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The homogeneous, defect-free surface of a hanging mercury drop electrode was used to
self-assemble films apt for the investigation of two photobioelectrochemical systems. Mono-
layers of straight-chain C12–C18 alkane-1-thiols were anchored to a hanging mercury drop
electrode and a film of chlorophyll was self-assembled on the top of them. The dependence
of the photocurrents generated by illumination of the chlorophyll film with red light, on
the thickness of the alkane-1-thiol monolayer and the applied potential is discussed. The
photocurrents of purple membrane fragments, adsorbed on a mixed hexadecane-1-thiol/
dioleoylphosphatidylcholine bilayer self-assembled on mercury, were investigated in the pre-
sence of sodium perchlorate, chloride and acetate. The effect of the anions on the kinetics
of the light-driven proton transport by bacteriorhodopsin has been determined.
Keywords: Photobioelectrochemistry; Photochemistry; Electrochemistry; Chlorophyll;
Bacteriorhodopsin; Alkanethiol monolayers; Mercury-supported films.

Mercury has a homogeneous, featureless, defect-free surface that lends itself
to the formation of well-behaved self-assembled monolayers. This is an in-
disputable advantage of Hg over solid electrodes such as gold, whose sur-
face steps and kinks are responsible for defects in the deposited films. More-
over, mercury electrodes are readily renewable and do not require condi-
tioning prior to use. These advantageous features of Hg have been exploited
to investigate the behavior of phospholipid monolayers self-assembled on
Hg electrodes and incorporating biomolecules. Thus, these monolayers
have been used to incorporate several lipophilic molecules, such as ubi-
quinone-10 (refs1,2), vitamin K1 (ref.3), gramicidin4,5, prothrombin6, apoli-
poprotein A-I (ref.7), etc., and to investigate their electrochemical behavior.
Hg-supported phospholipid monolayers have hydrocarbon tails directed to-
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ward the hydrophobic mercury surface and the polar heads directed toward
the aqueous phase; they can be regarded as convenient biomimetic mem-
branes. In fact, the interface between aqueous phase and the polar head re-
gion of lipid monolayers is equivalent to that between the same aqueous
phase and lipid bilayers that are the main constituents of biological mem-
branes. Thus, as long as interactions with foreign molecules are confined
only to the polar head region, no appreciable differences are expected.
However, integral proteins span the lipid bilayer of biomembranes com-
pletely, often protruding outside the bilayer. Therefore, they cannot be in-
vestigated in a functionally active state on metal-supported phospholipid
monolayers. Bamberg, Fendler et al.8–11 adopted an ingenious approach that
consists of adsorbing membrane fragments or proteoliposomes on a phos-
pholipid monolayer self-assembled on the top of a long-chain alkane-1-thiol
monolayer firmly tethered to a gold electrode. In our laboratory, this ap-
proach has been conveniently extended to mercury12–14 sharing with gold
a high affinity to thiols and providing a defect-free surface for the thiol
monolayer15.

In this work, two applications of self-assembled films on mercury elec-
trodes related to problems of photobioelectrochemical interest will be de-
scribed: (i) the dependence of the photocurrents of a chlorophyll (Chl) film
self-assembled on the top of alkane-1-thiol monolayers of different chain
lengths tethered to a mercury electrode on the thickness of the thiol
monolayer and on the applied potential; (ii) the influence of three different
anions on the pumping activity of the light-driven proton pump bacterio-
rhodopsin (bR) present in purple membrane fragments adsorbed on a
mixed hexadecane-1-thiol/dioleoylphosphatidylcholine bilayer.

