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Abstract. Rhodopsin-mediated electrical events in
green algae have been recorded in the past from the
eyes of numerous micro-algae like Haematococcus
pluvialis, Chlamydomonas reinhardtii and Volvox
carteri. However, the electrical data gathered by
suction-pipette techniques could be interpreted in
qualitative terms only. Here we present two models
that allow a quantitative analysis of such results: First,
an electrical analog circuit for the cell in suction pi-
pette configuration is established. Applying this model
to experimental data from unilluminated cells of C.
reinhardtii yields a membrane conductance of about 3
Sm 2. Furthermore, an analog circuit allows the de-
termination of the photocurrent fraction that is re-
corded under experimental conditions. Second, a
reaction scheme of a rhodopsin-type photocycle with
an early Ca?" conductance and a later H* conduc-
tance is presented. The combination of both models
provides good fits to light-induced currents recorded
from C. reinhardtii. Finally, it allowed the calculation
of the impact of each model parameter on the time
courses of observable photocurrent and of inferred
transmembrane voltage. The reduction of the flash-to-
peak times at increasing light intensities are explained
by superposition of two kinetically distinct rhodopsins
and by assuming that the Ca®*-conducting state de-
cays faster at more positive membrane voltages.
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Introduction

Light-induced, rhodopsin-mediated currents have
been recorded from green algae like Haematococcus
pluvialis (Litvin, Sineshchekov & Sineshchekov,
1978), Chlamydomonas reinhardtii (Harz & Hege-
mann, 1991), and Volvox carteri (Braun & Hege-
mann, 1999), when the cells had been partially
sucked into the measuring pipette of a pA-meter.
The light-induced currents recorded from the eye-
spot region were similar in all species and the basic
observations can be summarized as follows: Upon
excitation of the eye by a saturating light flash of
about 0.5 mE m™2 and 10 psec duration, a first
light-induced current, Ip, starts after a delay of only
about 50 psec. Ip;, passes a peak of up to —50 pA
about 1 msec after the flash, and decays with a time
constant between 1 and 10 msec (Sineshchekov,
Litvin & Keszethely, 1990; Holland et al., 1996;
Ehlenbeck et al., 2002). Ip; is assumed to be pre-
dominantly carried by Ca®* with a half-saturating
external Ca’" concentration of about 10 pum. The
properties of Ip; in green algae are in several re-
spects similar to light-induced currents, Ip, in in-
vertebrate eyes but the delay of Ip; in algae is much
shorter than in all invertebrates. This difference led
to the idea that [p; is only limited by photocon-
version of the rhodopsin (Sineshchekov et al., 1990;
Harz, NonnengidBer & Hegemann, 1992; Holland
et al.,1996; Ehlenbeck et al., 2002) and does not
employ an extra, transmitter-mediated conductance,
as suggested by Calenberg et al. (1998).

In experiments carried out on C. reinhardtii at
pH 4.5 or below, a slower current transient, Ip,, is
superimposed on Ip; (Ehlenbeck et al., 2002). The Ip,
transient passes a maximum of up to about 10 pA at
>10 msec after the flash. Because of its dependence
on [H"],, Ip has been suggested to be carried by H™
(Ehlenbeck et al., 2002). The suggestion of an in-
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trinsic, passive proton conductance of a chlamyopsin
has recently been verified for one of the recently
identified microbial-type rhodopsins, after expression
in Xenopus oocytes. Accordingly, this rhodopsin was
named channelrhodopsin-l (Nagel et al., 2002).

A detailed analysis of the photocurrents shows
that both Ip; and Ip, are comprised of a low-light
saturating component a and a high-light saturating
component b (Ehlenbeck et al., 2002). The currents
Ipy, and Ip,, saturate in flash experiments when only
1% of the responsible rhodopsin is bleached. The
ion specificities of a and b are slightly different
(Sineshchekov et al., 1990, Holland et al., 1996). The
a and b current components have different suscep-
tibility to retinal analogs when pigment-depleted
cells are reconstituted with such components
(Govorunova et al., 2001). These results support the
earlier-drawn conclusion that two rhodopsin species
mediate phobic responses and phototaxis (Zacks
et al., 1993; Sineshchekov & Govorunova, 2001;
Ehlenbeck, 2002). Delay and flash-to-peak times are
much larger for the @ component than for the b
component (Braun & Hegemann, 1999; Ehlenbeck
et al., 2002).

