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ABSTRACT

Photosystem I (PSI) complexes can support a light-driven electrochemical gradient
for protons, which is the driving force for energy-conserving reactions across
biological membranes. In this work, a computational model that enables a quantitative
description of the light-induced proton gradients across the membrane of PSI
proteoliposomes is presented. Using a set of electrodiffusion equations, a
compartmental model of a vesicle suspended in aqueous medium was studied. The
light-mediated proton movement was modeled as a single proton pumping step with
backpressure of the electric potential. The model fits determinations of pH obtained
from PSI proteoliposomes illuminated in the presence of mediators of cyclic electron
transport. The model also allows analysis of the proton gradients in relation to the
transmembrane ion fluxes and electric potential. Sensitivity analysis enabled a
determination of the parameters that have greater influence on steady state levels and
onset/decay rates of transmembrane pH and electric potential. This model could be
used as a tool for optimizing PSI proteoliposomes for photo-electrochemical

applications.
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L. INTRODUCTION

The Photosystem I (PSI) reaction center is one of two multi—subunit pigment—protein
complexes located in the photosynthetic membranes of cyanobacteria, algae and
plants. In PSI, light induces the photo-oxidation of a specialized chlorophyll dimer,
the primary electron donor known as P7gy. After light absorption, there is a vectorial
electron transfer from P7g to a terminal cluster, a pair of iron-sulfur molecules known
as Fa_p, which establishes an electric potential across the complex [1]. Under normal
physiological conditions most of the reducing equivalents from PSI are used for the
enzymatic reduction of NADP" to NADPH. However, in presence of an artificial
redox carrier, PSI can perform a cyclic transfer of charge which is coupled to a
transmembrane flux of protons [2]. A pH gradient (ApH) and a potential difference
(Avy) are established, building an electrochemical potential difference for protons
known as proton motive force (pmf). This photoinduced pmf is the driving force for
ATP synthesis in photoshynthetic membranes, which has motivated the development
of artificial systems for ATP production based on PSI reaction centers and ATP
synthases co-reconstituted in liposomes [3;4]. Alternatively, other transducers of the
photoinduced pmf could be inserted in the liposomal membrane, such as immobilized
fluorescent dyes sensitive to ApH [5] or voltage-dependent ion channels [6]. The
possibility of building photo-electrochemical conversion layers with these vesicles has
raised the interest of using PSI for various artificial bioelectronic applications, such as
those based on other photosynthetic reaction centers [7-9].

Numerous aspects of cyclic operation of PSI have been recently investigated, both on
isolated photosynthetic membranes and in vivo [10-13]. However, the parameters
controlling the extent and kinetics of ApH and Ay when PSI is reconstituted in
liposomes were not thoroughly investigated yet. These parameters are of great interest
when considering the use of PSI liposomes for bio-photoelectric applications, since
they will influence the operational ranges and rates. There are only a few studies that
analyzed the dependence of the light-induced proton flux on parameters such as light
intensity, external pH and ion concentration [4;14]. Proton movement was analyzed
using the pH-sensitive fluorescent probe 9-aminoacridine (9-AA), but amplitudes and
time courses of the ApH were discussed on a qualitative level only, as no appropriate

calibration of the probe was performed.



The present study aims at a quantitative interpretation of the light induced proton
transfer across the liposomal membrane by employing a computational model.
Computational models have been valuable for understanding the behavior of diverse
bioenergetic systems based on lipid vesicles, as they help reduce the number of
experimental procedures. Diverse proton pumps reconstituted in liposomes have been
studied either by using a thermodynamic or a kinetic approach. Using irreversible
thermodynamics, the kinetics of ion movements has been described for
bacteriorhodopsin [15;16] and the reaction centers from purple bacteria [17;18].
Although quantitative expressions that fit experimental data have been obtained for
these pumps, the results cannot be extrapolated to PSI because of structural and
functional dissimilarities. For instance, the backpressure control exerted by the pH
gradient, which limits the rate of proton translocation in these pumps [19], has not
been observed in PSI preparations [4]. In addition, methods based on the
thermodynamics are less attractive, since the model equations contain a number of
phenomenological coefficients which are not easily available [20]. Therefore kinetic
approaches are preferred, which are based on the use of electrodiffusion equations.
These approaches have been mainly applied to study ATP—driven proton pumps
reconstituted in liposomes. In these systems, fluorescent dyes sensitive to pH were
used to follow the movement of protons and the kinetic models were determined by
correlating the pH variations, ion fluxes and electric potential across the membrane of

the liposomes [21-24].

In the present work, both experimental techniques and a computational model have
been used to address the development of light-induced proton gradients by PSI
proteoliposomes. PSI proteoliposomes were illuminated in the presence of phenazine
methosulfate and ascorbate to build up a transmembrane proton gradient following
cyclic transfer of charge. The magnitude of pH inside the liposomes was calculated
from the fluorescence quenching of 9-AA, after an appropriate calibration that
considered the effects of probe adsorption. A kinetic approach based on the
electrodiffusion equations was used to build a computational model of the PSI
proteoliposomes. The model fits determinations of pH under diverse experimental

conditions and allows determination of the parameters that influence the rate and



maximum levels of transmembrane proton gradients. In addition, the model allows
analysis of the proton gradients in correlation with the transmembrane ion fluxes and

electric potential.

II. MATERIALS AND METHODS

Materials

Chemicals of analytical grade were purchased from Sigma-Aldrich (Sigma-Aldrich
Danmark A/S, Broendby, Denmark). SM-2 Bio-beads were purchased from Bio-Rad
(Bio-Rad Laboratories, Copenhagen, Denmark).

