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The properties of water at the surface, especially at an electrically charged one, differ essentially from
those in the bulk phase. Here we survey the traits of surface water as inferred from proton pulse
experiments with membrane enzymes. In such experiments, protons that are ejected (or captured) by
light-triggered enzymes are traced on their way between the membrane surface and the bulk aqueous
phase. In several laboratories it has been shown that proton exchange between the membrane surface
and the bulk aqueous phase takes as much as about 1 ms, but could be accelerated by added mobile
pH-buffers. Since the accelerating capacity of the latter decreased with increase in their electric charge,
it was suggested that the membrane surface is separated from the bulk aqueous phase by a barrier of
electrostatic nature. In terms of ordinary electrostatics, the barrier could be ascribed to dielectric
saturation of water at a charged surface. In terms of nonlocal electrostatics, the barrier could result
from the dielectric overscreening in the surface water layers. It is discussed how the interfacial potential
barrier can affect the reactions at interface, especially those coupled with biological energy conversion

and membrane transport.

1. Introduction

Das tote, seiner molekularischen Selbstbewegung beraubte Wasser,
das sich bei einer Temperatur iiber 0 °R- - - eingepresst befindet,
ist ein /Iquivalent des in der Kdlte zu Eis erstarrten, nur mit dem
Unterschiede, dass ersteres (wahrscheinlich weil es noch so viel
Molekularbeweglichkeit besitzt, dafs sich die Elementarteile dessel-
ben polarisch ordnen konnen, ohne dass ein Austausch stattfindet)
seine elektrische Leitkraft beibehalten hat, welche dem Eis mangelt.

Theodor von Grotthuf3, 1820.%
Two hundred years ago, 20-year-old Theodor von Grotthuf3 has
suggested a mechanism of charge transfer along chains of water
molecules.! It is less known that he persisted with experimental
studies of proton transfer in the years to follow.>? In 1820, at the
very end of his life, von Grotthu3 published a short paper on
properties of thin confined water layers.* As documented by the
epigraph to this section, Grotthul3 has realized that the molecules
of confined water are more sluggish than those in the bulk phase,
but still mobile enough to mediate proton transfer.*

A widespread example of confined water is that at electrically
charged surfaces. Such hydrated interfaces are intensively studied
because of their practical importance. The experimental approach
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I The stiff water, which is robbed of its molecular motion by being squeezed
into a thin layer at temperatures above 0 °R [=0 °C],- - -resembles water,
which has been frozen into ice by cooling. The only difference is that the
former retains its electric conductivity, most probably because its molecules
retain some residual mobility that enable them to reorder in the presence
of electric field, while the ice lacks it. Theodor von Grotthuf3, 1820.

consists routinely in sending a beam across an interface and
in measuring the output signal.® This approach is used upon
neutron scattering,®’ neutron reflectometry,® X-ray reflectivity,”
and diverse optical techniques.>'"'* The approach, however, is not
very powerful in probing the water layers beyond the first one(s).
The interfacial water in all its “depth” could be still scrutinized
by measuring the osmotic stress,"*"¢ electric potential changes,"”
hydration forces' and, more recently, by applying the atomic force
microscopy (AFM)."-2

Biological membranes are negatively charged at neutral pH.»
Accordingly, on one hand, their surfaces represent charged
hydrated interfaces. On the other hand, it is possible to follow
proton transfer across such interfaces. The reactions of proton
ejection and proton binding were experimentally addressed in
many membrane enzymes, and, in particular, in bacteriorhodopsin
(BR),*3! bacterial photosynthetic reaction centers (RCs),*7
photosystem II,** the cytochrome be, complex,*¢ diverse
oxidases,*"* nitric oxide reductase,”® ATP synthase.**>* In many
experimental set-ups, proton displacements were monitored not
only inside the membrane enzymes, but also across the mem-
brane/water interface. As discussed in more detail elsewhere,%¢!
the original aim of the research was to scrutinize the biological
energy conversion. At the same time, these studies have provided
unique information about the surface water layers, as probed by
passing protons. In different labs it has been repeatedly shown
that proton transfer between the membrane surface and the bulk
aqueous phase proceeds rather slow, at milliseconds,7-2427-2:34:62-70
as reviewed elsewhere.**®6".72 The retardation was due to the
interfacial barrier of electrostatic nature, some properties of
which could be elucidated.®®’>”> This new knowledge about the
interfacial water layers can be considered as complementary to
that acquired by traditional techniques of surface science.>'>'

In this review, we focus on the charge transfer across the
membrane/water interface and on the properties of the surface
water layers. The lateral proton transfer along the membrane, as
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well as the interplay between the lateral and transverse proton
transfer are considered in another review,” the two articles are
mutually complementary.

