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ABSTRACT It has been shown with lipid layers and more
recently with purple membranes that protons have slow
surface-to-bulk transfer. This results in long-range proton
lateral conduction alongmembranes.We report here that such
lateral transfer can take place along a pure protein film. It is
strongly controlled by the packing. Subtle reorganizations of
the protein–protein contact can be biological switches be-
tween interfacial and delocalized proton pathways between
sources and sinks.

The occurrence of barriers preventing free exchange of pro-
tons from membranes to the bulk phase has been the subject
of debate in membrane biology for more than 30 years (1–4).
The barriers are of primary relevance to the occurrence of an
interfacial pathway in chemioosmotic coupling and to other
reactions at the membraneysolution interface. In the mid-
1980s, experiments using fluorescence spectroscopy with lipid
monolayers proved that facilitated interfacial proton conduc-
tion was present with this simple model (5). This observation
was confirmed on the same system by surface potential,
pressure, and electrical conductance measurements (6–9). A
thermodynamic implication from such conductions was that
barriers prevented the free leakage of protons from the
membrane interface to the bulk phase (10). Last year, two
groups reported that delayed transfer of proton from surface
to bulk was taking place in purple membrane systems after they
were energized by a light flash (11, 12). These results indicated
that proton transfer was taking place between the proton
channel and the membraneysolution interface. It was sug-
gested that this took place along the lipid headgroups as
described with monolayers.
The results on lipid monolayers were tentatively explained

either by coupled protonationydeprotonation reactions of the
lipid headgroups (13) or by the presence of a hydrogen bond
network along the film. This was created by the polar head-
group region of phospholipids and by the interfacial water
molecules (9, 14). This was borne out by electrical measure-
ments on lipid multilayers (15) in which it was shown that the
degree of hydration was a key parameter (16). This was proved
by recent results using scanning tunneling microscopy that
showed lateral conductivity of ultrathin water films (17). Such
conductivity was observed both on hydratedmica samples and on
dipalmitoylphosphatidylcholine Langmuir Blodgett films that
were formed on mica sheets (18). This was suggested to be due
to proton movement (19).
An unsolved problem for this surface conduction is knowing

whether it is restricted to lipid domains or whether proteins
play a similar role or prevent it. To mimic membrane inter-
faces, molecular assemblies such as monolayers are a useful
tool, as shown with lipids. They can be built by the self-
assembly of proteins on the airywater interface. Bovine serum
albumin (BSA) was chosen because it is known to form
monolayers when spread on the airywater interface while

conserving residual native structures (20). The film can be
compressed with no abrupt conformational change. It is rigid
as shown by dilatometric studies (21).
Investigation of proton conduction by BSA films was carried

out by two complementary methods, using either a direct
approach by using the pH dependence of fluorescein isothio-
cyanate (FITC)-BSA fluorescence (5) or an indirect one by
monitoring the surface electrical conductance (8).

MATERIALS AND METHODS

Chemicals. Mops, BSA, and FITC-BSA were purchased
from Sigma. Salts were analytical grade. Ultrapure water was
obtained from a Milli-Q column (Millipore).
Monolayers Preparation. The troughs were milled in Plexi-

glas to minimize light scattering. Proteins were dissolved in
Milli-Q water (0.3 gyml). The protein film was obtained by
pouring a small volume of protein solution along a glass rod
implanted across the wateryair interface (Fig. 1A) (22, 23). The
subphase was 1 M NaCl and 1 mM Mops (pH 7.4) for
fluorescent measurements, and pure Milli-Q water for con-
ductance assays. The film compression was obtained bymoving
a Teflon barrier to change the total surface area of the
monolayer. The film surface pressure was monitored by means
of a platinum plate connected to a force transducer that was
designed in our laboratory. For lateral proton conduction
assays, the film surface pressure was changed by increasing the
number of protein molecules spread on the airysubphase
interface for a constant total surface area of the film (5).
Fluorescence Studies. Upon protonation, the fluorescence

of fluorescein is known to decrease. The apparent pK of the
FITC adduct of BSA taken as the subphase pH giving 50% in
the total emission was around 7 whatever the surface pressure
(Table 1). Fluorescence emission changes upon compression of
the monolayer of FITC-BSA or of BSA containing the pH
indicator FITC-BSA (20mol percent) were observed using two
approaches.
(i) An interface fluorimeter constructed in the laboratory

was used to monitor the front face fluorescence (5). The
fluorescence from a small illuminated area (about 2 mm in
radius) was measured by means of a photomultiplier tube
(Thorn EMI Electron Tubes model 9558) connected to a data
acquisition unit. The light source was an Osram (Berlin) model
XBO 75Wy4 xenon lamp.Wavelengths were selected by means
of optical filters (lex 5 462 6 11 nm, lem 5 519 6 8 nm)
(Métallisations et Traitements Optiques, France).
(ii) Themonolayer interface was observed under an inverted