Preparation of PSI proteoliposomes

PSI-200 complexes prepared from wild-type Arabidopsis thaliana plants were kindly
provided by Prof. Poul Erik Jensen (Copenhagen University, Denmark). Complexes
were suspended in Tricine buffer (20 mM Tricine-NaOH, 0.06% -DM, pH 7.5) ata
chlorophyll concentration of 0.15 mg/ml. PSI proteoliposomes were prepared
according to the method described in [14], but with minor modifications. In brief,
soybean phosphatidylcholine, cholesterol and phosphatidic acid (molar ratio 7:2:1)
were dispersed in Tris buffer (10 mM KCl, 10 mM Tris-HCI, pH 8) to a final
concentration of 10 mg/ml. The suspension was vortex-mixed and then sonicated
(UP200S, Hielscher GmbH, Teltow, Germany) at an output of 30 W for 5 min, until
the solution was optically clear. PS I complexes were added to the liposomes at a lipid
to chlorophyll ratio of 100:1 (w/w) and then sonicated for 1 min. The sample was
centrifuged at 15000 rpm for 15 min to remove metal particles detached from the
sonicator tip. To eliminate the residual detergent, the suspension was incubated with
SM-2 Bio-beads (80 mg of wet beads/ml) for 1 h. The suspension containing

proteoliposomes was pipetted off and stored at 4 °C.

77 K Fluorescence Emission Spectra
77 K fluorescence emission spectra of PS I complexes and proteoliposomes were
measured with a fluorescence spectrometer (Cary Eclipse, Varian Inc., Palo Alto, CA).

Chlorophylls were excited at 440 nm, and emission spectra were measured



perpendicular to the exciting beam. Measurements were done at a chlorophyll

concentration of 6 ug/ml for isolated PS I and 10 pg/ml for proteoliposomes.

Assay for measurement of the proton pumping activity

Proton movement across the membranes of the proteoliposomes was measured using
the quenching of 9-aminoacridine (9-AA) assay [25]. Fluorescence was measured
with the above mentioned fluorescence spectrometer, in which excitation was induced
at 400 nm and emission was detected at 460 nm. Red actinic light was provided by a
light source (Intralux 5000, Volpi AG, Schlieren, Switzerland) fitted with a red filter
(low wavelength cutoff = 600 nm). The basal reaction medium consisted of Tris
buffer with the addition of 0.1 uM 9-AA, 5 mM ascorbic acid and 50 pM phenazine
methosulfate (PMS). The temperature of the samples was kept constant at 20 °C

during the measurements.

Relating fluorescence quenching and ApH

The fluorescent amine 9-AA has been used as indicator of a transmembrane ApH in a
variety of vesicular systems [4;14;25-27]. This method is based on the assumption
that the neutral form of the amine is the only permeant species through the vesicle
membrane and the fluorescence intensity is only proportional to the concentration in
the external compartment [25]. Quenching is mainly a consequence of uptake of 9-AA
into acidic vesicles, since protonated 9-AA is not fluorescent. Then, the ratio of
protonated amine concentration between the inside of the vesicles and the extenal
solution follows the proton concentration ratio. Since the amine concentration ratio
can be directly related to the easily measurable fluorescence quenching, the logarithm
of the quenching ratio can be used to estimate the logarithm of the proton
concentration ratio (i.e. the ApH).

Due to adsorption of the probe to the membrane phase there is a non-linear
relationship between fluorescence quenching and proton movement, which makes it
difficult to obtain a quantitative measure of ApH [28]. However, Casadio et al. [29]
developed a method to overcome that problem, given that an appropriate calibration is
performed. In the present work, their calibration method was used to quantify the ApH
in the PSI proteoliposomes preparation. PSI-proteoliposomes at a chlorophyll

concentration of 6 uM were allowed to equilibrate in the dark in the reaction medium



used to evaluate light-triggered proton transport. Then, small volumes of 1 M NaOH
were added to the sample in order to raise stepwise the external pH and the
fluorescence of 9-AA was recorded as described above. In order to determine the ApH,
the pH in the experimental cuvette was measured before and after the addition of
NaOH. The ApH data were fitted with the empirical curve using the method of

Casadio et al.:

AQ
ApH = (B —Q)e@(®-2+c (1)

where Q represents the relative quenching and A, B and C are three fitting parameters.
Q is defined as the ratio (Fo-F)/F, where F( and F are the fluorescence levels before
and after addition of the NaOH aliquot (0<Q<1). Equation (1) was fit using the
statistical package SPSS v.15 (SPSS Inc., Chicago, IL) to obtain the values of the
parameters, which resulted in A=14, B=1.7 and C=-2.2. These parameters were
introduced into the equation (1), which was used to quantify the ApH from the

quenching of the probe fluorescence in all the experimental procedures.

Computational model

A computational model of a single vesicle representing an average PSI
proteoliposome was developed. It was assumed that the response of the whole
population can be approximated with the response of this average vesicle. The
movement of charges across the membrane of the vesicle was analyzed using the two-
compartment model depicted in Fig. 1, consisting in a spherical vesicle and the
aqueous compartment in which it is suspended.