2. Retarded proton transfer across the
membrane/water interface

Licht trennt die Bestandteile vieler ponderablen Verbindungen
voneinander und zwingt sie neue Verbindungen mit seinen eigenen
imponderablen Elementen (+E und —E) einzugehen, gerade wie es
die Pole der Voltaschen Batterie, nur in einem hoheren Grade, zu tun
vermogen.

Theodor von GrotthuB3, 1819.§
In some photosynthetic enzymes the light reaction is coupled with
fast proton binding or release. Thereby, on one hand, the flash-
induced enzyme reactions can be studied by following the intra-
protein proton displacements.”®" On the other hand, the resulting
proton consumption from the bulk aqueous phase (or the proton
release into this phase) can be traced spectrophotometrically by
using hydrophilic pH indicators.9[,’%""" Studies of proton binding
by diverse RCs (see Fig. 1 A for the experiment scheme) have shown
that proton exchange between membrane proteins and the pH-
dyes in the aqueous phase proceeded slower than expected under
assumption of unconstrained diffusion of protons in water.377-7-83
These experiments, however, could not discriminate whether
protons were impeded (i) on their way from the bulk water to
the membrane surface or (ii) during their penetration through
the protein. This ambiguity was cleared up by Drachev and
co-workers who studied the flash-induced proton transfer by
bacteriorhodopsin (BR) sheets* (see Fig. 1B for the scheme of
proton transfer in BR). Drachev and co-workers have followed
not only the spectral changes (i) of BR proper and (ii) of the
pH-indicator p-nitrophenol in the solution, but also traced, by
using capacitive voltammetry, (iii) the movement of a proton
from the buried retinal cofactor to the membrane surface. The
proton delivery to the surface followed the formation of the M
intermediate of the BR photocycle, whereas the protonation of
the water-dissolved pH-indicator was distinctly retarded. Hence,
protons were hindered on their way between the surface of the
BR membrane and the bulk aqueous phase. The ability of added
hydrophilic pH-buffers to accelerate the protonation of the pH-dye
also indicated that the kinetic barrier passed, quite paradoxically,
not through the protein moiety but through the water phase.?*%

Heberle, Dencher and their co-authors have used an even
more sophisticated approach to study the same reaction of flash-
induced proton release by BR. They used two pH-indicators,
namely fluorescein, which was covalently bound to the surface,
and pyranine that was dissolved in the solution (see Fig. 1B for
the experimental setup). Fluorescein was protonated at <0.1 ms,

§ Light splits up many ponderable compounds and forces them to interact
with its imponderable (weightless) elements (+E and —F) in the same way
as the poles of a Volta pile, although to a larger extent, are able to do.
Theodor von Grotthuf3, 1819.

€ Here it seems appropriate to acknowledge that we owe this experimental
set-up to GrotthuB3. Besides coining the first low of photochemistry (“Light
must be absorbed by a chemical substance in order for a photochemical
reaction to take place”),® GrotthuBl has provided us with the first
description of a light-driven separation of electric charges, as documented
by the epigraph to this section.

BH+ OH = B + H,0

Fig.1 Comparative presentation of the partial steps of proton binding by
the RC of Rb. sphaeroides (A, top) and of proton release into the bulk by
BR (B, bottom). The numbers indicate the sequence of reaction steps. The
dashed lines indicate the interfacial barrier for ions. (A) Proton trapping
from the bulk aqueous phase by the RC of Rb. sphaeroides (the PDB entry
1AIJ'" was used on drawing). BH/B, protonated/deprotonated molecules
of hydrophilic mobile pH-buffer, respectively. Color code: ubiquinone
is shown in black, bacteriochlorophyll in ice-blue, bacteriopheopytin
in cyan, the histidine residues that are involved in proton trapping in
green. (B) Proton transfer steps in BR (two identical crystal structures
of BR trimers,"” PDB entry 1BRR, are depicted). Fluo, fluorescein, Pyr,
pyranine. Colour code: retinal is shown in purple, Lys-129 is marked in
cyan, Asp-36 is shown in yellow (see the text for further details). The
figure was produced by using the VMD software package.'” The figure is
modified from ref. 60.

concomitant with the formation of the M-state, whereas pyranine
was protonated much slower, at ~0.8 ms.*?% The delayed
proton transfer from the surface into the bulk aqueous phase was
thereafter confirmed in several other labs.?7-7084