fluorescencemicroscope (Leitz Fluovert). The light source was
an Osram model HBO 100Wy2 mercury arc lamp. Wave-
lengths were selected by an H3 filter block (390 nm # lex #
490 nm, 515 nm# lem) (Leitz). A video monitoring device was
connected to the microscope: a light-intensifying camera
(Lhesa) associated with a black-and-white monitor (RCA).
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Using a 323 objective, the system provided depth of focus of
about 1–2 mm. The video device was connected to a digitizer
(Info’Rop, France) driven by a computer (Motorola). The
video signal was then digitized at 8 bits (256 light levels) with
a pixel definition of 3 mm2. Image analysis was performed by
means of a software library (Trimago, Ifremer) containing the
major routines for digital image processing.
Proton Conduction. The fluorescence baseline was obtained

without spreading the film. The 100% fluorescence was given
after spreading the protein film on a 1 M NaCly1 mM Mops
buffer (pH 7.4). The experiment was performed in the steepest
part of the pH response of the dye. Acid was then injected
(bringing the local bulk pH to 2) (Fig. 1A, site b). The transfer
of protons to the observation area (Fig. 1A, site e), i.e., on a
distance of 4 cm, was detected by the associated decrease in
fluorescence emission. Two key data set the parameters of the
proton conduction: TH1, the delay between H1 injection and
the beginning of the decrease in fluorescence, and DF, the
change in fluorescence emission.

Surface Electrical Measurements. As shown in Fig. 1B, two
very thin platinum electrodes (site e: diameter, 0.2 mm; length,
2 cm; width, 5 mm) were brought into contact with the
airywater interface formed in a plexiglas trough (site a) (24).
Ultrapure water subphase (site c) was used to obtain a very low
background signal. A small voltage was applied and the
resulting current intensity was recorded (site b). This back-
ground was reduced by the use of very thin interfacial elec-
trodes. As other resistances in the network were negligible
when compared with the monolayer, the current was directly
related to the film conductance. The protein film was spread
(site f) and then compressed by moving the Teflon barrier (site
d). The associated change in the current was recorded as a
function of the protein packing [monitored by the film pressure
(site g)]. The conductance between the two electrodes was due
to a contribution from the film and from a constant back-
ground signal associated with the bulk phase (8).

RESULTS

Compression Isotherms. Compression of the film induced
sequential changes in surface pressure and fluorescence as
shown in Fig. 2A. A dramatic increase in emission was ob-
served around 550 nm2 per spread FITC-BSA molecule,
followed by a plateau. A decrease in emission was present
below 350 nm2 where the surface pressure started to increase.
Direct observation of the film organization by interfacial
digitized video fluorescence microscopy showed that no mac-
roscopic domain formation was present during film compres-
sion (Fig. 2B). Quantification of the average light levels of the
digitized images was shown in Fig. 2C. When working with a
mixture of BSA and FITC-BSA (3y1 molar ratio), the same
behavior was observed except that the fluorescence intensity
was reduced to about 25% of what was observed with a pure
FITC-BSA monolayer.
As previously described with lipid films (5, 25), by changing

the pH of the subphase, a rough estimation of the probe
apparent pKs was obtained for different packings of the film
where the fluorescence is detectable (Table 1). A value close
to 7 was detected in all cases, showing that no surface potential
effect was present.
Proton Surface Conduction. Proton lateral movement was

monitored by the dissipation of a local pH jump (5) (Fig. 3A)
and by comparing the movement in the bulk and in the film by
the associated fluorescein emission drop. The fluorescence
approach shows that a fast lateral proton diffusion (a low TH1

value, about 200 s) was present when the film packing density
was between 400 and 300 nm2 per molecule, but disappeared
as soon as the film was compressed below 300 nm2 per
molecule (Fig. 3B). The associated relative f luorescence
change DF was fairly constant for the different film packings.
The movement was much slower in the bulk phase. When no
film was spread on the air/water interface and the water soluble
form of FITC was present in the bulk, no fluorescence change
was detected before 40 min after acid injection.
No dramatic change in surface pressure of the BSA film took

place when the proton conductivity was switched off. When
present, the conduction was not modulated by film compres-
sion. The same kinetic of fluorescence change was obtained
when working on a film that was formed with a mixture of free
and labeled BSA (3:1 molymol). The only difference was that
the intensity of the emission was only 25% of what was
observed with a pure FITC-BSA film, reflecting the dilution
effect. The FITC labeling was therefore not involved in proton
surface conduction.
Surface Electrical Conductance. No drift in surface elec-

trical conductance was observed on a free solution during
2000 s as would has been the case if contamination had been
created either by detergent present in the subphase or by
aerosol deposition (data not shown). When the BSA film was