EXPERIMENTAL

Chemicals

The water used was obtained from distilled light mineral water, followed by distillation from
alkaline permanganate, while discarding the heads. Reagent-grade KCl (Merck) was baked at
500 °C before use to remove any organic impurities. All inorganic salts were purchased from
Merck. Dioleoylphosphatidylcholine (DOPC) from Lipid Products (South Nutfield, Surrey,
U.K.) and alkane-1-thiols (Fluka) were used without further purification. The aqueous solu-
tions of pH 8.5, used in Chl photocurrent measurements, were buffered with 5 × 10–3 M

H3BO3 and 1.2 × 10–3 M NaOH. The solutions of pH 7, used in bR photocurrent measure-
ments, were buffered with 3 × 10–2 M HEPES. Chlorophyll was extracted from the cyano-
bacterium Spirulina gelteri and purified by the method described in ref.16. Purple membrane
(PM) fragments, prepared by the standard protocol17, were kindly provided by the Max
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Planck Institute for Biophysics (Frankfurt/Main). The stock suspension of PM was prepared
by diluting a PM suspension (OD568 = 30) ten times with water or with aqueous 1 × 10–1 M KCl.

Experimental Set-Up and Procedures

The experimental set-up employed in the photocurrent measurements of Chl and bR is
shown in Fig. 1. The whole set-up was placed in a water-jacketed box D, thermostatted at
25 ± 0.1 °C. The electrolyte solutions in the cells A and C were deaerated by purging with a
high-purity argon for at least 20 min. The home-made hanging mercury drop electrode
(HMDE) used in the measurements has been described elsewhere18,19. In the present mea-
surements, a surface area of 1.4 × 10–2 cm2 was used. The HMDE was housed in a water-
jacketed sleeve on the top of the box so as to permit effective thermostatting of the mercury
reservoir. The vertical movements of the HMDE through the argon/solution interface were
realized by means of an oleodynamic system; this ensured complete absence of vibrations
while permitting an appreciable range of velocities. A second oleodynamic system was used
for horizontal movements of the movable support S, on which the two cells A and C and
vessel B were placed; this permitted the HMDE to be positioned above, and then lowered
into any of these vessels. The water-jacketed box was contained in Faraday cage F to avoid
electrical noise. A vibration-free table was also employed to prevent mechanical vibrations.

In the photocurrent measurements of bR, the glass cell A was used to deposit a DOPC
monolayer on the top of a hexadecane-1-thiol-coated HMDE. In the photocurrent measure-
ments of both bR and Chl, it was also used to measure the differential capacity of a coated
mercury electrode; it contained a platinum counter electrode, a SCE reference electrode and,
where required, the HMDE. In the Chl measurements, vessel B contained a Chl solution in a
50% (v/v) ethanol–water mixture, and was used to coat an alkanethiol-coated HMDE with a
Chl film (see below). In the bR measurements, it contained a hexadecane-1-thiol (HDT) so-
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FIG. 1
Experimental set-up. F, Faraday cage; D, water-jacketed box; HMDE, hanging mercury drop
electrode; A, three-electrode electrolysis cell; B, vessel; C, two-electrode cell; S, movable sup-
port; LS, light source; L, optical fiber coupler; SH, shutter; OF, optical fiber; AM, current ampli-
fier; R, recorder; PC, personal computer
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lution in chloroform, when used to self-assemble an HDT monolayer on a bare HMDE (see
below), or else an aqueous dispersion of PM fragments, when used to adsorb these fragments
on an HMDE coated with an HDT/DOPC mixed bilayer. The methacrylate glass cell C con-
tained a Ag|AgCl (1 × 10–1 M KCl) reference electrode and, where required, the HMDE. It was
provided with a quartz optical fiber (0.6 mm diameter), whose tip was positioned on the cell
bottom, pointing vertically towards the HMDE for its illumination. For a good alignment of
the optical fiber with the mercury drop, the cell was mounted on a x–y slide. The mono-
chromatic light source LS (red light laser, 670 nm, Electron, Model LA5-3.5G-670 for Chl
measurements; He-Ne laser, 543.5 nm, Uniphase, model 1675 for bR measurements) was fo-
cused and collimated, using an optical fiber coupler L (Model F-915T, Newport). Light pulses
were produced using an electromechanical shutter SH (blade shutter and digital shutter con-
troller, Model 845, Newport) that was controlled by a PC through a digital-to-analog con-
verter (IOtech Inc. DAC488/2). The current, generated by illuminating either the Chl film or
the PM fragments adsorbed on the HMDE under potentiostatic conditions, was amplified
(current amplifier, Keithley 428), recorded (16-bit analog-to-digital converter, IOtech Inc.
ADC488/8SA), visualized (oscilloscope, Tektronix TDS 340A) and stored (Power PC G3,
Macintosh). Operation of the experimental set-up and data acquisition were carried out un-
der computer control (GBIP interface, National Instruments board), using a home-made
acquisition program written in LabView environment. To increase the signal-to-noise ratio,
current versus time curves were stored upon averaging no less than 50 current signals. The
signal was usually sampled at 200 µs intervals.