The photocurrents Ip; and Ip, as recorded in the
suction-pipette configuration reflect only a fraction of
the true photoreceptor currents. This fraction de-
pends on the shape of the pipette, on the fraction of
the cell sucked into the pipette, and, certainly, on the
ionic conditions inside and outside the pipette (Harz
et al., 1992; Holland et al., 1996). Therefore, ampli-
tudes and time courses of these currents could be
discussed in the past on a qualitative level only. For a
quantitative analysis, direct measurements of the
current / and the membrane voltage V' by intracel-
lular recordings or patch clamp recordings from the
eye area would be more informative. Unfortunately,
such data are not available due to the unfavorable
properties of the plasma membrane even of cell wall-
less cells, and due to the small cytoplasmic volume
(Nichols & Rikmenspoel, 1978).

Nevertheless, the present study aims for a quan-
titative interpretation of the light-induced current
transients Ip; and Ip, by employing two physical
models that account for the electrical circuitry of the
suction-pipette configuration and for the formation
of electrically conducting states within the photocycle
of rhodopsin. If not stated otherwise, the present
study refers to the high-intensity component » only.
The kinetics of the more complex, low-intensity
component «a include an amplification mechanism
and will be subject of a separate study.

In its basic form, the combined model does not
account for the familiar observation that the flash-to-
peak time becomes shorter upon increasing intensities
of the stimulating light flash. For low light intensities,
this feature has been explained, already, by super-
position of the effects of the two systems « and b
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Fig. 1. Electrical model of a cell with eye, held in the measuring
pipette of a pA-meter (patch-clamp amplifier). (4) Physical con-
figuration. (B) Equivalent circuit. R, resistance of cell interior,
found to be small enough to be ignored here; G), leak conductance
between cell and glass; can be ignored at zero command voltage (V
at amplifier, on the right in part B). gx, K" conductance of dark
membrane, not used; gcy (gm), passive Cl~ transport through the
membrane in the dark; Pu, electrogenic pump, acting mainly as a
source of V-independent outward current in physiological V' range;
¢m, standard membrane capacity V}, and V,,, membrane voltages in
the bath and pipette compartment, respectively; Gc, and Gy in
shaded area (eye), tentative conductances of chlamyrhodopsin for
Ca®* and H™, respectively.

(Ehlenbeck et al., 2002). And for high intensities, this
relationship is simulated by the model, with the ad-
ditional assumption that the Ca®*-conducting state
in the photocycle of system b decays faster at more
positive membrane voltages. This assumption is
consistent with previous reports on voltage-depen-
dent kinetics of rhodopsins (Nagel et al., 1998; Geibel
et al., 2001); and the predictions agree with the kinetic
effects of external [K 7] (NonnengiBer et al., 1996)
and of cell size (Braun & Hegemann, 1999).

Altogether, the present approach comprises sev-
eral steps of modeling: (i) The electrical properties of
the unilluminated membrane; (if) the photocycle of a
single chlamyrhodopsin with an early conducting
state for Ca>" and a later one for H"; and (i) the
concept of voltage-sensitive steps in the photocycle to
explain the observation of faster responses upon
stronger light stimuli. As a consequence, the explicit
description of the phenomena cannot be presented by
one algebraic master equation, but by an algorithm
that comprises several steps of calculations, including
iterative procedures. Introduction and application of
this algorithm are the aim of this study.
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Table 1. Reference parameters of models
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Parameter and comments Symbol Magnitude Unit
Background:
Surface area of the cell A 5% 10710 m?
Portion of cell surface in pipette, pip 0.2
Chloride membrane conductance gcl 0.33 Sm? mm~!
Cytoplasmic [Cl7] [CI}; 10 mMm
External [C17] [C1], 10 mMm
Pump reference voltage, AGa1p/F Ep —480 mV
Maximum amount of H™ pump current Ipymx 5000 Am 2 mm!
Internal H" concentration, rounded estimate H']; 107 mMm
External H" concentrations, rounded estimates H*], 1074, 1072 mMm
Membrane capacitance, standard Cm 1072 Fm™
Eye, non-kinetic:
Total number of rhodopsin molecules in the eye Rhy 10°*
Maximum Ca’>" current through one rhodopsin Icamx 107 A
Reference photon exposure, 50% saturating Oip 6x107° Em~?
H™ conductance of one rhodopsin molecule gu 10712 Smm !
Eye, rate constants for transitions
L to M, formation of G(Ca>™") kim 2912 sec”!
M to N, decay of G(Ca>™) kvN 506 sec”!
N to 0, formation of G(H™) kno 98 sec”!
O to P, decay of G(H™) kop 19 sec™!
Model Description choice, gc gm # gk, 18 not compelling but reasonable