FIG. 1. Schematic drawing of the monolayer trough. (A) Fluores-
cence detection. This was the setup described in ref. 5. Sites: a,
Plexiglas trough (to reduce light scattering); b, injection of acid; c,
stirrer to homogenize the injection compartment; d, Teflon barrier (to
limit the film and to define the part in contact with the acidic
subphase); e, f luorescence observation area (detection was either with
a PM tube or with an intensified video camera); f, monolayer (the
protein film was obtained by pouring a small volume of a protein
solution along a glass rod implanted across the wateryair interface); g,
surface pressure transducer; h, aqueous subphase; i, glass barrier to
prevent proton diffusion in the bulk. The fluorescence baseline was
obtained without spreading film. The 100% fluorescence was given
after spreading the protein film on a 1MNaCly1mMMops buffer (pH
7.4). Acid was then injected in b (bringing the local bulk pH to 2). The
transfer of protons to site h was detected by the associated decrease
in fluorescence emission. (B) Conductance detection. The procedure
and setup are described in the text.

Table 1. Apparent pK values of the FITC adduct of BSA
obtained for different surface pressure of the labeled protein film

Surface pressure,
mNym Apparent pKa

0.5 7
1 6.9
2 6.95
3 6.9
4 6.95

14522 Biophysics: Gabriel and Teissié Proc. Natl. Acad. Sci. USA 93 (1996)



spread with low packing, no change in conductance was
detected when compared with the subphase. Upon film com-
pression, a slow increase in conductance was observed up to
350 nm2ymol, where a dramatic increase (more than twofold)
was detected (Fig. 3C). A plateau region was then present
down to 290 nm2ymol, where the conductance was observed to
decrease again and to reach a value close to that of the free
solution, at a packing of 220–200 nm2ymol.

DISCUSSION

The conclusion of the present study is that interfacial electrical
conductance is present along a BSA film spread on the
airywater interface. It reflects a motion of protons along the
film as shown by fluorescence investigation. The film organi-
zation controls this conduction (Fig. 4). The elementary
conducting unit is the surface of the protein as shown with BSA
(26) and lysozyme (27). As no conduction is observed for a
loosely packed film, contact between proteins must take place

FIG. 2. Fluorescence emission change of FITC-BSA films on the
airywater interface upon compression. The film was compressed after
spreading the protein solution by a slow lateral movement of a Teflon
barrier. The subphase was 1 MNaCly1 mMMops, pH 7.3. The protein
molecular area was obtained from the spread volume. By comparing
with previous data (20), it was concluded that only 33% of the proteins
remained at the interface by this spreading procedure. (A) The
detection was obtained by a photomultiplier tube on an interface
fluorimeter specially designed for monolayer investigation (5). (B)
The detection was obtained on an inverted microscope (Leitz, H3
block filter, 32 3 objective) by epif luorescence using video detection
(Lhesa camera, Optimas software). (A) Free airywater interface.
(B–P) Compression of the film (B, 730 nm2ymol; C, 680 nm2ymol; D,
650 nm2ymol; E, 617 nm2ymol; F, 586 nm2ymol; G, 554 nm2ymol; H,
523 nm2ymol; I, 491 nm2ymol; J, 460 nm2ymol; K, 428 nm2ymol; L, 397
nm2ymol; M, 365 nm2ymol; N, 334 nm2ymol; O, 302 nm2ymol; P, 271
nm2ymol). Micrograph was scanned with a SprintScan 35 (Polaroid)
and printed using a XLS 8600 PS printer (Kodak). (C) The emission
detected in B was quantified by pixel averaging (4 3 4, sampling 30).

FIG. 3. Detection of the change of proton lateral conduction along
the BSA film with the monolayer compression. (A) In the fluorescence
approach, the dissipation of the pH jump is described by the two
parameters TH1 (delay between the acid injection and the decrease in
fluorescence) and DF (the relative amplitude in fluorescence de-
crease) (see text). In this experiment, the film packing density was 350
nm2/mol. (B) Dependence of the proton lateral conduction on the
molecular area. Conduction was observed by the fluorescence ap-
proach. TH1 in the bulk phase without spreading film was larger than
2000 s. (C) In the conductance method, the change is recorded with
a background signal associated with the free airywater interface
equivalent to 1.7 6 0.1 mS. (When not shown, error bars are in the
symbols.)
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so that the long-distance transfer occurs as we showed previ-
ously in the case of phospholipids (5, 13). A drop in proton
conduction and in the associated interfacial electrical conduc-
tance was observed at high packing as in some cases with lipid
films (8, 28). This was associated with the organizational
change due to phase or structural transitions (28). In the
present investigation, we made the same observation but
another explanation must be given which take into account the
rigidity of a BSA molecule (21). The disappearance of proton
conduction must be explained by the reorganization of the
molecular assembly. This is borne out by the observation that
in the BSA experiments the fluorescence isotherm shows that
a change in emission takes place for packing densities lower
than 300 nm2ymol. This reorganization should result in a
mismatch in the neighbor to neighbor transfer. A decrease in
the transfer efficiency (i.e., in electrical conductivity) is ob-
served. It decreases as the packing increases and film conduc-
tivity collapses.
The convergence of the observations obtained by two com-