Proton transfer in the opposite direction, from the bulk
water phase into the RCs of phototrophic bacteria Rhodobac-
ter sphaeroides and Rhodobacter capsulatus, was tracked with
native membrane vesicles of these bacteria (chromatophores,
see Fig. 1A). Here again the intra-protein proton transfer was
complete at ~0.1 ms, whereas the response of diverse pH-
indicators in the solution was retarded up to 0.5-1 ms.>*

The slow rate of proton equilibration between the surface of
biological membranes and the bulk water phase has been initially
attributed to the damping effect of immobile pH-buffers at the
surface, i.e. of the ionizable lipid and protein groups.?”6371:85-88
Numerous studies with diverse membrane preparations have
shown that it was indeed possible to affect the surface proton
dynamics by modifying the surface buffer groups.**?

However, if the surface pH-buffers were alone responsible for the
proton retardation, then the mobile, non-adsorbing pH-buffers or
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pH-indicators were expected to accelerate proton equilibration
with the bulk aqueous phase if added at concentrations of
>1-5 uM, ie when they could kinetically compete with free
protons at neutral pH.>*"% As a rule, this was not the case.
Only the mono-anionic species accelerated proton equilibration
at concentrations of >25 uM.**™ The di-anions such as phos-
phate and bromcresol purple were efficient only when added at
>100 pM.3*63839 Pyranine, which carries four negative charges,
did not notably accelerate the proton exchange.®*"*” The apparent
dependence on the electric charge of mobile pH-buffers prompted
a suggestion on an interfacial potential barrier of electrostatic
origin between the surface and the bulk aqueous phase.®*™>7* As
argued elsewhere®®*™ and as discussed in more detail in Section 3
below, the interfacial barrier is just one of emanations of specific
properties of surface water and might have a complex physical
nature. In terms of ordinary electrostatics, the interfacial barrier
could be ascribed to dielectric saturation of the surface water layers
at the negatively charged membrane surface.” In terms of nonlocal
electrostatics, the potential barrier can be described by dielectric
overscreening.”

Although a rigorous physical description of the barrier is
not feasible yet, some quantitative estimates could be inferred
from experimental data. In particular, proton transfer across
the interfacial barrier is characterized by weak pH-dependence
and high activation energy of 30-50 kJ mol~'.34656883 Ag argued
elsewhere,* both features point to the participation of neutral
water in proton transfer across the interface. Indeed, a direct
collisional interaction of mobile pH-buffers coming from the
bulk solution with the newborn protons (or proton holes) at
the membrane surface should have low activation energy of
<10 kJ mol™', as is typical for diffusion-controlled reactions.
On the other hand, the observed high activation energy of 30—
50 kJ mol~"' is characteristic for the protonation/deprotonation of
water at neutral pH values. Apparently, the molecules of mobile
buffer fail, because of the interfacial potential barrier, to reach
the newborn surface protons/proton vacancies before the latter
interact with molecules of neutral water that are abundant at the
surface.** Hence, one gets a two-step mechanism: first the newborn
charges at the surface interact, in a reaction with high E,, with
neutral water yielding either H;O* or OH~ (depending on the sign
of a newborn charge), and only then these charged water species
diffuse into the bulk (as depicted in Fig. 1A). The accumulating
evidence of facilitated protolysis of neutral water at interfaces
(see comments of Beattie®* and references therein) supports this
mechanism.

In a further attempt to reveal the properties of the interfacial
barrier, we analysed, by solving a system of diffusion equations
and by comparing the solution with the experimental data, which
factors determine the rate of the pulsed protonic relaxation at the
membrane/water interface of spherical vesicles. The modelling
has revealed that an added pH-buffer accelerates the proton
equilibration with the bulk phase once its concentration exceeds a
certain threshold.” The threshold value depends on the barrier
height but is independent both of the vesicle size and of the
surface buffering capacity. This feature helped to “extract”, from
the experimental data, the values of the barrier height, as sensed
by different penetrating ions. Fig. 2A and 2B show sets of curves,
as calculated for different altitudes of potential barrier. The
calculated curves are plotted over experimental points reflecting
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Fig. 2 Interfacial potential barrier as function of the electrical charge
of penetrating ion. In both panels, the set of seven curves was calculated
for various heights of the potential barrier for mobile buffer (U™ =
0, 60, 120, 150, 180, 240 and 360 meV correspond to the curves plotted
sequentially from the left to the right) at a given value of the potential
barrier Uy™* for H* ions of Uy™ = Uxy™ = 120 meV (see ref. 72
for further details). (A) Dependence of proton relaxation time at the
BR membrane on the concentration of added mobile buffer. The figure
corresponds to Fig. 4B of ref. 72. The experimentally measured time of
pyranine protonation by the BR-gjected protons is shown by circles (solid
circles represent the data from ref.70 and open circles correspond to data
from ref. 65), the response time of p-nitrophenol* is shown by stars, the
acceleration of proton relaxation (as measured by pyranine) by added
MES™ and phosphate® is shown by squares and triangles, respectively.
The response time of indicators in the bulk was re-calculated from the
experimental kinetics by accounting for the time needed by BR to eject a
proton to the surface (see Fig. 1B). (B) Acceleration of proton relaxation
in chromatophores from Rb. sphaeroides by mobile buffers. The figure
corresponds to Fig. 5 of ref. 72. The response time of BCP is shown by
circles and the acceleration of the 20 uM BCP response by MES is shown by
squares (the experimental data were taken from ref. 34 and corrected for the
time of proton transfer from the surface to the Qg ubiquinone at 100 ps, see
Fig. 1A).