ELEcTRICAL CONFIGURATION

Figure 1 illustrates the experimental situation. The essential pa-
rameters of this model are listed in Table 1 with short descriptions.
We assume that a cell with a surface 4 is sucked with the mem-
brane portion ay;, into the orifice of a suction pipette that is elec-
trically connected with a pA-meter. In Fig. 1, the eye is assumed to
reside in the portion of the membrane that is exposed to the pipette
solution. If the eye were located in the bath compartment, the
recorded photoreceptor currents would be qualitatively identical
with those of the chosen configuration. Only the sign inverts and
the detected portion of the current is smaller (Harz et al., 1992). So
the “eyespot out” configuration does not require another explicit
discussion.

Dark CONDITIONS

Before light-induced events can be discussed, the electrical prop-
erties of the plasma membrane have to be defined for dark con-
ditions. For the present purpose, we assume the plasma membrane
without eye to be electrically characterized by three entities:

First, a passive conductance g,,, which comprises electrodiffu-
sion through the resting membrane. The most familiar membrane
conductance is a nonlinear gi, due to electrodiffusion of K. Be-
cause [K "], < [K"];, however, g is small at a resting voltage, V,,
of about —150 mV (Malhotra & Glass 1995) in the first place.
Secondly, K currents in plants are usually recorded far from
equilibrium when the K* pathways become active. In contrast,
close to the equilibrium, Ex, K™ channels in plants are usually
inactive. So there are good reasons to assign g, to diffusion of a
non-K ™ ion. A good candidate is CI™. Assigning electrodiffusion of
Cl” to g, has the additional benefit of approximate linearity be-
cause about 10 mm external [Cl7] are frequently used in suction
pipette experiments (e.g., Ehlenbeck et al., 2002), and similar in-
ternal [Cl7] can be expected as well. So we assumed an ohmic
membrane conductance reflecting electrodiffusion of Cl. Our

and does not affect the main conclusions about the eye drawn in
this study. Nevertheless, for the sake of completeness, gk is marked
in Fig. 1, because our simulation program does allow to account
for gk as well. Since this option has not been used in the present
context, gk is not listed in Table 1. Experimental determination of
the resting conductance g, is a prime subject of this study.

The second element is an electrogenic ion pump, Pu, which acts
as an active source of outward current, ip,. With known values of
the resting voltage V; (Malhotra & Glass, 1995) and g, (to be
determined below), the pump current is ip, = V; - gy, in this sim-
plistic model.

The third element is a standard membrane capacitance, ¢y,
which affects the temporal characteristics of electrical events in the
range of msec and faster.

Since the membrane voltage, V,, is crucial in all electrical
membrane processes but is not directly accessible in suction-pipette
experiments, we used indirect estimates of V;, and its changes
during Ip; and Ip,. These estimates of V/,, are intermediate results
in the course of calculating the photocurrents by the models
described.

For the determination of the linear membrane conductance g,
= g at [C17]; = [CI7], = 10 mMm, an equivalent circuit (see Fig. 2)
with four resistances has been assumed to account for the gross
resistance R = (R} + Ry)(R3 + Ry)/(R; + R, + R; + Ry) be-
tween bath and pipette, where the four resistances R; to R4 have
the following meaning. R;: seal resistance between membrane and
glass at the tip of the pipette; R, = r; - I: longitudinal resistance of
the cylindrical (length /) interface (with length-related resistivity r;)
between glass and membrane in the pipette; Ry = ry, - Ayp: resis-
tance of the membrane portion in the bath with the (area-related)
membrane resistivity r,, and the area 4, = nd®, where d is the
diameter of the spherical cell portion in the bath; Ry = 7y, - Ay
resistance of the membrane area 4, = n/d, with an inner diameter o
= 2.5 um of the cylindrical pipette tip (ignoring the small contri-
bution of the inner cross section of the tip to 4,).