As mentioned before, in presence of a redox mediator there is a cyclic electron
transfer around PSI, which is illustrated in Fig. 1 using PMS as carrier. Briefly, in
presence of ascorbate PMS becomes reduced to PMSH capturing one proton from the
extravesicular compartment. PMSH is an uncharged lipophilic molecule, which
penetrates the membrane and is able to efficiently donate electrons to photo-oxidized
P700 under illumination. After two light-induced charge separations in PSI, the proton
is released in the intravesicular compartment. The PMS" cation becomes the electron
acceptor on the reducing side of PSI and the reaction cycle restarts when a new proton
is captured. As shown, one reaction cycle involves two charge separations in one PSI

complex and the transfer of one proton from the external solution to the intravesicular



space. Consequently, it has been assumed that the vesicle contains a definite number
of light-driven proton pumps in the membrane establishing a net proton flux upon
illumination. This flux can be simplified to a single light-driven proton-pumping step
and, in a single vesicle under light-saturating conditions, it can be calculated (in mol/s)
using the following formula:
‘]PS| — nAan / PSI1 (2)

N A
where n is the number of PSI reaction centers per unit area in the membrane, A is the
area of the vesicle, K is the rate of the overall proton transfer reaction (in s'l), NH/psi 18
the number of protons transported per PSI in one entire PMS redox cycle and Na is
Avogadro’s number. This flux of protons generates a transmembrane potential (Ay)
and a proton concentration gradient (ApH), building the proton motive force (pmf)
across the membrane:

pmf = g, =y~ 22 apH (3

where K is the Boltzmann constant, T is the absolute temperature and e is the electron
charge. Protons and other ions present in the system can diffuse across the membrane
and therefore are able to dissipate the electrochemical potential difference. The
passive fluxes of protons and ions, which in the present model were restricted to K"

and CI', can be described using the Goldman-Hodgkin-Katz current equation [30]:

~ZionU
J ion — Pion AZionU [Cion ]01 — [Cion ]i e (4)

— g ZnY
where the sub-index ion represents the ionic species of interest, P is the permeability
of the membrane to the ion, Z is the valence of the ion, C is the concentration of the
ion in the intravesicular space (i) or in the extravesicular space (0) and U is a non-

dimensional potential calculated as:

U= v (5)

RT
where F is Faraday’s constant and R is the universal gas constant. Whenever the
potential approaches zero, the denominator in equation (4) was approximated with the
first three terms of the series expansion of the exponential to avoid indeterminacy in

the calculations.
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Considering the capacitive nature of the lipid bilayer, the rate of change of the electric
potential across the membrane of the vesicle can be calculated from the net flux of
ions J (in mol/s) using the following formula:

dlzix\]g)
dt C, A

where V is the volume of the vesicle and Cy, the specific capacitance of the membrane.
Combining equations (2) and (4) it is possible to calculate the net flux of protons
which, when divided by the vesicle volume, gives the rate of change in the proton

concentration inside the vesicle.

dic, 1 1
= (e 13,0 )

Due to the internal buffering capacity (/) of the vesicles, only a small fraction of the
translocated protons will be able to move freely and contribute to the pH changes. The
expression that relates the internal buffer capacity with the change in the proton
concentration inside the vesicle and the pH change is given by equation 9.

dic,. |

F(pH) =~ dpH

)

Finally, combining equations (2), (4), (7) and (9), the two-compartment kinetic model

can be described using the following set of differential equations:

diC.,.T 1
dt ZV(JPSI +JH+)
dpH _ 1 d[CH*]i
dt P(pH) dt
diC,.1 1
—:_JK
dt \Y
d[CCr]i :l
dt v @
d_l//—i! d[CHx&al ]i + d[CK* ]i _ d[Ccr]i)
dt CmA  dt dt dt



Solver

The previous set of differential equations, describing the rates of concentration change
for all involved ions and the transmembrane potential, was implemented in Matlab v.7
(Mathworks Inc). It was solved using a predefined Matlab deterministic solver
(0de23tb), appropriate for solving stiff ordinary differential equations with initial
values. An ordinary differential equation problem is considered stiff if the solution
being sought is varying slowly, but there are nearby solutions that vary rapidly, so the
numerical method must take small steps to obtain satisfactory results. This
characteristic will be noticeable as an increased number of data points for the

solutions near the time when the light switches on or off.

Experimental determination of parameters of the model

Maximum rate of proton translocation

To estimate the maximum rate of proton translocation the initial rate approach has
been used [23]. Since at the beginning of the light-induced reaction the
transmembrane potential is zero, it can be assumed that the ion gradients are small and
their passive movement is negligible compared with the rate of proton influx.
Therefore, it is possible to estimate the maximum attainable rate of proton
translocation from the initial rate of fluorescence quenching. Fluorescence quenching
curves were measured in basal conditions and transformed to proton concentration
changes. Using a linear interpolation function in Microsoft Excel, the first 30 s of data
were interpolated and an average value for the rate was obtained.

Internal buffering capacity of the vesicles

The internal buffering capacity of the vesicles was determined according to the
method developed by Maloney for bacterial cells [31] as modified for PSI
proteoliposomes. PSI vesicles were suspended in basal Tris medium at a chlorophyll
concentration of 6 ug/ml. After 15 min of equilibration in the dark, small aliquots (5
pL) of 1 N HCI were added stepwise to the sample. The changes in the external pH
were measured in the range 5.5<pH<8 with a pH-meter (pH 510, Oakton Instruments,
Vernon Hills, IL). Both the initial (transient) and the steady state pH values were
measured, which reflected the external and the total buffering capacity, respectively.
At each step, the values of external and total buffering capacities were calculated by

dividing the increase in the amount of H' (based on the HCI added) by the increase in
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the pH (measured on the pH-meter). The internal buffering capacity of the vesicles at
each point was obtained by simply subtracting the external from the total buffering
capacity. Using an exponential interpolation function in Microsoft Excel, a function
representing the average internal buffering capacity in the interval 5.5<pH<8 was
determined. Further details of the method are given in appendix A.

Average size of the proteoliposomes

The size distribution of the proteoliposomes was determined using the dynamic light
scattering instrument DynaPro 99 (Protein Solutions Inc., Charlottesville, VA). The
proteoliposome sample was diluted 1:100 in Tris buffer and filtered through a 0.2 um
syringe filter. An acquisition time of 5 s was used and at least 30 acquisitions

constituted a single measurement.

