: ARV, MR, DD, and
NA; writing - original draft: ARV and NA; writing - review &
editing: all authors.

Conflicts of interest

The authors declare no competing interests.

Acknowledgements

N. A. and A. A. S. thank the United States - Israel Binational
Science Foundation (grant number: 2018239 (NA) and A19-3374
(AAS)) for financial support. N. A. thanks the Lower Saxony -
Israel Research Cooperation (grant number ZN3625) and UKRI-
ERC guarantee scheme grant (number R/185766-11-1) for
financial support. M. R. thanks the National Science Centre,
Poland (grant number 2022/45/N/NZ9/02130) for financial
support and Wroclaw Centre for Networking and Super-
computing (https://www.wcess.pl/) for providing computing
resources (grant number 274).

References

1 R.]. P. Williams, Annu. Rev. Biophys., 1988, 17, 71-97.

2 A. Y. Mulkidjanian, J. Heberle and D. A. Cherepanov,
Biochim. Biophys. Acta, Bioenerg., 2006, 1757, 913-930.

3 J. Teissié, M. Prats, P. Soucaille and J. F. Tocanne, Proc. Natl.
Acad. Sci. U.S.A., 1985, 82, 3217-3221.

4 ]J. Heberle, J. Riesle, G. Thiedemann, D. Oesterhelt and
N. A. Dencher, Nature, 1994, 370, 379-382.

5 U. Alexiev, R. Mollaaghababa, P. Scherrer, H. G. Khorana and
M. P. Heyn, Proc. Natl. Acad. Sci. U.S.A., 1995, 92, 372-376.

6 O. A. Gopta, D. A. Cherepanov, W. Junge and
A. Y. Mulkidjanian, Proc. Natl. Acad. Sci. U.S.A., 1999, 96,
13159-13164.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

7 C. Zhang, D. G. Knyazev, Y. A. Vereshaga, E. Ippoliti,
T. H. Nguyen, P. Carloni and P. Pohl, Proc. Natl. Acad. Sci.
U.S.A., 2012, 109, 9744-9749.

8 M. G. Wolf, H. Grubmiiller and G. Groenhof, Biophys. J.,
2014, 107, 76-87.

9 D. A. Cherepanov, W. Junge and A. Y. Mulkidjanian, Biophys.
J., 2004, 86, 665-680.

10 J. Heberle and N. A. Dencher, Proc. Natl. Acad. Sci. U.S.A.,
1992, 89, 5996-6000.

11 L. Drachev, A. Kaulen and V. Skulachev, FEBS Lett., 1984,
178, 331-335.

12 E. Weichselbaum, M. Osterbauer, D. G. Knyazev,
O. V. Batishchev, S. A. Akimov, T. Hai Nguyen, C. Zhang,
G. Knér, N. Agmon, P. Carloni and P. Pohl, Sci. Rep., 2017,
7, 4553,

13 D. A. Cherepanov, B. A. Feniouk, W. Junge and
A. Y. Mulkidjanian, Biophys. J., 2003, 85, 1307-1316.

14 S. Re, W. Nishima, T. Tahara and Y. Sugita, J. Phys. Chem.
Lett., 2014, 5, 4343-4348.

15 N. Amdursky, Y. Lin, N. Aho and G. Groenhof, Proc. Natl.
Acad. Sci. U.S.A., 2019, 116, 2443-2451.

16 E. Weichselbaum, T. Galimzyanov, O. V. Batishchev,
S. A. Akimov and P. Pohl, Biomolecules, 2023, 13, 352.

17 A. Springer, V. Hagen, D. A. Cherepanov, Y. N. Antonenko
and P. Pohl, Proc. Natl. Acad. Sci. U.S.A., 2011, 108, 14461-
14466.

18 M. Brindén, T. Sandén, P. Brzezinski and J. Widengren, Proc.
Natl. Acad. Sci. U.S.A., 2006, 103, 19766-19770.

19 E. S. Medvedev, A. A. Stuchebrukhov and J. Math,
Biomolecules, 2006, 52, 209-234.

20 E. S. Medvedev and A. A. Stuchebrukhov, J. Phys.: Condens.
Matter, 2011, 23, 234103.

21 E. S. Medvedev and A. A. Stuchebrukhov, FEBS Lett., 2013,
587, 345-349.

22 N. Agmon and M. Gutman, Nat. Chem., 2011, 3, 840-842.

23 R. E. Lechner, N. A. Dencher, J. Fitter and T. Dippel, Solid
State Ionics, 1994, 70, 296-304.

24 T. Sandén, L. Salomonsson, P. Brzezinski and J. Widengren,
Proc. Natl. Acad. Sci. U.S.A., 2010, 107, 4129-4134.

25 A. A. Stuchebrukhov, A. R. Variyam and N. Amdursky, J. Phys.
Chem. B, 2022, 126, 6026-6038.

26 A. Ramanthrikkovil Variyam, M. Rzycki, A. Yucknovsky,
A. A. Stuchebrukhov, D. Drabik and N. Amdursky, Biophys.
7., 2024, 123, 4200-4210.

27 J. Zhang and P. R. Unwin, J. Am. Chem. Soc., 2002, 124, 2379~
2383.

28 D. Chapman, Q. Rev. Biophys., 1975, 8, 185-235.

29 R. N. Lewis, D. A. Mannock and R. N. McElhaney, Methods in
Membrane Lipids, 2007, pp. 171-195.

30 R. N. McElhaney, Chem. Phys. Lipids, 1982, 30, 229-259.

31 N. Amdursky and Y. Lin, ChemPhotoChem, 2020, 4, 592-600.

32 D. Drabik, P. Hinc, M. Stephan, R. R. Cavalcanti, A. Czogalla
and R. Dimova, Biophys. J., 2024, 123, 2406-2421.

33 B. Cohen, D. Huppert and N. Agmon, J. Phys. Chem. A, 2001,
105, 7165-7173.

34 D. Huppert, S. Y. Goldberg, A. Masad and N. Agmon, Phys.
Rev. Lett., 1992, 68, 3932-3935.

Chem. Sci., 2025, 16, 5194-5204 | 5203


https://www.wcss.pl/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07044e

Open Access Article. Published on 17 February 2025. Downloaded on 5/9/2026 6:33:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article

35 E. Pines, D. Huppert and N. Agmon, J. Chem. Phys., 1988, 88, 37 B. Cohen, P. Leiderman and D. Huppert, J. Phys. Chem. A,

5620-5630. 2002, 106, 11115-11122.
36 P. Leiderman, R. Gepshtein, A. Uritski, L. Genosar and 38 S. Serowy, S. M. Saparov, Y. N. Antonenko, W. Kozlovsky,
D. Huppert, J. Phys. Chem. A, 2006, 110, 9039-9050. V. Hagen and P. Pohl, Biophys. J., 2003, 84, 1031-1037.

5204 | Chem. Sci,, 2025, 16, 5194-5204 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07044e

	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e

	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e

	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e

	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e
	The role of lipid phase and temperature in proton barrier and proton migration on biological membranesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07044e