The differential capacitance C and resistance R of alkanethiol-coated mercury were mea-
sured by impedance spectroscopy with a Stanford Research SR850 lock-in amplifier upon
representing the alkanethiol monolayer as a RC mesh. All potentials are referred to the
Ag|AgCl (1 × 10–1 M KCl) reference electrode unless stated otherwise.

Films of Chl were transferred onto an alkanethiol-coated HMDE by immersing it in a so-
lution of Chl in a 50% (v/v) ethanol–water mixture for 15–20 min. The Chl-coated mercury
drop was then immersed into the electrolytic solution. Because of the high sensitivity of Chl
to the blue and red components of visible light, all measurements were carried out under
green light conditions. Self-assembly, characterization and properties of mixed alkanethiol/
lipid bilayers supported by mercury are described in ref.20 The procedure adopted produces a
lipid monolayer on the top of the thiol monolayer, with hydrocarbon tails of the two
monolayers directed towards each other and polar heads of the lipid monolayer oriented to
the solution.

RESULTS AND DISCUSSION

Chlorophyll Films on Alkanethiol-Coated Hg

Chlorophyll is a pigment present in the thylakoid membrane of higher
plants, playing a fundamental role in the photosynthesis, whereby solar
energy is converted into the stored energy of saccharides. It consists of a
porphyrin ring that chelates Mg(II) and contains a network of conjugated
double bonds absorbing light. Its long hydrocabon side chain imparts to
Chl a high affinity to lipids. In the thylakoid membrane Chl is present in
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an antenna complex consisting of hundreds of chlorophyll molecules that
absorb light and transfer their energy to a special pair of Chl molecules.
These in turn transfer the excited electron to plastoquinone, which is re-
duced to the corresponding quinol and shuttles electrons to another pro-
tein incorporated in the thylakoid membrane. In the excited state, Chl is a
strong reductant, with a redox potential of about –1 V vs NHE, when it re-
leases the excited electron. It is also a strong oxidant, with a redox poten-
tial of about +1 V vs NHE, when it takes up an electron to fill the hole left
by the excited electron.

In two previous papers21,22 it was shown that a Chl film self-assembled
directly on mercury from an 8 × 10–4 M Chl solution in hexane, once illu-
minated with red light in an aqueous 1 × 10–1 M KCl solution of pH 8.5,
yields a photocurrent that depends notably on the applied potential. Thus,
at –0.160 V vs SCE, the light-on current is negative, corresponding to a flow
of negative charges from the electrode to the solution. Proceeding towards
more negative applied potentials, the light-on current first increases, attain-
ing a maximum value at about –0.46 V vs SCE. Then it decreases with a fur-
ther negative shift of the applied potential. Finally, near –0.76 V vs SCE, the
light-on current starts passing from negative to positive values. The shape
of the light-on current suggests the superposition of negative and positive
contributions, with the latter prevailing over the former as the applied po-
tential becomes more negative and the illumination time increases. This
photoelectrochemical behavior, combined with chronocoulometric mea-
surements of the Chl electroreduction in the dark, was interpreted by as-
suming that, at more positive potentials, a film of adsorbed Chl dimers me-
diates electron transfer from the electrode to water. Near –0.8 V vs SCE, an
incipient Chl electroreduction causes cleavage of the hydrogen bond be-
tween the Chl units of the dimers and reorientation of the resulting units.
Such a reorientation seems to favor electron transfer from the correspond-
ing photoexcited Chl molecules to the metal rather than to water. The re-
sulting Chl+ cations can then oxidize water upon oxygen evolution, a pro-
cess that proceeds with a decrease in Gibbs energy.