II.  RESULTS

Characterization of the proteoliposomes

The structural integrity of the PSI complexes after reconstitution in proteoliposomes
was confirmed by measuring the fluorescence emission spectra at 77 K. Figure 2.a
shows the normalized fluorescence emission spectrum at 77 K recorded from a
proteoliposome sample, in comparison with the same spectrum recorded from a
sample of PSI complexes suspended in buffer Tris with 0.01% B-DM. The spectrum
of the control sample shows the typical peak at 730 nm, which indicates the integrity
of the red wavelength emission chlorophylls in association with the complex. The
spectrum of the protoliposomes also indicates chlorophyll integrity but is blue shifted
by about 2 nm. There is also a small increase in the fluorescence around 670 nm,
indicating the dissociation of some chlorophyll from the reaction center. The
functional integrity of the electron transfer mechanism in PSI was evaluated indirectly,
by measuring the transmembrane buildup of the proton gradient in response to
illumination of the PSI proteoliposomes. Illumination caused a quenching of the 9-AA
fluorescence, indicating a net acidification of the inner compartment of the vesicles. A
typical light-induced fluorescence quenching curve measured in basal reaction
medium is shown in Fig. 2.a. At time t=30 s the light was turned on, which produced
a decrease in the fluorescence intensity as the intravesicular space started to become
more acidic. After approximately 250 s of continuous illumination, the fluorescence

intensity decayed to approximately 96% of its initial value. Then, the light was turned
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off at t=280 s and the fluorescence intensity returned slowly to the initial value. The
return of the fluorescence to the initial level in the dark is associated with a passive re-
equilibration of the inner compartment of the vesicles with the external medium. To
evaluate the nature of the light-induced pH gradients, the responses were recorded in
presence of two known ionophores. Fig. 2.b shows the response to valinomycin (final
concentration = 0.1 pM) and nigericin (final concentration =7 pM). Valinomycin is
an antibiotic that increases the permeability of membranes to K', causing a collapse of
the transmembrane potential. The effect is reflected as an increased on- and off-rate of
proton translocation and an increased value for the proton gradient in steady state
under illumination. On the other hand, nigericin acts as a K'/H" exchanger and
collapses the pH gradient. The effect can be seen as a disappearance of the light-
induced fluorescence changes, because the membrane is not able to sustain the proton
gradient. The effects of both ionophores are consistent with the generation of a

transmembrane potential difference caused by proton translocation.

Simulation results

Using equation (1), the values of ApH were derived from the quenching curves. These
values were used to obtain the pH changes in response to illumination, which were fit
with the computational model described in the methodology section. Before using the
model, it was necessary to set their parameters. Some of them have been determined
experimentally (e.g. average vesicle radius) and some others were extracted from the
literature (e.g. specific capacitance of the membrane). A number of parameters have
been adjusted until the best fit to the experimental data was obtained. The
extravesicular values for all the variables (potential and concentration of protons and

ions) were considered constant.

Parameters setting

1) Surface density of reaction centers, Nn.

It was estimated from the initial lipid to chlorophyll ratio (100:1, w/w), assuming an
average of 160 chlorophylls per reaction center for this preparation [32] and an
average area of 0.7 nm” per lipid molecule [33]. The estimated value was n = 1.5x10"
cm™. In order to adjust this parameter to the actual density of reaction centers, it was

multiplied by a factor n (n<1) that represents both the efficiency of incorporation and
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the number of PSI that effectively pump protons inside the vesicle upon illumination.
The parameter 1} was adjusted during the simulations to get the best fit to the
experimental curves.

2) Turnover rate, k.

This parameter determines the rate at which protons are pumped across the membrane.
Although there are several species participating in this process and each intermediate
reaction has a unique associated rate, the overall rate will be governed by the slowest
reaction and can be approximated using only one parameter [34]. Experimental
evidence indicates that this parameter is affected by the transmembrane potential [4].
Therefore, an equation providing an inverse linear dependence of k on y was defined
(Equation 10).

k max

k(y) =
l+ay

(10)

In equation (10), kmax represents the maximum attainable rate (when y=0) and o is a
parameter that establishes the degree of coupling between the transmembrane
potential and the pumping rate. For a given potential value, a determines the
attenuation of the rate constant: the higher the value of a the stronger the attenuation.
The parameter o was initially set to 1.V, implying an attenuation of 17% to the rate
constant when the transmembrane potential reaches 200 mV. Its value was adjusted
during the simulations to give the best fit to the experimental data. After using the
approach described in the methodology section, the average value obtained for Kmax
was 2842 s (n=5).

3) Number of protons transported per PSI in a complete redox cycle, Npjps

This parameter was set to 1, according to what was previously described in Fig. 1 in
relation to the cycle of translocation of protons mediated by PSI in vesicles when
PMS is the soluble carrier [35;36]. Under light-saturation conditions the charge
separation reactions within PSI are far faster than those associated with the diffusion
of species across the membrane. Therefore it is reasonable to assume that only one
reaction center is providing the two electrons required for translocation of 1 proton.
4) Membrane permeabilities, Pjon

For the equations involving the flux of protons and the other ions, the membrane
permeablities were set initially to values obtained from the literature (see table I).

These values were then adjusted to obtain the best fit to the experimental data.
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5) Buffering capacity, f3.

The internal buffering capacity was determined in the range of 5.5<pH<8 on three
independent samples (Fig. A1, Appendix A). Although the buffering capacity is
usually considered constant over a given pH range, it has been observed that a
variable buffering capacity gives a better fit to the data in models of vesicle
acidification [24]. Thus, the data shown on Fig 1A were interpolated with an
exponential function to obtain an expression relating the buffering capacity with the
pH in the range of interest. The expression is given on equation 11.