the dependence of ion equilibration rate on its concentration, as
obtained for different ion species. As it follows from Fig. 2A
and 2B, the magnitude of the barrier depends almost linearly
on the electric charge of the penetrating ion and varies between
0.09 eV for p-nitrophenol and MES (with charge of —1) and
more than 0.36 eV for pyranine (with charge of —4). This linear
dependence substantiates the predominantly electrostatic nature
of the interfacial barrier.
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3. Dielectric saturation and dielectric overscreening
in the surface water layers

Da die Elementarteilchen einer solchen Fliissigkeit von der zundchst
liegenden Elementarteilchen nach allen Seiten polarisch angezogen
und abgestofien werden, so kann vielleicht ein bestdindiger Austausch
der heterogenen Elemente, den man durch einen elementarpolaris-

*+,

chen Zirkel (etwa so +/\+’ * ) vorstellen konnte, in derselben
stattfinden- - -
Theodor von Grotthul3, 1819 (ref. 3).**

Water is a rather unusual liquid. Its physical properties are
governed, as it has been first realized by von GrotthuB3* (see the
epigraph to this section), by networks of hydrogen bonds and
by strong dipole-dipole interactions.***® In terms of ordinary
electrostatics, the interfacial potential barrier could owe to di-
electric saturation in the surface water layers.”*™ Electrochemists
have long claimed that the dielectric permittivity (¢) of the first
hydrating water layer at a charged surface is on the order of
4-6.” The dielectric permittivity at the surface of lipid bilayers
has been reported to be on the order of 10-30.1°%* Teschke and
co-workers have quantified the thickness of the low-polarizable
surface water layer from the electrostatic immersion of highly
polar silicon nitride and cobalt-coated AFM tips at negatively
charged mica surface® They have calculated that the ¢ value
changed from 6 at the surface to 80 at the distance of 10 nm.
Further evidence of decreased ¢ at the surface can be inferred
from data on the conductivity of acidic monolayers.'*>'®® Here the
surface conductivity was studied as function of the surface density
of anionic groups. The conductivity increased sharply when the
edge-to-edge distance between the neighbouring anionic groups
approached ~7 A, both in monolayers of fatty acids'>'* and
of acidic DL-a-phosphatidyl-L-serine dipalmitoyl.’**% This effect
was not observed when DL-a-phosphotidylcholine, dipalmitoyl,
which does not have an acid group, was studied.’”® The increase in
surface conductivity correlated with a sharp rise of the surface
electrostatic potential.’*>!®® The latter results were interpreted
within the framework of phenomenological capacitor models
where two or three dielectric layers have been considered.'®
Apparently, at high density of surface anionic groups the effective
dielectric constant (&) of water at the interface decreased up to 6—
7. Oliveira Jr. and co-workers!*!% have suggested that at distances
below the critical one of ~7 A, the water molecules got the
opportunity to link up two neighbouring acid groups, that would
led to the “freezing” of the water at interface (see also ref. 106
and references therein). The formation of water-bridged hydrogen-
bonded networks is supported by the pulsed field gradient NMR
measurements of proton transfer at the surface of BR membranes.
Here the maximal proton transfer rate was observed with fully
hydrated samples and the translational proton jump distance
at the surface was three times larger than that observed in the
bulk water.’”” These observations might reflect the formation of

** As the elementary particles in such a liquid, depending on their polarity,
are attracted and repelled by the surrounding elementary particles, one can
imagine an interaction between the heterogeneous elements in such a liquid
as a circle where the elements are arranged according to their polarity