In this work we have investigated the photocurrents obtained by illumi-
nating a Chl film deposited on the top of monolayers of alkane-1-thiols
with chain lengths ranging from C12 to C18, anchored to a mercury elec-
trode. The study was aimed to verify the effect of the potential energy bar-
rier created by these monolayers of different thickness on the transfer of
the Chl photoexited electron. Figure 2 shows a series of negative photo-
currents obtained on (n-C14SH)-coated mercury at different applied poten-
tials over the potential range in which Chl is electroinactive in the dark.
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The light-on current attains an almost stationary value in about 0.1 s, while
the corresponding light-off current decays exponentially to zero in about
the same time. Also here, the negative light-on current is due to the electro-
reduction of the photoexcited Chl molecule, Chl*, to the corresponding
radical anion, Chl–, that transfers its electron to water upon hydrogen evo-
lution, thus sustaining the light-on current. Figure 3 shows plots of the sta-
tionary light-on current density I on (n-C12SH)- and (n-C14SH)-coated mer-
cury, with Chl molecules on the top, as a function of the applied potential
E. The slope of these I vs E curves tends to decrease slightly at the most neg-
ative potentials. This behavior cannot be ascribed to diffusion phenomena,
since the current is induced by the photoexitation of Chl molecules, that
are insoluble in water and are only present in the adsorbed state. In other
words, I is a direct measure of the rate constant kapp for the electrode pro-
cess Chl* + e → Chl–:

I = Fkapp ΓChl* , (1)

where ΓChl* is the surface concentration of Chl*. The decrease in slope of
the curves in Fig. 3 is due to the fact that the driving force eη, where η is
the overpotential and e is the negative electron charge, tends to approach
and, ultimately, to exceed the reorganization energy λ for the electrode pro-
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FIG. 2
Light-on and light-off currents recorded upon illuminating a Chl film self-assembled on the
top of an n-C14SH-coated HMDE in aqueous 1 × 10–1 M KCl (pH 8.5) with red light for 0.6 s at
the indicated potentials. The potentials are referred to the Ag|AgCl (1 × 10–1 M KCl) reference
electrode. Measurements were carried out on the same freshly prepared drop, starting from the
most positive potential and waiting for the stabilization of the background current before illu-
minating the drop at each potential
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cess. In other words, the overlap between the density of the electronic
states in the metal and the population of photoexcited Chl molecules tends
to a maximum limiting value. As distinct from homogeneous electron
transfer reactions, such an overlap cannot decrease when the driving force
exceeds λ, giving rise to the Marcus inverted region. This is simply because
tunneling from the electronic states in the metal below the Fermi level
takes place even when eη exceeds λ.

For a nonadiabatic process, if the Fermi distribution is approximated by a
step funtion and the electronic coupling between the redox species and the
electrode surface is regarded as independent of the applied potential, the
potential dependence of the dkapp/dη is then expressed by the proportional-
ity relation:

dkapp/dη ∝ exp [–(λ – eη)2/4λkT] . (2)

According to this relationship, the plot of dkapp/dη vs η is a Gaussian,
whose maximum value is attained for eη = λ; the slope of the two branches
of the Gaussian decreases with increasing λ. Plots of dI/dE values against E,
obtained by differentiating the I vs E curves in Fig. 3, are shown in Fig. 4.
These plots show a maximum that allows an estimate of λ, provided the
redox potential, E0, of the Chl*/Chl– couple is known. This depends on
whether the photoexcited Chl* molecule is in the triplet or singlet state.
The redox potentials of the Chl*/Chl– couple for the triplet and singlet state
are approximately equal to +0.2 and +0.7 V vs Ag|AgCl (1 × 10–1 M KCl). The
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FIG. 3
Plots of the stationary light-on current density I on n-C12SH- (�) and n-C14SH-coated mercury (�),
with Chl molecules on the top, as a function of the applied potential E
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dI/dE vs E plots in Fig. 4 were fitted to the expression A + B exp [–(λ –
eη)2/4λkT], where the constant term A accounts for the capacitive contribu-
tion to the current, and the preexponential factor B includes, among oth-
ers, the surface concentration of Chl molecules. The latter is not entirely re-
producible in passing from a coated electrode to another. By far the best fit,
reported in Fig. 4, was obtained by using the redox potential for the triplet
state of Chl*. This leads to a reorganization energy λ of about 1.0 eV on
(n-C14SH)-coated mercury and of 0.76 eV on (n-C12SH)-coated mercury.
These values are in a good agreement with previous electrochemical mea-
surements23,24 and with Marcus dielectric continuum model for aqueous
environment25.