L(pH) =1.15x107e"**™ (11)

6) Specific capacitance of the membrane

The specific capacitance of the membrane was set to 1 uF/cmz, the standard estimate
value used for phospholipids bilayers.

7) Radius of the average vesicle

The radius of the average vesicle was obtained by averaging the distributions of the
hydrodynamic radius of the proteoliposomes from three independent samples. The
histogram from the preparations used in this work followed a log-normal distribution
(data not shown), which is expected for vesicles prepared with sonication [37]. The

estimated radius of the average vesicle was 42 + 2 nm.

Fitting the basal responses of PSI proteoliposomes

Figure 3 shows experimental results corresponding to the light-induced pH changes
recorded in a sample containing PSI liposomes in basal reaction medium. The curve
was fit by simulating a vesicle with a diameter of 42 nm. The ion permeablities and
the parameters 1 and o were adjusted until the RMS error between the experimental
and the simulation curves was minimized. lon permeabilities were finally adjusted to

the values indicated in Table I, while the other parameters resulted in n=0.3 and a=40.

Fitting the responses of PSI proteoliposomes to valinomycin

The ionophore valinomycin has the known property of being a passive potassium
transporter across lipid membranes. Therefore, the effect of an increased
concentration of valinomycin was simulated by simply increasing the potassium

permeability. However, as shown in Fig. 4, several values of increased potassium
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permeability did not adjust the model to the measured response to valinomycin. By
further investigation, it was found that valinomycin could also affect the proton
permeability [38;39]. Then, by introducing an increase in the proton permeability of
the vesicles it was possible to fit the output of the model to the experimental curves.
The best fit was obtained for a potassium permeability increase of 1000 times
accompanied by a proton permeability of 1.1x107 cm/s (an increase of approximately
55 times from its initial value). Fig. 5 shows the adjustment of the model to the

experimental curve using the assumption of the combined effect.

Estimation of the concentration of ions and the membrane potential

The solution to the model equations, apart from the pH curves shown in Figs. 3, 4 and
5, contains the light- and time-dependent values for the intravesicular concentration of
K" and CI ions and for the membrane potential. These values were obtained for the
two situations described in the preceding paragraphs, i.e. the basal response and the
response to valinomycin, and are presented in Fig. 6. In order to evaluate the time-
and light-dependent effect of the ion fluxes on the membrane potential, the first
derivatives for the intravesicular concentrations of H', K" and CI were also calculated.
They are plotted in Fig. 7 together with the transmembrane potential, giving an
indication of the direction of the transmembrane ion fluxes in response to illumination
and during passive equilibration in the dark. The model was evaluated in basal
conditions (Figs. 7.a and 7.b) and considering the presence of valinomycin (Figs. 7.c

and 7.d).

Sensitivity analysis

Sensitivity analysis was performed to identify which of the model parameters have
higher impact on the magnitude and rates of the transmembrane pH and electric
potential. The initial values of the model parameters were those used to fit the
responses of the vesicles in basal medium. The most relevant parameters were
selected and their initial values were changed by +10%. The results obtained after
performing simulations with the modified parameters are summarized in Table II. The
model outputs that were evaluated include the steady state values of pH and potential
differences (ApHgs & Aygs) and the values of the half-time after light is switched on
(tpHon & TWon) or off (tpHogr & TWorr).
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Simulation of an increased transmembrane proton gradient

Some of the model parameters were adjusted with the aim of comparing the output of
the model with data previously obtained from PSI preparations. Using PSI complexes
having an average of 90 chlorophylls per P70 and detergent mediated reconstitution,
Cladera et al. prepared PSI proteoliposomes with an average radius of 60 nm [4]. In
presence of 0.1 uM valinomycin, the average steady state pH differences were 1.8 +
0.3 pH units. Although the time constants were not reported, they can be estimated
from a figure showing the light-induced pH changes (Fig. 4 in ref. [4]). The
estimations are a half-time for acidification of 45 s and a half-time for passive re-
equilibration of 153 s. Using the model that fit the responses of our vesicles in
valinomycin, the radius of the average vesicle was increased to 60 nm. Then, the
product (nx7) was increased to 2 to reflect the increased density of reaction centers
and the more efficient incorporation reported in Cladera et al. Under these conditions,
the magnitude of the steady state pH difference was 0.8 pH units, the half-time for
acidification was 8 s and the half time for passive re-equilibration was 18 s. But the
preparation of Cladera et al. showed slower kinetics and a bigger steady state pH
difference, therefore an additional modification was introduced to the model. To
simulate tighter vesicles, the ion permeabilities were decreased one order of
magnitude. This resulted in a steady state pH difference of 1.2 pH units, a half-time
for acidification of 28 s and a half time for passive re-equilibration of 159 s. The
results are shown in Fig. 8. Since the two counter ions (protons and potassium) have
quite different kinetics of charge transfer in this situation, it can be noticed that the
membrane potential displays a transient overshoot. This reflects the effects of both an

increased proton influx rate and a decreased potassium efflux rate.

IV.  DISCUSSION

Characterization of the PSI preparation

PSI proteoliposomes were prepared by means of sonication, a methodology which is
normally used to produce vesicles containing functional PSI complexes [14;40;41].
Sonication is generally chosen due to its inherent simplicity, but the mechanical
energy delivered during sonication may cause disruption of membrane proteins [42].

In addition, the procedure may also induce the presence of aggregates (e.g. non-
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incorporated complexes and/or non-vesicular accumulations of lipids). Therefore, the
PSI proteoliposomes used in this work were analyzed to determine the integrity of PSI
and the presence of aggregates.