The parameters d and / have been varied by progressive suction
of the cells into the pipette at constant ¢; the distances d, /, and ¢
have been read from microscopical images (1 mm of the image
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corresponding to 0.56 pum in the object plane). R = V/I has been
determined by measuring the transcellular current 7 at a small (1
mV) voltage V between pipette and bath. The measurements on
four cells and the corresponding system parameters R, r», and g,
= 1/ry, determined by a least-square fitting routine are listed in
Table 2. Thus, the area-related membrane resistance, ry,, of the
plasmalemma in individual cells of C. reinhardtii is about 0.3 Q m?
and the leak conductance G; = 1/(R; + R;) about 10 nS (100 MQ
seal resistance).

According to our assumptions, gm = 1/rm = 3.3 S m~ 2 corre-
sponds to a CI~ conductance, gcy, of about 0.33 S m > mm !
(Table 1) and the voltage of passive diffusionis V4 = Ec; = 0 mV.
With the only experimental estimate of V. = —150 mV available in
C. reinhardtii (Malhotra & Glass, 1995) and a voltage-independent
pump current #p,, this current is determined by ip, = V,gm = —0.5
A - m~2, corresponding to a concentration-related pump current of
5000 A-m~2-mm~! at pH; = pH, = 7. More precisely, the
steady-state electrical properties of an electrogenic H* ATPase can
be described by

[H*]; — [H'], exp(uaTp — u)
1+ exp(uATp — u)

(1)

ipu = IPumx

with equal amounts of saturating pump currents, ip,myx, at large
positive and negative voltage displacements from equilibrium, and
symmetric reference concentrations (H™}; = [H¥], = | mm); u =
VF/(RT) is the normalized membrane voltage where V' is the
membrane voltage, and R, T, and F have their usual thermody-
namic meanings; uatp = AGatp/(RT) corresponds to an equilib-
rium voltage Ep, = AGatp/F = —480 mV of the pump at [H']; =
[H*]o. Equation (1) is derived from the general current-voltage
relationships of electrogenic pumps (Hansen et al. 1981).

The third electrical element of the unilluminated membrane, ¢,
~ 10 mF - m™2, is common to biological membranes. Together with
gm, 1t is expected to have significant smoothing effects on V" changes
in the temporal range of 7, = ¢i/gm = 10 msec and faster.

The currents through the elements g.,, Pu, and ¢,, which are
assumed to be uniformly distributed over the total membrane area,
have been calculated by multiplication of the area-related currents
by the membrane areas A, =4 - ap;, in the pipette and in the bath,
Ay, =A(l — apip), respectively.

R, in Fig. 1B represents the resistance of the cell interior be-
tween the membrane portions in the bath and in the pipette. In a
first approach, R. (=500 kQ for a 5-um cube with a typical cyto-
plasmic resistivity of 1 Q m) can be neglected compared with the
membrane resistances (some 10 MQ, see below) in series. In case of
a more accurate approach, ¥}, across the membrane in the pipette
and V}, across the membrane in the bath can differ when R, is
significant and when the two membrane portions are electrically
asymmetric, e.g., by the presence of the eye in only one compart-
ment, or by application of a transcellular, electrochemical gradient.

LiGHT-INDUCED CONDUCTANCES IN THE EYE

The eye in Fig. 1 is represented by the light-induced conductances

for Ca?* and for H"'. These conductances have to be assumed to
+

be nonlinear. In analogy to Eq. (1) we write for the Ca>" currents
) ) Ca2+ L Ca2+ e—Zu
ICa = ICamx * RM : [ ]ll _,’_[efzu ]0 (2)

where icy mx 1 the maximum Ca?" current through one rhodopsin
molecule at 1 mm [Ca®*], and Ry is the number of rhodopsin
molecules in the Ca? " -conducting state M. Because of [Ca®"]; <
[Ca®*],, and [Ca®"], = 1 mM in our experiments, only inward

Ca®" currents are considered here, which are ic, = icamx - Rm - 1
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Fig. 2. Scheme and definitions of experimental configuration (A4)
and electrical equivalent circuit (B) for experimental determination
of the membrane resistivity, r,, = 1/gnm, of cells, partly sucked into
measuring pipette (compare Fig. 1). R, seal resistance between
pipette tip and membrane; R,, longitudinal resistance between glass
and cylindric membrane portion in pipette; R3, resistance of
membrane area in bath; Ry, resistance of membrane area in pipette;
d, diameter of spherical cell portion in bath; § and /, diameter and
length of cylindrical cell portion in pipette.

mw, i.e., numerically simply the product of icymx (5.5 fA per
rhodopsin molecule) and Ry;.