An abrupt decrease in the stationary light-on photocurrent of more than
one order of magnitude is observed on passing from a mercury-supported
n-C14SH monolayer to a n-C16SH monolayer, as shown in Fig. 5. The shape
of the photocurrent transients is also different in that the current exhibits a
sharp peak before decaying to a constant and almost potential-independent
stationary value. The light-on photocurrents on (n-C18SH)-coated mercury
are similar to those on (n-C16SH)-coated mercury, albeit slightly lower. The
abrupt change in the photocurrent behavior from that in Fig. 2 to that in
Fig. 5 on passing from n-C14SH to n-C16SH monolayers can probably be as-
cribed to the fact that monolayers with the length above C14 are essentially
rigid, while those with the length equal or less than C14 are fluid. Thus,
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FIG. 4
Plots of dI/dE values vs E, obtained by differentiating the I vs E curves in Fig. 3, in the case of
n-C12SH- (�) and n-C14SH-coated mercury (�). The lines correspond to the Gaussian fits
through the data
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alkane-1-thiol monolayers ranging from n-C9SH to n-C14SH maintain their
impermeable, barrier properties toward inorganic redox couples upon ex-
pansion of the supporting mercury drop up to ca 30%, thus behaving as
continuous, liquid films26. Conversely, monolayers with chain lengths
above n-C14SH fracture upon drop expansion in excess of about 5%, thus
behaving as essentially rigid films. This abrupt passage from a liquid to a
rigid state at room temperature is also revealed by an abrupt increase in the
resistance of the thiol film. Table I summarizes values of resistance R and
capacity C of the four alkane-1-thiol monolayers employed, as determined
by impedance spectroscopy. It is known that the resistance of an alkane-
1-thiol monolayer is much more sensitive to the film compactness and ri-
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FIG. 5
Light-on and light-off currents recorded upon illuminating a Chl film self-assembled on the
top of an n-C16SH-coated HMDE in aqueous 1 × 10–1 M KCl (pH 8.5) with red light for 0.11 s at
the indicated potentials (in V): –0.3 (×), –0.4 (-·-·-), –0.5 (·····), –0.6 ( ), –0.7 (�). Potentials
are referred to the Ag|AgCl (1 × 10–1 M KCl) reference electrode. Measurements were carried out
on the same freshly prepared drop, starting from the most positive potential and waiting for
the stabilization of the background current before illuminating the drop at each potential
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TABLE I
Differential capacity and resistance of alkane-1-thiol monolayers of different chain length

Parameter n-C12SH n-C14SH n-C16SH n-C18SH

C, µF cm–2 1.04 0.88 0.75 0.70

R, MΩ cm2 0.21 0.48 2.45 2.63



gidity than its differential capacity20. Thus, the plot of 1/C vs the thickness
of these alkane-1-thiol films is linear, in agreement with the Helmholtz
model, and its slope yields a dielectric permittivity of 2, in agreement with
the literature20,26,27.