The fluorescence emission spectrum at 77 K of the PSI proteoliposomes was
consistent with the spectral properties of the complexes in suspension (Fig. 2), which
indicated structural integrity of PSI after incorporation. The blue shift is indicative of
modification of the microenvironment around the chlorophyll molecules after
reconstitution, which does not imply a major structural change [43]. However, there
was an increase in the amount of free chlorophyll indicating that a minor fraction
(~10%) of the pigment—protein complexes was disrupted. In addition, the functional
integrity of the electron transfer chain was demonstrated by the ability of the
proteoliposomes to sustain light-induced transmembrane proton movement mediated
by extrinsic carriers (ascorbate and PMS). The intravesicular pH of the PSI
proteoliposomes decreased in response to illumination, concurring with those reported
in the literature using similar PSI preparations [4;14]. Finally, the histograms obtained
after measurement of the radii of the vesicles showed no secondary peaks, indicating

the absence of aggregates (data not shown).

Model for the PSI proteoliposomes

The light-induced transmembrane proton movement is the result of a series of
complex chemical reactions that involve photo-induced charge separation in PSI and
transmembrane movement of charged species. However, a simplified analysis of the
problem was possible thanks to the use of a computational model. Specifically, the
active proton transfer step, which involves cyclic charge transfer by the PSI reaction
centers and redox cofactors, was modeled as a proton pump with a single time
constant that was only affected by the backpressure of the membrane potential.
Although light intensity and ionic strength are known to affect the rate of electron
transfer in PSI vesicles [4;44;45], these parameters were kept constant to reduce the
complexity of the model. An additional factor that affects the efficiency of proton
translocation is the concentration of the redox carrier PMS. While maximal rates of
charge transfer have been observed in the range of 20 uM to 70 uM PMS,
concentrations outside this range appear to inhibit the redox cycle [3;4;46]. The

experiments in the present work were therefore performed at constant PMS
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concentration (50 pM) and in consequence the model does not incorporate PMS
concentration as a variable.

A model involving cyclic electron transfer across PSI was previously developed by
Cruz et. al to describe the contribution of Ay to the steady state pmf in thylakoids [47].
In their model, they have also assumed that proton transport due to cyclic electron
transfer could be modeled with a single step proton pump. However, this pump was
affected by the backpressure of the ApH, since a decrease in the pH restricted electron
flow at the cytochrome bsf complex. The authors neglected the backpressure of Ay on
the rate of proton pumping, as they assumed it was considerably smaller than the
backpressure of ApH. In contrast, in our preparations the only transmembrane
complex involved in the cyclic electron transport is PSI. Consequently, there is no
backpressure of the ApH while the backpressure of Ay becomes substantial. This
aspect of our model confirms what was already stated by Cladera et al., who
suggested that the backpressure effect of the ApH can be discarded for PSI-
proteoliposomes [4].

To model the transmembrane movement of charged species a set of electro-diffusion
equations were defined. The passive movement of ions was based on the Fick’s
diffusion law combined with the Goldman-Hodgkin-Katz current equation for electro-
diffusive flux. Similarly, this approach predicted with high degree of accuracy the
magnitudes of the ionic fluxes in vesicles in which the proton gradients were
generated by ATP-driven proton pumps [21-24]. Finally, the membrane potential was
obtained considering the bilayer as a capacitor and its value was obtained from the

variation of the net current across the membrane with time.

Simulation results

There was a high degree of adjustment between the experimental values and the
output of the model, except during the beginning of the light-induced reaction and the
end of the dark phase after illumination (Figs. 3 and 4). The deviations of the model at
the beginning and at the end of the experimental curves might be related to the fact
that there is a distribution rather than a single value for the permeabilities. This might
influence the active and passive kinetics, taking into consideration that it has been

assumed that an average vesicle would represent the average behavior of a population
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having a relatively wide distribution of sizes. As it has been previously shown, that
approximation is better for narrow distributions, when the vesicle population
approaches the permeability kinetics of a homogeneous population [48]. Regarding
the final values for the membrane permeability to ions (table I), differences up to one
order of magnitude in comparison to the literature were observed. This is not
surprising, since the membrane permeability is specific to the liposomal preparation
used. Among other factors, it may depend upon vesicle size, presence of incoporated
proteins, presence of traces of detergent, surface charge and lipid purity. For instance,
there have been reported values ranging from 10™ to 10 for the proton permeability
[38;49-52].

It has been often been assumed that valinomycin only affects the membrane
permeability to potassium, since the very high affinity of potassium ions to this
ionophore [53] causes a significant increase of the potassium flux through lipid
membranes [54-56]. Micromolar concentrations of valinomycin can increase 2 to 4
orders of magnitude the membrane conductance to potassium [55;57;58]. According
to this, the initial attempt was to simulate the effect of valinomycin by increasing 10
to 1000 times the permeability to potassium (Fig. 4). It was found that the model
could not predict the effect of this ionophore by an increase of the potassium
permeability alone. As shown in Fig. 5, the effect could only be explained by a
simultaneous increase of permeabilities to potassium and protons. When the
permeability to potassium was increased three orders of magnitude (1000 times), it
was found that there was good agreement between the simulations and the
experimental data after the proton permeability was increased to 1.1x10” cm/s. This
finding is consistent with previous reports, where it was found that valinomycin is
responsible of a small fraction of proton transport across the membrane of liposomes
[38;39]. It was suggested that proton permeability could be facilitated by the
formation of short-lived complexes of valinomycin-potassium with anionic forms of
free fatty acids [59]. More recently, valinomycin was shown to form a stable complex
with protons in the form of H;O" ions, indicating that valinomycin could serve as a
carrier for proton transfer across biological membranes [60].