Previously, Harz et al. (1992) and Holland et al. (1996) have
proposed a direct coupling between rhodopsin and the photorecep-
tor channel in C. reinhardtii. For the first qualitative considerations
we followed this model for explaining the high-light saturating
components of the photoreceptor current, Ipp, and Ipy, (Ehlenbeck
et al., 2002). Now this model is extended for a quantitative descrip-
tion of the same currents. With 10* rhodopsin molecules in the cell
(Beckmann & Hegemann, 1991) and a maximum inward current of
—100 pA, an individual rhodopsin molecule in the Ca®* -conducting
state can pass 10 fA.

To describe the Iyy(V) relationship, a constant-field relationship
has been taken as a first approach since the steady-state (V) of
channelrhodopsin-1 (Nagel et al., 2002) do not show limitations
imposed by  or [H"]. Hence,

[H); — [HT],e

In(V)=V gu- e

()
where gy is the H conductance of a rhodopsin molecule in its H™"
conducting O-state (Fig. 3) at theoretical reference conditions
(H'J=[H"], = 1 mm).

Because of these nonlinear I(V) relationships, the transmem-
brane voltage, V, has been calculated by an iterative procedure.
Starting with a large voltage interval of about ~ £500 mV, very
negative V will cause inward currents both in the pipette and in the
bath compartment; correspondingly, large positive voltages cause
outward currents. In the asymmetric configuration of an illumi-
nated eye in the pipette compartment, we narrow down the voltage
interval iteratively until a voltage is found where the inward current
through the membrane in the pipette compartment equals the
outward current through the membrane in the bath compartment.
This voltage must be the desired membrane voltage, because it is
the only one at which electroneutrality in the cell is maintained.
The actual procedure accounts also for the possibility that the
transmembrane voltage, V), in the pipette compartment differs
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Table 2. Measured and calculated resistances used for the determination of the membrane conductance, g,,.

Cell Trial d (um) [ (um) R (MQ) R, (MQ) rMQum™")  gn (Sm’z)
measured calculated
1 a 8.4 5.6 182 179 26 44 5.0
7.8 10.1 182 196
c 5.6 19.6 263 244
2 a 8.4 1.1 137 136 123 17 3.0
b 7.8 2.8 152 154
c 6.7 11.2 200 199
3 a 8.4 1.7 128 126 114 10 2.0
b 7.8 5.6 143 150
c 6.7 11.2 189 178
d 5.6 16.8 208 211
4 a 8.4 3.9 182 183 35 52 4.3
b 7.2 9.0 217 225
c 6.7 14.0 244 238
Means £+ sb 79 + 42 31 £ 20 36 £ 1.3

Cells were sucked to various depths into the measuring pipette and the resistance determined after application of a voltage pulse; for
definitions and explanations, see Fig. 2 and paragraph 5 of Dark Conditions in the Introduction.

G(Ca2+)

TN

L N

chlamyrhodopsin-3
K 0 G(H%)

BN

I e P
Fig. 3. Preliminary reaction cycle of chlamyrhodopsin b. 7, ground
state; K, primary state excited by light, hv; L, early intermediate,
responsible for delay of <350 psec, not analyzed here; M, Ca®"-
conducting intermediate; N, nonconducting intermediate; O, H -
conducting intermediate; P, intermediate(s) responsible for slow
recovery of Ry compared with decay of O.

from ¥V} in the bath compartment, i.e., when the resistance of the
cell interior, R, (see Fig. 1) is not ignored. In this case, the proce-
dure yields both, V}, and V,, (= V,, + I.- R.), as well as the
transcellular current /. = I, = I, of the serial arrangement.