The fluidity of the n-C12SH and n-C14SH monolayers may easily allow the
intercalation of the Chl phytyl chains within the thiol chains upon Chl
self-assembly on the top of the thiol monolayer. In this case electron tun-
neling will proceed primarily through the phytyl chain covalently bound to
the conjugated π-electron system of the porphyrin ring, a pathway that
does not change in passing from the n-C12SH to the n-C14SH monolayer26.
Probably, the rigidity of the n-C16SH and n-C18SH monolayers prevents
such intercalation, with a resulting notable decrease in the light-on
photocurrent. In fact, it was clearly shown that electron tunneling across
alkane-1-thiol monolayers proceeds predominantly through σ-bonds of the
alkane chains, and only to a small extent through space. Further evidence
for this explanation is provided by similar experiments carried out with
chlorophyllide, which differs from Chl by the absence of the phytyl chain,
where no such abrupt change in behavior is observed on passing from
n-C14SH to n-C16SH monolayers (unpublished results). The decrease in the
light-on current in time observed on n-C16SH-coated mercury (see Fig. 5)
can be tentatively ascribed to a purely chemical reaction bringing Chl* to
the ground state. The reaction thus competes with electron tunneling from
the metal to Chl* that takes place on this monolayer much more slowly
than on monolayers of alkanethiols of shorter chain length. Thus, Chl*
might transfer its electron to water upon hydrogen formation, followed by
water oxidation to oxygen by the resulting Chl+ radical cation. In this case,
a practically potential-independent steady-state photocurrent would ulti-
mately be attained, as observed in Fig. 5.

In conclusion, an alkanethiol film interposed between the mercury sur-
face and the Chl film decreases the photocurrent with respect to that of a
Chl film directly self-assembled on bare mercury. However, such a decrease
does not proceed regularly with an increase in the thiol chain length, as
distinct from what observed with [Ru(NH3)6]3+ electroreduction28. Rather,
an abrupt decrease in current is observed on passing from a n-C14SH to a
n-C16SH monolayer. Chl photocurrents across a monolayer of cetyl alcohol
spread on the surface of an amalgamated gold electrode were reported by
Khanova and Tarasevich29. However, these authors observed no photocur-
rents of Chl directly deposited on amalgamated gold, in contrast to the re-
sults obtained in the present laboratory on mercury drop21,22.
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Effects of Some Anions on the Proton Pumping of Bacteriorhodopsin in
Purple Membrane Fragments Adsorbed on a Mercury-Supported Mixed
HDT|DOPC Bilayer

It has been established over many years that various anions are able to in-
fluence the effectiveness of various biological processes. The order of the ef-
fectiveness has generally been found to agree with the so-called Hofmeister
series30 (for a review, see ref.31). Although slightly different series have been
reported, the effects of some common anions appear to vary in the approxi-
mate order F–, PO4

3–, SO4
2–, CH3COO–, Cl–, Br–, I–, CNS–. It is commonly be-

lieved that these effects are indirectly related to the structure of the water
molecules surrounding these anions30–32. When the Gibbs energy gain, re-
sulting from the orientation of water molecules of the primary hydration
sheath of the anion with the hydrogen atoms pointing toward the anion, is
comparable with the Gibbs energy loss resulting from the unavoidable de-
crease in the number of H-bonds between the primary and secondary
hydration sheaths, there is no preferential orientation for the hydration
molecules32. The anions exhibiting this behavior (often characterized by
larger radii) are called “chaotropic” or “structure-breaking”. On the other
hand, when the Gibbs energy gain, resulting from the alignment of water
dipoles of the primary hydration sheath along the direction of the electric
field created by the anion, predominates, the anion tends to impose its own
order to this sheath32 and is referred to as “cosmotropic” or “structure-
making”. The passage from F– to CNS– ion along the above Hofmeister se-
ries corresponds to a gradual passage from structure-making to structure-
breaking anions.

As a rule, structure-breaking anions exhibit a higher permeability
through anion channels because they will give up their water of hydration
more readily when passing along a channel33–35. For the same reason,
structure-breaking anions have a higher tendency to adsorb on the surface
of proteins, as they are readily deprived of their hydration sheath on the
protein side. This is expected to favor protein unfolding and denaturation,
which may explain why structure-breaking anions tend to destabilize solu-
ble proteins, while structure-making ones stabilize them31,36. High concen-
trations of structure-making anions decrease the solubility of proteins in
water31,37,38 (salting-out effect) because, by engaging a high number of wa-
ter molecules in their hydration sheath, they reduce the number of “free”
water molecules available for solubilizing the protein; conversely, structure-
breaking ions exert a salting-in effect.
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The adsorption of structure-breaking anions on the surface of proteins
shifts the local electrostatic potential toward negative values31. In the case
of integral proteins acting as ion pumps, the effect of anion adsorption
depends on the particular charge-translocating step of the pump reaction
cycle that is affected by this local negative shift of potential. Thus, it was
reported that the effectiveness of anions in slowing down the kinetics of
Na+,K+-ATPase decreases in the order ClO4

– > SCN– > I– > NO3
– > Br–, viz. in

the order of decreasing structure breaking39. This was explained by a signifi-
cant decrease in the affinity of ATP to the enzyme, due to the negative shift
in the local electrostatic potential induced by the binding of a structure-
breaking anion such as perchlorate to hydrophobic domains on the cyto-
plasmic face of the protein.