*+,

+
(approximately in the following way: ¥ ). Theodor von Grotthuss, 1819
(ref. 3).

low-barrier proton-conducting water-bridges between the charged
groups at the surface.®"'® The “rigidity” of such hydrogen-bonded
networks follows not only from the neutron scattering data,'” but
also from the exponential increase in surface potential, reflecting
the decrease in the effective dielectric permittivity.'*>!%

The importance of surface charge for water polarization follows
from the observations of Ishino and co-workers who have shown
that the negatively charged silicon nitride tips were attracted at
small separations both to the positively and negatively charged
Langmuir—Blodgett monolayers (-NH, and -COOH functional
groups) but not to the neutral stearyl amide (-CONH,) and stearyl
alcohol (-OH) monolayers.'” The observed dependence of the
attraction on the surface charge might be caused by ordering of
the polarized water at the distances of few nanometers from the
charge interface, both on the positively and negatively charged
surfaces, leading to dielectric saturation. In the case of a neutral
surface, the ordering is likely to be restricted to the first hydration
layer.

The AFM experiments of Teschke er al*® were performed at
low ionic strength, either in pure water or in the presence of
1 mM of various salts. The ¢ profiles, as obtained by these authors,
could be, however, extrapolated to higher, biologically relevant
ionic strengths.™ As discussed in more detail in the latter work,
the decreased ¢ at a charged surface could lead to a potential
barrier of 0.1-0.3 eV for monovalent ions some 1 nm away from
the membrane surface. Such a barrier is large enough to notably
retard the ion transfer between the membrane surface and the bulk
aqueous phase.”™

The strong intermolecular correlations in water®®'*'"! do set,
however, limits on treatment of short-range interactions in water
in the framework of ordinary electrostatics. To account for such
correlations, a theory of nonlocal dielectric permittivity with a
spatial dispersion has been put forward by several authors.!>-'1
In this theory, the dielectric displacement Data given point
r depends, via the nonlocal dielectric function &(r,r), on the
electric field in the whole volume occupied by the dielectric
medium:

D) = [y e, ED()d’r

The nonlocal dielectric function of isotropic water has been
obtained by molecular dynamics simulations."'®!"” Tt was found
to be negative at wavelength values between 2 and 12 A~'. The
negative sign of dielectric function indicates overscreening.''®?
The molecular reason for overscreening is the coupling between
spatial and orientational correlations in liquid water resulting
in an enhancement of the polarizability at certain wavelength.'?
The negative sign of dielectric permittivity makes the behaviour
of aqueous electrolyte solutions similar to that of ferromagnetic
materials and high-temperature superconductors.”!#11°

In other words, water molecules have a tendency to form
highly ordered molecular clusters because of intermolecular
correlations.”® This intrinsic property manifests itself in numerous
physical, electrochemical and interfacial phenomena. Particularly,
the behaviour of water at an interface differs drastically from
that of bulk water because of the strong organizing impact of the
surface on the water structure. When spread over an electrically
charged surface, water tends to form layered structures, which
were demonstrated by atomic force microscopy (AFM)¥? and
by X-ray reflectivity.” A distinctive feature of the interfacial water
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confined in thin films is its high fluidity’** that differs sharply
from the behaviour of non-associative liquids; the latter have a
tendency to be in a solid-like state under similar conditions.'**'*
Water behaves similarly at the surface of biological membranes,
in particular BR sheets: by using neutron scattering Dencher
and co-workers have shown that the translational diffusion of
the surface water molecules was anisotropic and occurred only
parallel to the membrane plane.’”¢ Another enigmatic interfacial
phenomenon, as first elegantly demonstrated by Israelachvili and
Pashley,'” is the appearance of force oscillations in electrolyte
solutions squeezed in nanoscopic films."?® The origin of oscil-
lations, which depended on salt concentration and which were
taken as evidence for the high organization of interfacial water,
has remained elusive.'*'2127531 The oscillations could not been
derived from the classical Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory. The latter considers an ideal electrolyte solution
in a structureless polar solvent where the interaction of particles
includes only monotonic van der Waals attraction at short
distances and electrostatic repulsion at large separations.”® The
consistent theoretical description of oscillations and of some other
anomalies of interfacial water has been recently accomplished by
using nonlocal dielectric function of isotropic water.” According
to this approach, the redistribution of mobile ions in an electrolyte
solution exerts a positive feedback on the overscreening response
of water. This feedback can cause resonant oscillations of the
electrostatic potential in the vicinity of a charged surface that
makes the consideration of nonlinear effects of dielectric satura-
tion and of volume exclusion obligatory. It should be mentioned
that these potential oscillations are analogous to the spontaneous
appearance of spin density waves in ferromagnetic systems and to
the appearance of charge density waves in plasma and in high-
temperature superconductors.'®*