After fitting the pH curves, the fluxes for the counter ions and the membrane potential
were simultaneously estimated by the model (Fig 7). With respect to the fluxes for the

counter-ions, it can be seen that in basal conditions they follow the movement of
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protons but in opposite directions and with slower kinetics. Potassium tends to escape
from the vesicles and chloride tends to enter, as it can be seen in Fig. 7.b. The relative
magnitude of the fluxes when compared with that for protons is related with the
relative values for the membrane permeabilities. In basal conditions the increase of
the membrane potential is mostly due to the increase of the positive charge inside the
vesicles (Fig 7.a). Only when valinomycin is present, the flux of potassium becomes
comparable to that of protons, almost canceling the membrane potential (Fig 7.c and
7.d). The steady state value of membrane potential was about 200 mV, which is
comparable to the 200 to 300 mV membrane potential of proton gradients that drive
ATP synthesis in the thylakoids [2]. In addition, the value is also comparable to the
180 mV value measured in proteoliposomes prepared with reaction centers from
purple bacteria [17]. In this case, it is reasonable to assume that the potential
difference is smaller due to the backpressure of the ApH on the light-induced proton
transport. With respect to the time course of the transmembrane potential, the
predictions of our model are consistent with qualitative measurements of light-
induced electric potential performed by Barsky et al., in which the light-induced
potential of PSI proteoliposomes followed also exponential patterns of onset and

decay [61].

Sensitivity analysis

The steady-state value of ApH depends mostly upon buffering capacity and size of the
vesicles, while the on and off time constants are more sensitive to proton permeability
(Table II). Increased values of buffering capacity or larger vesicles make it more
difficult for the establishment of a transmembrane proton gradient. On the other hand,
the steady-state value of Ay is mostly dependent on the density of PSI complexes and
the turnover rate. Proton permeability affects both the time constants and the steady
state values of Ay.

The sensitivity data presented in Table II could be helpful when considering the use of
PSI proteoliposomes as photo-electrochemical converters. Depending whether the
energy is primarily detected in the form of a membrane potential or a pH gradient,
different strategies of optimization could be applied. For instance, large values of
steady-state potential could be obtained by using large vesicles with a high density of

reaction centers. On the other hand, large pH differences with a fast onset rate could
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be obtained by using small sized vesicles and reducing the backpressure of the
potential including valinomycin on the reaction medium. It’s important that the rates
at which the events occur in the described system could be too slow for some
applications while acceptable for some others. The kinetics of ion movement reported
here is faster than that reported for proteoliposomes prepared with reaction centers of
purple bacteria used in photoelectric converters [62]. This is due to the fact that PMS
is an efficient mediator of cyclic electron transfer of charges, while soluble quinones
used as exogenous carriers for purple bacteria reaction centers have a slow diffusional
movement. For other applications, such as the proposed use of PSI for fast
depolarization of voltage-gated ion channels, the response time reported here is
unacceptable, unless a more efficient mechanism to transfer the mobile charges is

found.

Simulation of an increased transmembrane proton gradient

Although the magnitude of the pH gradients obtained in this work was about 1/9 of
the value previously reported for PSI proteoliposomes, the time course of the light-
induced fluorescence quenching curves reported here are quite consistent with those
reported previously [4]. When the validity of the model was tested in conditions
where an increased pH gradient is produced, it was shown that an increased ApH
could be obtained by increasing the value of (nx7) in the model (Fig. 8). This
indicates that the smaller proton gradient reported here could be due to the
uncontrolled orientation of the PSIs and lower incorporation efficiency. The increase
in the value of (nx7) caused a decrease in the half times for onset and passive re-
equilibration, which was re-adjusted by reducing the membrane permeabilities of the
ions. These results are consistent with the fact that it is not possible to control protein
orientation in the membrane of proteoliposomes prepared by sonication, while PSI
proteoliposomes prepared by detergent mediated reconstitution have good asymmetric
protein orientation and low permeability values [42]. In addition, vesicles with ion-
tight membranes have also reduced vesicle permeability to both PMS and ascorbate,
which increases the efficiency of the light-induced proton transfer [4]. However, this
situation could not be tested as these parameters have not been introduced in the
model. Overall, these results suggest that the model could potentially be used to fit

measurements obtained from other PSI preparations.
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Conclusion

The light-induced protonmotive force buildup in PSI proteoliposomes is the result of a
series of reactions involving photo-induced charge separation in PSI, charge transfer
to soluble redox mediators and transmembrane movement of ions and carriers.
Although the microscopic detail of these reactions is complex, we have shown in this
work that it is possible to quite accurately describe the magnitude and kinetics of ApH
and Ay using a simple computational approach. It has been shown that a model based
on a set of electro-diffusion equations combined with a proton pump with
backpressure for Ay, makes it possible not only to fit quite accurately light-induced
pH changes but also to predict the changes in ion concentrations and transmembrane
potential of the vesicles. In addition, the results of this work support the capability of
valinomycin to increase proton permeability across biological membranes. This model
provides a useful tool to analyze light-induced protonmotive force buildup in PSI
proteoliposomes, which might also be used as a platform for other models describing
transmembrane ion gradients and membrane potential across membranes supporting
electrogenic pumps. This model also represents a potential new tool to determine the
most efficient combination of parameters in applications intended to use PSI

proteoliposomes as photo-electrochemical converters.
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Figure captions

Fig. 1. Schematic representation of the implemented two-compartment model for the
PSI proteoliposome, showing the main variables considered for each compartment
and the fluxes between them. The scheme at the top illustrates the oxidation-reduction
cycle of PMS in combination with light-induced charge separation in PSI. This
reaction was considered as a single-step light-driven proton pump in the

computational model.