Here we will report the effect of the three sodium salts NaClO4, NaCl and
CH3COONa on the proton pumping activity of bR in PM fragments adsor-
bed on a mercury-supported HDT/DOPC mixed bilayer. Bacteriorohodopsin
is a proton pump present in the PM isolated from Halobacterium salinarium,
which pumps protons from the intracellular side of the membrane, where
the electrochemical potential of protons is lower, to the extracellular side,
where it is higher17,40,41. The energy required to pump protons is provided
by light, which converts the chromophore all-trans-retinal, attached to the
amino group of a lysine residue as a protonated Schiff base, into the 13-cis
isomer. This isomerization brings the proton of the Schiff base close to the
carboxyl group of an aspartate residue, starting a cyclic sequence of con-
formational transitions and protonation/deprotonation steps that cause
transfer of a proton from the intracellular to the extracellular side. Purple
membrane fragments are readily adsorbed on thiol/lipid bilayers supported
by mercury12,14, with the extracellular side turned preferentially towards
the metal. Therefore, irradiation of the PM adsorbed on an HDT/DOPC bi-
layer with green light causes a proton flux from the solution towards the
metal side of the purple membrane, which must be compensated by a flux
of electrons to the metal surface in the external circuit to keep the applied
potential constant. This flux is recorded as a negative capacitive light-on
photocurrent. Interrupting the illumination causes a smaller positive capac-
itive light-off photocurrent.

The typical shape of the PM light-on photocurrent is usually interpreted
on the basis of an equivalent circuit in which bR is represented as a current
source. The dependence of the photocurrent on time (Ip(t)) is expressed
a priori as a sum of exponentially decaying contributions plus a constant
contribution b that represents the stationary current14,42–44:
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(Ip(t)) = a t bi i
i

n

exp( / )− +
=
∑ τ

1

. (3)

This expression holds strictly for a sequence of n consecutive irreversible
monomolecular transitions. In particular, if each transition is much slower
than the preceding one, τi is the time constant for the i-th transition and
the corresponding amplitude ai is inversely proportional to τi. Figure 6
shows the light-on current vs time curves obtained by illuminating the PM
fragments adsorbed on a mercury-supported mixed bilayer in contact with
a pH 7 buffered solution containing 1 M NaClO4, 1 M NaCl or 1 M

CH3COONa. All these curves are satisfactorily fitted with two exponential
terms of Eq. (3), yielding two time constants τ1 and τ2, and with a zero
value of the constant term b. The reciprocals of these time constants mea-
sure the corresponding rate constants, k1 and k2. Their values (in s–1) are:
k1 = 714 and k2 = 156 for NaClO4, k1 = 720 and k2 = 96 for NaCl, k1 = 455
and k2 = 74 for CH3COONa. Figure 7 shows the light-on current vs time
curves of PM fragments for increasing concentration, c (in mol dm–3), of
CH3COONa. Fitting these curves with Eq. (3) yields the following k1 and k2
values (in s–1): k1 = 555 and k2 = 93 for c = 0.167, k1 = 513 and k2 = 90 for c =
0.36, k1 = 470 and k2 = 86 for c = 0.50, k1 = 450 and k2 = 74 for c = 1.0. It is
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FIG. 6
Light-on currents of PM fragments adsorbed on a mercury-supported HDT/DOPC bilayer, ob-
tained by illumination at E = 0 V vs Ag|AgCl (1 × 10–1 M KCl) in aqueous 1 M NaClO4 (�), 1 M

NaCl (�) and 1 M CH3COONa (�) (all pH 7). Markers are experimental points, while the solid,
dashed and dotted curves are best fits to Eq. (3). For the parameters employed, see the main
text
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apparent that a gradual increase in the acetate ion concentration causes a
progressive decrease in both rate constants. These rate constants must be
ascribed to some step of the bR photocycle.