A leak conductance G, between pipette and bath has to be
considered because the contact between glass and membrane in the
suction configuration is not perfect with intact cells. A leak con-
ductance G; =10 nS between glass and membrane has been ob-
tained in the course of the determination of g, (see column R; in
Table 2). However, during the recordings of Ip, the voltage between
bath and pipette was zero, and no background current through G,
had to be taken into account, therefore.

Hence, all parameters of the equivalent circuit in Fig. 1 are
defined. Those that enter the analysis below are listed in Table 1.
Because of the nonlinearities in the system, the iterative determi-
nation of V¥ is not very robust. Frequently, convergence was only
achieved after an ad hoc adjustment of the start interval of V.

Figure 3 shows a reaction cycle of the algal rhodopsin as used
for the earlier qualitative analysis of Ehlenbeck et al. (2002). This
reaction cycle comprises seven states and seven transitions of
chlamyrhodopsin Rhy, in alphabetical order starting with the in-
active, resting state R;. In this scheme, the states M and O represent
the states for Ca®>" and H" conductance, respectively. R; is the
ground state (dark form); Rx marks the photoproduct and the first
photocycle intermediate, which is formed from R; with the rate
constant ki = kY - O where k¥ is ki at a standardized reference
photon exposure, e.g., 0, for 50% bleaching, corresponding to
about 60 uE m~? typical for many rhodopsins (e.g., Ehlenbeck et
al., 2002). The transition from R; to Ry is supposed to be very fast
compared with the following reaction steps. The next intermediate,
Ry, is necessary to account for the short but measurable delay of
Ip; (<50 psec; Holland et al., 1996). Ip; is assigned to the state Ry,
the tentative Ca®" -conducting state, G(Ca>"). Since in the present
analysis, the delay is not treated explicitly, our kinetic calculations
start with a certain amount, p; - Ry, of rhodopsin molecules in the
state Ry, where py is the portion of Ry of the total number, Ry, of
rhodopsin molecules. In our case, when the light flash and ki are
below the temporal resolution, the initial portion p;. = Q/(Q +
Q) simply reflects saturation (p. — 1) for high Q, and half satu-
ration (p. = 0.5) at reference photon exposure of Q = Q). The
nonconducting state N between the Ca>* conductance M and the
H* conductance O accounts for the typical notch in the current
records between Ip; and Ip,. Finally, the last state, Rp, prior to the
resting state Ry reflects the finding that more time than the decay of
Ip, is required for a second high-intensity flash to cause full re-
sponses of Ip; and Ip,, i.e., to regenerate 100% of R;. For the sake
of simplicity, this recovery is not treated here explicitly either.
Hence, for the present analysis only four states (L, M, N, and O)
are considered explicitly with their corresponding transition prob-
abilities kLM7 kMNa kNo, and kop.

For simplification of the formal treatment of this series of
reactions, we use only the first index to identify the rate constants,
e.g., ki = kpym and define

ki k ki ki k ki ki ki
LngNwog’:lepMﬂ)pijojA (4)

The time courses of the occupancies p; (¢) for j = L to O, will follow
the form of the sum of exponentials
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Table 3. Amplitude coefficients, p;; (i = L...O, j = 1..4), of exponentials in time courses of occupancies p; (¢) in equation 7, for start

conditions: pp =

1, pi=L = 0; first index, state; second index, exponential component.

=9 =
PL =570 p2 =0
_ kL - _
PMI = DLI " i Pm2 Pmi
— . km . kL — . 1‘#
PN1I = PLi kn—ku kv —kt PN2 = P2 ken—km
kn ky ki kn ky
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Fig. 4. Single recording of time courses of light-
° induced, rhodopsin-mediated currents from
C. reinhardtii recorded in suction-pipette config-
uration with low external pH in the eye region;
light flash (decay-time about 10 psec): 625 pE
m~% [Ca®*], = 0.1, and [K 7], = 1 mm; Inset
PH  4: experimental configuration; Inset B: Linewea-

ver-Burk plot of typical stimulus-response-rela-
tionship of Ip, with respect to [H "] in external
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The amplitude coefficients p;; (Table 3) can be derived from the
system of differential equations (not shown) corresponding to the
scheme (4) with the boundary conditions py, = Q/(Qi» + Q), and
pi>1 = 0 for t = 0. The analytical solution of p;(f) applied here
allows faster and more accurate calculations than iterative ap-
proaches.