Fig. 3 shows the oscillations in a squeezed electrolyte for
different electrolyte ionic strengths, as calculated elsewhere.”
These oscillations are in a remarkable agreement with the exper-
imentally measured oscillating forces between negatively charged
macroscopic mica cylinders (see the insert to Fig. 3): at ionic
strength of <10~* M, the interaction of mica surfaces in KCl
solution was repulsive at great separations and monotonically
attractive at short distances; at the intermediate concentration
of 10~* M, sharp oscillations of repulsive and attractive force were
observed in the interfacial layer of 2 nm thickness; at ionic strength
of >1072 M, a strong hydration repulsion dominated other forces
in the layer of 3-5 nm thickness.'?"127:132

The surface water layering is likely to affect many interfacial
reactions and therefore has to be routinely taken into account. As
already mentioned in Section 2, the examination of charge transfer
reactions at the interface of biological membranes revealed a linear
correlation between the electric charge of a penetrating ion, on one
hand, and the height of the effective interfacial barrier as sensed
by this ion, on the other hand.” Exactly this kind of dependence
is expected if the kinetic barrier is due to the potential barrier
in the surface water layers, as calculated by using the nonlocal
approach.”™

It is worth mentioning that the described interfacial potential
barrier is only one of many emanations of the peculiar properties
of surface water. The exact relation of the barrier to the “solute
free” surface water," and to other surface phenomena’**** has to
be established yet.

10°

F/IR mN/m

-
e,

F/R mN/m
=X

Distance nm

Fig. 3 The normalized force between two charged cylinders in an
electrolyte solution as function of the separation distance. The figure
corresponds to Fig. 2 of ref. 75. The interaction force F of a pair of
crossed cylinders of radius R, which is large compared to the distance of
their minimal approach L, was calculated by the interaction free energy 2
of two parallel charged walls using the Derjaguin approximation F(L) =
2nRQ(L). The free energy @ was calculated as described in ref. 75. The
solid lines show the interaction force for the nonlocal dielectric function,
as described in ref. 75, the dotted lines were obtained with the static
dielectric permittivity ¢ = 78. The surface charge density ¢ was 0.016
C m™2, the electrolyte solubility ¢, = 5 M, and the empirical parameter
a = 30. Curves in (A) and (B) correspond to the ionic strength of 10-*
and 1072 M, respectively. Insertions to (A) and (B) show the experimental
force—distance curves measured in 1 mM and 1 M KCI solutions (data
taken from ref. 127 and ref. 132, respectively).

4. Some implications and outlook

Der Sauerstoff eines jeden Wasseratomes wird ndmlich selbst
negativ,- - - und der Wasserstoff eines jeden Wasseratomes wird selbst
positiv elektrisch. Es entsteht ndmlich eine molekularpolarische
Reihe +—+—+—+—, und durch den elektrischen Zustand der Atome
selbst wird ein wechselseitiger Austausch der Elementarteile aller
Atome bewirkt.

Theodor von GrotthuB3, 1820 (ref. 4).1+

4.1 Biological energy conversion

The energy transduction in biological membranes is based on
the ability of certain redox- and light-driven enzymes to pump
protons across the membrane. In the simplest case of bacterial
cells, protons are pumped out, into the surrounding medium. As a

11 The oxygen of each water molecule is electrically negative, while the
hydrogen is positive. This leads to the formation of a molecular-polar
array +—+—+—+-, so that the mutual interaction between the elementary
parts of all molecules is affected by their electrical state. Theodor von
Grotthuss, 1820 (ref. 4).
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result of this charge separation, one side of the membrane becomes
negatively charged, whereas the other side charges positively, so
that one can speak about »n- and p-sides of an energy-transducing
membrane. The transmembrane difference in the electrochemical
potential of hydrogen ions (Ady+) drives the energy-consuming
enzymes, the ATP synthase in the first place.”**"*® It has been
widely discussed that Agiy+, as experimentally estimated from the
measured Ay and “bulk” pH values was insufficient to drive ATP
synthesis on many occasions,"**'*? and especially in the case of al-
kaliphilic bacteria.'® The existence of the interfacial potential bar-
rier helps to solve this fundamental bioenergetic conundrum. The
height of the interfacial barrier for protons was found to be about
0.12 eV.”? Because of the barrier, the surface proton activity, as
sensed by membrane enzymes, might deviate from that measured
in the adjoining water phase. In particular, the proton concen-
tration at the p-surface of energy-transducing membranes should
increase at steady state.®“*7* Thus, in vivo the driving force beyond
ATP synthesis is the surface-to-surface Ajiy+ that can be defined as