pletely different methodologies rules out any criticisms in the
case of lipid films (29). It was suggested that convection

induced by stirring played some role in proton movement when
detected by fluorescence, but no stirring is present in the
electrical experiments. Local heating due to the dilution of the
3 M acid solution may take place in the fluorescence experi-
ments but is present whatever the film packing. Furthermore
it does not affect the electrical measurements. Very thin
electrodes were used to avoid any change in their contact with
the film as suggested previously (24).
Some differences are present in the results obtained with the

two methods, mostly in the high packing region. We suggest
that this difference between the fluorescence and the electrical
approaches is due to the methodologies for film compression
oryand to a difference in sensitivity in the two assays. In a
previous work, we showed that the proton transfer depended
on the length of the pathway between the acid reservoir and the
detection area (10). This could explain the dramatic character
of the changes in the fluorescence experiments. A more
progressive change is observed by the electrical method as
suggested by the simulation previously described (10). There is
another experimental difference between the two methods.
Electrical conductance measurements are performed on pure
water, whereas a buffered subphase is used with the fluores-
cence method.
This study shows that when proteins are spread as mono-

layers, surface proton conduction occurs over a long distance
through a cooperative organization of the molecular assembly
as described in the case of phospholipid monolayers (13).
A previous model suggested that protonation of fluorescein

bound on BSA by bulk protons proceed along a pathway that
is built by the multitude of carboxylate groups covering the
protein surface (26). In this case, a deprotonation of the
surface would occur due to the presence of proton acceptors
in the bulk, preventing the long-range movement that we
observed.
Proton transfer along protein channels was described as

being supported by a hydrogen bond network built between
amino acids (30, 31). But as such a model was rigid, a more
realistic description was proposed in which some flexibility was
present by involving hydration water molecules in the network
(32). Proton conductivity along single protein surface was
indeed observed in the case of lysozyme (27) and purple
membrane (33). Conductivity was detected only when a critical
level of protein hydration was present. The conclusion was that
it was assisted by water molecules bound to the protein surface.
The conductivity reflects motion of protons along threads of
hydrogen-bonded water molecules supporting a long-range
proton transfer. From percolation theory, it was concluded
that conductivity results from the assembly of conducting
elements. All these descriptions bear out the occurrence of
proton conduction on the surface of proteins. Proton transfer
will take place along a protein film if and only if there is a
continuity of the hydrogen bond network between the pro-
teins. We suggested that this was due to a bidimensional
network of hydrogen bonds involving interfacial water mole-
cules and film molecules.
From these observations, the mechanism of proton conduc-

tion along protein films therefore appears to present similar-
ities to what was observed with lipid monolayers. This is borne
out by the analogy of the observed TH1. Mismatches between
the individual conducting units due to either orientational or
conformational changes modulate the proton transfer as pre-
viously shown in the case of phospholipids (13). A key condi-
tion for lateral conduction to occur along interfaces is that an
energy barrier prevents the free diffusion of protons from the
interfacial pathways to the bulk phase (10). The same conclu-
sion was suggested for other systems involving phospholipids
(11, 12, 34). The present study definitively demonstrates that
this energy barrier is present with protein layers but is con-
trolled by changes in packing. This control can play a regula-
tory role in coupling in the case of biological membranes by

FIG. 4. Molecular structural events of the protein film during its
compression and their consequences on the proton lateral conduction.
BSA molecules are drawn as grey ellipsoids. (1) At a low packing
density, the molecules lie flat at the airywater interface. There is no
molecular assembly, i.e., no contact between molecules. No proton
conduction can take place. (2) When the film is compressed, a critical
phenomenon takes place, giving the formation of a molecular assem-
bly. A continuous layer of interfacial water molecules is created which
facilitates the lateral proton transfer over a long distance (long arrow).
(3) With a further film compression, some protein molecules are tilted
to an upright position giving local breaks in the molecular assembly.
These defects prevent the lateral conduction locally (curved arrow).
(4) When the film is highly packed, more and more protein molecules
are brought to the upright orientation. The associated increase in
defects prevents the long-range proton conduction.
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controlling the proton surface exchange between sources and
sinks. Two pathways can be present: (i) the classical delocalized
one through the bulk phase and (ii) an interfacial one, when
the membrane packing permits it. A final conclusion is that the
interfacial proton conduction is supported not only by lipids as
already shown but that proteins can play an active role in its
support.
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