Custom-tailored software has been written in Turbo Pascal 7.0
(Borland International INC) and is available on request.

Results
EXPERIMENTAL DATA AND FIT

For reference purposes, Fig. 4 illustrates the distinct
response of Ip recorded at low pH in the pipette that
is in contact with the eye spot (see inset 4). Inset B of
Fig. 4 shows that Ip, follows external [H "] at the eye
spot by ordinary Michaelis-Menten kinetics. This
relationship suggested that Ip, is carried by H™. The
evidence for Ca®" being the predominant substrate
of Ip; is given by Holland et al. (1996).

Figure 5 shows the ability of our two models to
describe experimental data of Ip; and Ip, from C.
reinhardtii. In this fit (solid line), all non-kinetic pa-
rameters have been kept constant at the values as
listed in Table 1. And the four kinetic parameters,
kim, kmn, kno, and kop have been iteratively ad-
justed to the experimental data (dots) with starting

solution at the eye spot; data from Ehlenbeck
et al., 2002.

values of 3000, 500, 100, and 20 sec™! respectively.
We notice that this fit is fair but not perfect. It is
pointed out that in our approach the four amplitudes
pij of the exponentials (Eq. 5) are not independent
variables in addition to the four rate constants kj;
here, the amplitudes p; are strictly defined expres-
sions of kj (Table 3). So our approach uses four
variables (four ks) only instead of the eight variables
(four ks plus four amplitudes), which are generally
required to describe four exponentials. Significantly
better fits could be obtained, of course, if the ampli-
tude coefficients and time constants had been fitted
independently. However, such a formal treatment
would be rather insignificant not only because of the
considerably increased number of parameters to be
fitted but mainly by the loss of the physical rela-
tionship p; = f(k;).

To avoid misinterpretations, the fitted current
curve in Fig. 5 does not correspond directly to the time
courses of the probabilities in Equation 5. In fact, these
currents in Fig. 5 are the result of these probabilities
plus the electrical properties of the complete circuit.

APPLICATION OF THE KINETIC MODEL FOR THE
DEescripTiON OF CURRENT RECORDS

Based on the constant and fitted parameters in Table
1, the intrinsic time courses of the four states L, M,
N, and to O are shown in Fig. 6. These time courses
are independent of the electrical properties of the two



D. Gradmann et al.: Modeling Photocurrents of Chlamydomonas

0 50 t/ms 100
0- >
Ip,
10
] 91251 50651 9gsl 19!
M N 0
20 - G(CaZt) G(H)
Ip
30
v I/pA

Fig. 5. Fit of the model (solid line) to one characteristic photo-
current recorded in the suction-pipette configuration; fitted kinetic
parameters are presented in the inset; start values for fitted pa-
rameters kpn, kv, kno, and kop are 3000, 500, 100, and 20 sec™
respectively; fixed model parameters are also presented in Table 1;
mean deviation of data from fit: 1.035 pA.

0 10 20 tms 30

Fig. 6. Reconstructed time course of the occupancies of the states
L, M, N and O after a 90% saturating flash of light.

models; they simply reflect the occupancies of the
different states in the photocycle. In Fig. 6, L starts
with a value of about 0.9, corresponding to a light
flash of nearly saturating photon exposure.

The time courses of the ‘true’ Ca®>" currents and
H™ currents can be displayed and compared with the
observed currents Ip; and Ip, by incorporating the
electrical and the kinetic models and their identified
parameters in Table 1.

Figure 7 shows that Ip; and Ip,, which are ob-
served in the suction-pipette configuration, are only
about 20% smaller than the calculated Ca®" currents
and H™ currents, respectively. This result means that
previous interpretations regarding the relative per-
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0 t/ms 50
0
20
401 1/pA

Fig. 7. Comparison of observed (0bs.) and ‘genuine’, light-induced
Ca®" and H" currents through the eye of C. reinhardtii, inferred
by model calculations with parameters as listed in Table 1.

(.) o 5.0 . It/msl . 190
Or 1-100
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1-140
-40f Ip/pA V/mV{-160

Fig. 8. Calculated time courses of the current (left ordinate), and
of the inferred membrane voltage (right ordinate), with definitions
of observable parameters used for the sensitivity analysis (Table 4).

centage of the currents that are actually recorded
have been realistic.