Ajiy-S = FAy — 2.3RTApHS

In general, the surface-to-surface Afiy+3 is expected to be larger
than the bulk-to-bulk Afiy+. In more detail the implications for
bioenergetics are considered elsewhere. 66174

4.2 lon transfer by gramicidin

Another relevant example is the ion transfer through the gram-
icidin A channel. The proton conductance along this channel,
as going along a file of water molecules (see the epigraph to
this section for a description of such a file by von GrotthuB3),
was shown to be limited by the events at the membrane/water
interface."**'5 In particular, the conductance has been shown
to depend on proton activity as [H*]*” over a range of five
pH units."** A plausible explanation is that the proton flux to the
channel mouth has a considerable surface contribution; in such
case the theoretical analysis predicts a flatter dependence of the
conductance on proton concentration, as compared to the case of
isotropic diffusion in the three-dimensional semi-space.”

As considered in ref. 72 and as discussed above in Section 2,
the interfacial potential barrier is sensed by any ion. This might
explain why the conductance of the already mentioned gramicidin
A for K* ions, at the applied voltage of >200 mV, was limited by the
ion diffusion in the external water phase.’*® Quantitative analysis
of the data, based on using homogeneous diffusion coefficients for
permeate ions, yielded a capture radius for the channel mouth of
only about 0.02 nm, an order of magnitude smaller than it is
seen in the crystal structure. A probable reason of this controversy
might be the anisotropic character of the ion diffusion coefficient
(tensor), with its normal component being 10° fold smaller that
the lateral one.

4.3. Atomic force microscopy

Another case where the polarization of the interfacial water seems
to manifest itself is the electrostatic interaction of AFM tips
with charged surfaces. The radius of standard SiN tips used in
the atomic force microscopy is 2-5 nm, as determined by the
transmission electron microscopy and by the AFM itself.!"!4
This estimate is in good correspondence with the resolution of
AFM. However, the calculations of the effective radius from the

extent of electrostatic repulsion at the interface yielded an estimate
of 100-300 nm for the radii of similar tips."* This apparent
contradiction can be solved by ascribing a lower effective ¢ (g.y)
value to the interfacial water layer. As noted above, the layering of
the surface water was directly observed by AFM when carbon
nanotube probe was combined with highly sensitive dynamic
measurement scheme.'*?

Generally, the usage of ¢ of 78, as in homogeneous water,
is improper when considering events at interface. Such a high
& value can lead to underestimation of electrostatic forces.
Because of the image charge, ¢ can hardly be higher than 40
at the interface between water and a non-polar medium.!*!!
Any microscopic pre-organisation of water at interface, especially
pronounced if the membrane surface is charged, is expected to
decrease ¢, further. One can argue that the application of the
classical Poisson—Boltzmann equation with fixed ey of 78 has
yielded acceptable results upon modelling of surface reactions
in many cases. Such modelling, however, implies routinely several
unrestricted parameters. In the simplest case of a lipid membrane,
these are surface charge density, surface electrostatic potential,
position and thickness of the membrane, dielectric constant of
the membrane, effective radii of chargeable groups and their
specific affinity to protons. Because these parameters are roughly
independent of each other, one has a considerable degree of
freedom in the fitting of experimental data. The examples, which
we have chosen above and which provide evidence of a lower
dielectric permittivity at the surface, represent either very well
studied systems (gramicidin A) or systems, where at least some fit
parameters can be independently estimated (e.g. the sizes of the
gramicidin A mouth and of the AFM tip).