Upon intense illumination (absorption maximum at 568 nm), bR under-
goes a cyclic sequence of transitions between photochemical intermediate
states, which are denoted by J, K, L, M (M1 and M2), N and O, and are dis-
tinguished by their different spectral properties45,46. During the first two
very fast transitions, the retinal chromophore, attached to the amino group
of the lysine 216 residue as a protonated Schiff base, isomerizes from the
all-trans to the 13-cis form, bringing the proton close to the carboxyl group
of the Asp-85 residue. During the L to M transition, the proton of the Schiff
base is transferred to Asp-85. The protonation of Asp-85 facilitates the
deprotonation of a group of neighboring protonated residues, among
which probably Glu-204, Glu-194, Arg-82 and several water molecules,
called the “proton release complex” (PRC). The latter releases a proton to
the extracellular side of the PM 47–49. During the M to N transition, the
Schiff base is reprotonated by Asp-96, which is closer to the cytoplasmic
side. In the N state, Asp-96 regains a proton from the cytoplasmic side,
while during the concomitant N to O transition retinal isomerizes back
from the 13-cis to the all-trans form. Finally, during the O to bR transition,

Collect. Czech. Chem. Commun. (Vol. 69) (2004)

Photobioelectrochemical Applications 305

FIG. 7
Light-on currents of PM fragments adsorbed on a mercury-supported HDT/ DOPC bilayer, ob-
tained by illumination at E = 0 V vs Ag|AgCl (1 × 10–1 M KCl) in aqueous CH3COONa (pH 7) of
different concentration (in mol dm–3): 1.67 × 10–1 (�), 3.6 × 10–1 (�), 5 × 10–1 (�) and 1 (�).
Markers are experimental points, while the solid, dashed and dotted curves are best fits to Eq.
(3). For the parameters employed, see the main text
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Asp-85 reprotonates the PRC, regaining the initial state and closing the cy-
cle49,50. A straightforward assignment of the two rate constants to the steps
of the bR photocycle is not possible, since they cannot be directly com-
pared with the “spectroscopic” rate constants available in the literature. In
fact, the present rate constants do not necessarily coincide with the “appar-
ent” rate constants obtained from spectroscopic measurements, which are
determined from the time constants of the rise and decay of a photochemi-
cal intermediate. We can only observe that the apparent rate constant of
decay of the O intermediate, determined by Balashov et al.51, decreases
from ca 100 s–1 at pH 6 to 40 s–1 at pH 3.0. Thus, it is close to the k2 value
(96 s–1) in 1 M NaCl at pH 7. A similar value of the apparent rate constant
was obtained by Li et al.52 in aqueous NaCl. We can, therefore, reasonably
ascribe the k2 values determined herein to the O to bR transition.

The rate constant k2 increases in the order CH3COO– < Cl– < ClO4
–, which

follows the Hofmeister series30,31. In fact, acetate is a structure-making ion,
perchlorate is a structure-breaking one, while chloride occupies an interme-
diate position and is often used as a reference. It should be noted that,
while the pumping activity of Na+,K+-ATPase decreases in passing from
structure-making to structure-breaking anions39, that of bR increases. This
behavior can be explained by considering that, when passing from acetate
to the more strongly adsorbed perchlorate, the local electrostatic potential
at the PRC, which occupies a more peripheral position than Asp-85, may
shift in the negative direction; this will cause an acceleration of the O to bR
transition, which involves a proton transfer from Asp-85 to the PRC.

In conclusion, while the passage from structure-making to structure-
breaking anions along the Hofmeister series is generally characterized by an
increase in anion permeability through channels, and by a destabilization
and salting-in effect on soluble proteins, the effect of such a passage on ion
pumps may be either accelerating or retarding, depending on the nature of
the rate-determining electrogenic step of the enzymatic cycle of the pump.
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