Fig. 2. Structural and functional characterization of the PSI complexes. (a)
Comparison of the fluorescence emission spectra recorded at 77 K from a PSI
proteoliposomes sample (dotted curve) with the one recorded from a control PSI
sample (solid curve). (b) Fluorescence quenching curves indicating light-dependent
proton movement in PSI proteoliposomes. The dotted curve (bas) was recorded in
basal Tris medium at a chlorophyll concentration of 6 pug/ml. The solid curve (+val) is
the response after addition of valinomycin to the basal medium, to a final
concentration of 0.1 uM. The slashed curve (+nig) shows the response to the addition
of nigericin, to a final concentration of 7 uM. Arrows indicate the time when the light

was turned on (|) and off (1);

Fig. 3. Light-induced responses of PSI proteoliposomes in basal conditions. The solid
curve was calculated from fluorescence quenching data obtained from PSI
proteoliposomes in Tris medium at a chlorophyll concentration of 6 pg/ml. The
square dots were calculated using the model. The white area in the bar at the top

represents the period of illumination.

Fig. 4. Failure to predict the effect of valinomycin by an increase of the potassium
permeability alone. The solid curve is the light-induced response from Fig. 3 and the
slashed curve is the response after addition of valinomycin to a final concentration of
0.1 uM. The dots are the estimations of the model, which were obtained increasing

the permeability to potassium 10 (triangles), 100 (circles) and 1000 times (squares).
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Fig. 5. The effect of valinomycin is predicted by a simultaneous increase of the
permeabilities for potassium and protons. As in Fig. 4, the light-induced responses in
basal medium (solid curve) and after addition of valinomycin (slashed curve) are
shown. The square dots are estimations of the model, obtained by increasing the

potassium permeability 1000 times and the proton permeability to 1.1x10™ cm/s.

Fig. 6. Outputs of the model. The curves represent the estimations of the pH (a),
membrane potential (b), concentration of potassium and (c) concentration of chloride
(d). The results were obtained after simulation of basal conditions (solid curves) and

addition of valinomycin (dotted curves).

Fig. 7. Correlation of the potential with the light-induced ionic fluxes. The curves (a)
and (c) are the estimations of the transmembrane potential obtained with the model, in
basal conditions and in presence of valinomycin, respectively. The curves (b) and (d)
are the first derivatives of the intravesicular ion concentrations, showing the flux of
protons (solid curve), potassium (dotted curve) and chloride ions (dashed curve).

Notice the change in scale for the K™ and CI” fluxes in (b).

Fig. 8. Simulation of an increased pH gradient. The curves represent the estimates of
the pH (a), membrane potential (b), concentration of potassium and (c) concentration
of chloride (d). The results were obtained after simulation of vesicles in valinomycin,
using a radius of 60 nm for the average vesicle and an increased density of reaction
centers (solid curves). In addition to these modifications, the permeabilities for all

ions were decreased one order of magnitude (dotted curves).
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Appendix A: Experimental determination of the buffer capacity function f(pH)

According to the method of Maloney [31], the internal buffering capacity of the
vesicles can be obtained by substracting the external from the total buffering capacity:
AH®  AH"

ﬂim = ﬂtot _ﬂext :FHSS_ Ath

(A1)

where AH" is the change in the amount of protons caused by addition of HCI, and
ApHgs and ApH; are corresponding steady state and transient pH changes. After
applying the procedure to three independent samples, the values of internal buffering

capacity computed using equation Al are shown in Fig. Al.

Fig. A1. The internal buffer capacity 3 in terms of the pH. The data points represent
three independent measurements, which are identified by different symbols (circles,

squares or triangles). The correlation coefficient of the exponential fit was 0.96.
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Figure 2
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Figure 5

8.00

7.95

7.90
7.85

7.80

7.75

7.70
7.65

7.60

\ /
k] " ’

"!'L -

0 Oy e -4'_'.1:.‘#

| i | i l
100 200 300

Time (s)

400

500




Figure 6
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Figure 7a-b
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Figure 7c-d
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Figure 8
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Table |

Table I: Permeabilities of the ions involved in the model, in cm/s. The initial values
were extracted from the literature, while the final values were those used in the

simulation of the average vesicle in basal medium.

Permeability Symbol Initial value Reference Final value

Proton Py 1.5x107 [52] 2x10™

Potassium Px' 1.7x107"? [53] 1x107"2

Chloride Per 7.6x107"! [54] 7x107'?




Table Il

Table II: Sensitivity analysis of the ApH, Ay and their corresponding onset and decay
half times. The parameters of the model were varied +10% and the resulting percent
changes in the output variables are given. Percentages corresponding to 10%
increments are given at the left side of the slash, while those corresponding to 10%

decrements are given at the right side.

Variable  ApHg tpHon TpHosr Ay TWon TYoff

Parameter

Surface density of PSI 5/-5 -3/3 0/0 4/-4 -3/3 0/0
Buffering capacity -10/9 3/-4 3/-3 2/-2 4/-4 4/-4
Turnover rate & 5/-5 -3/3 0/0 4/-4 -3/3 0/0
a -4/10 1/7 2/4 -3/4 1/-1 2/-7
Vesicle radius -9/10 3/-5 2/-4 2/-2 4/-4 4/-4
H+ permeability -4/5 -6/7 -8/9 -4/4 -6/7 -8/9
K+ permeability 0.1/-0.1 0.2/-0.2 0.2/-04 <£0.1 <+0.1  <z0.1

Cl- permeability 1/-1 2/-2 1/-1 -0.2/0.2  -0.3/0.3 -1/1
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