In the practice, it is difficult to account for nonlocal electrostatic
effects, as described above in Section 3, upon numerical modelling
of complex interfacial phenomena, such as ligand binding or
peptide adsorption. Still it is advisable to take &4 < 40 for the
surface water layer upon such calculations. In this case, the values
of other fit parameters would be closer to the true ones than
when &4 of 78 is used. The same phenomenological approach
is widely used in protein electrostatics, where &g values in the
range of 10-20, which can hardly be rigorously justified, give
the best correspondence with experimental data upon simple
calculations.'* "%

4.4 Calcium pumps

As noted above, the potential barrier depends linearly on the
charge of penetrating ion and is therefore higher for ions carrying
several charges. In the case of calcium pumps, the barrier might
then account for the locally elevated concentration of Ca** ions
at the membrane surface close to the pump outlets.’>*'>” Upon
studying Ca* efflux in rat cardiac myocytes, Meethal and co-
workers have simultaneously recorded (i) the Ca’** current and
(ii) the Ca** transients as measured by a fluorescent dye fura 2.'5
The transients delayed by 1.3 ms beyond the current. The delay was
explained by involvement of unidentified Ca**-buffering groups at
the surface. Although such groups might be involved, the similarity
with the proton behaviour at the membrane surface, as described in
Section 2, prompts a suggestion that Ca** ions could be retarded on
their way into the bulk aqueous phase by the interfacial potential
barrier.
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Fig. 4 Binding sites of non-transportable polyanions in several membrane enzymes with resolved crystal structures (the enzymes of E. coli were chosen
where possible). The 3D structures of the E. coli BtuCD protein, an ABC transporter mediating vitamin B12 uptake (PDB entry 1L7V'™), the E. coli
succinate dehydrogenase (PDB entry INEK'**), the E. coli nitrate reductase (PDB entry 1Q16)'*® and a composite model of a FoF,-type ATP synthase
(the X-ray structure of the F, part of the bovine H*-ATP synthase (PDB entry 1H8E!™) is combined with the crystal structure of the F, part of the
Ilyobacter tartaricus Na*-ATP synthase (PDB entry 1YCE™?) are depicted. Colour code: acidic residues (Asp and Glu) are marked in red, basic residues
(Arg and Lys) are shown in blue, and histidine residues are marked in green to reveal the hydrophobic membrane segments. The binding sites of anionic
substrates are highlighted in purple and indicated by purple arrows. Purple colour is used for the cyclotetravanadate molecules at the ATP-binding sites of
BtuCD protein, for the molybdopterin—guanine dinucleotides and molybdenum in the nitrate reductase, for oxaloacetate in the substrate-binding site of
the succinate reductase, and for adenine nucleotides in the Fo F,-ATP synthase. The iron—sulfur clusters are shown in yellow, hemes in orange, magnesium
(in the F, part of the FoF,-ATP synthase) in yellow, sodium (in the F,, part of the FoF,-ATP synthase) in green, quinone (in the succinate hydrogenase)
in yellow. The figure was produced by using the VMD software package.'”

4.5 Polyanions at the membrane interfaces

The impact of the interfacial electrostatic barrier is especially
pronounced for polyanionic species (i.e. ATP, ADP, phosphate
anions, carbonic acids efc.). When approaching the membrane
surface, these anions, besides crossing the interfacial barrier, have
to overcome the repulsion by the negatively charged membrane.
It is not surprising that the transport of nucleotides by the mito-
chondrial ADP/ATP carrier, the best studied anion transporter,
is facilitated (1) by direct delivery of nucleotides to the carrier
through an enzyme-enzyme exchange''% and (2) by the positive
charge of the nucleotide-binding cavities.®!

Of special interest are those ions, which, on one hand, serve
as catalytic substrates of membrane enzymes but, on the other
hand, are not carried across the membrane. In the available crystal
structures, the binding/catalytic sites for such ions are located
far away from the membrane/water interface (see Fig. 4). In
the case of redox enzymes, electron transfer chains, as formed
by numerous redox centers, connect the peripheral substrate-
binding sites with the membrane-embedded machinery of elec-
tron/proton coupling. Such arrangement is found in the fumarate
reductase,'®*!® succinate dehydrogenase,'® nitrate reductase,'®®
and many other enzymes, as surveyed elsewhere.'® In the case of F-
type ATP synthase,'""° P-type ATPases,"”* transhydrogenase,'”
and ABC transporters'” mechanical gears are used to connect
the catalytic sites with the membrane. This design might have
several reasons. One is the domain structure of membrane enzymes
with recruitment of whole globular modules in the course of
evolution. Another reason might be the crowding at the membrane
surface.'*174175 Besides, however, the remote position of the

catalytic centers might be due to electrostatic constrains. It is
imaginable that the kinetic losses of bringing polyanions into
the “hostile” polarized interfacial water layer are larger than the
evolutionary “investments” needed to construct the transmission
gadgets. If so, the position of these substrate-binding centers,
>2 nm away from the membrane/water interface, might mark
the boundary from which the “bulk” aqueous phase stretches out,
at least from the enzymes’ point of view.
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