Figure 8 displays the fitted time course of the
observed current and the inferred time course of the
membrane voltage, V. The V values are intermediate
results (V at I, = I,,) in the course of the calculations
of the model currents as described by the paragraph
Calculation of the Membrane Voltage above. The
global result of Fig. 8 is that the changes in V" upon a
light flash are significant but not dramatic. However,
larger V responses can be brought about by various
modifications of the system parameters, e.g., if the
cell surface were reduced to 50% and all other pa-
rameters would be constant, the light-induced V re-
sponses would be twice as large in the smaller cell.
This relationship has already been suggested to hold
for small vesicles that still contain the complete eye-
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spot after excision from the cells (Braun & Hege-
mann, 1999).

Observable parameters, defined and marked in
Fig. 8, are used for the systematic sensitivity analysis
in Table 4. This documentation describes the parti-
cular impacts of the individual model parameters
(Table 1) x on the observable parameters y. Com-
pared with I(¢), the time course V(¢) is smoother, and
the maxima in V' occur later than those in /. This
delay reflects the RC-time, rycy, of the membrane,
where ¢, is the membrane capacitance of about 10
mF m~2. With ¢,, = 0, the times of the V peaks
would coincide with those of the I peaks (not illus-
trated).

The numbers, z, in Table 4 are expressed as
percent changes in y when x has been increased by
10%. For example, if the portion of the cell surface in
the pipette, ayp, is increased by 10% from 0.20 to 0.22,
the peak I; of the observed portion of the initial Ca*™*
current will change by —3.87% (z-value) from its
reference value —26.39 pA (also listed in Table 4) to
—25.73 pA. This result reflects the finding that the
recorded portion of the total eye current decreases as
the portion of the cell outside the pipette (not con-
taining the eye) increases (Holland et al., 1996), or
that the observed current portions are smaller when
the eye is together with the major part of the cell
located outside the pipette.

The results of the sensitivity analysis of the
models (Table 4) cannot be discussed in detail at this
time. For such a purpose, virtually the entire litera-
ture on suction-pipette recordings should be dis-
cussed. Therefore, only some striking findings will be
considered.

() One important result is that the time #;; (0.75
msec) of the first current peak is insensitive to all
model parameters listed, except kpy and kyn, of
course, which determine the time of the peak directly.
In particular, the insensitivity to the light intensity
differs from the physiological observations, where the
flash-to-peak time becomes shorter for increasing
photon exposures (see below).

(i) Ep, has only a significant effect on the peak
amplitude of the H™ current, /5. The vanishing effects
of Ep, on all the other observable parameters are due
to the sigmoid i(V) relationship of the pump, Eq. (1).
Because of this sigmoidicity the pump behaves like a
constant current source in the physiological V-range
when the current becomes independent of V' due to
saturation. Accordingly, changes in this saturated
pump current (ip, my), and the thermodynamic effect
of [H™], itself have considerable impact on most
observable parameters listed but not on the Ca®*
currents [, of course.

(iii) As mentioned already, ¢, delays and smoo-
thens V(¢) compared to I(¢), and has little effect on 7
itself. This finding is important for the interpretation
of the recordings of transient, light-induced currents
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in the suction-pipette configuration. It means that
these transients reflect genuine transmembrane cur-
rents that are not significantly biased by capacitive
effects. This temporal order (I precedes V) differs
from the situation in the animal eye, where the V-
changes (of similar magnitude as here) cause major
changes in currents through V-dependent channels.

(iv) As expected, the resting voltage, V,, is inde-
pendent of the properties of the eye.

(v) The effects of internal and external [H™]
changes on I, and I3 are somehow puzzling because
effects of opposite signs might be expected for internal
and external [H "]. The situation is slightly compli-
cated. In order to simplify the discussion, we focus
only on the H" inward current I5 through the eye
here, and notice that 7, behaves essentially in parallel.
It is evident and numerically consistent with the re-
sults of the inset B in Fig. 4 that an increase of [H™],
will cause a more or less proportional increase in /3 by
means of mass action, because /3 represents an es-
sentially unidirectional [H ] influx at highly negative
¥, where unidirectional [H "] efflux can be ignored.
But why has [H *]; such a similar effect? The answer is
that the direct and opposite effect of [H]; on I5 is
small, and that the apparent effect of [H ™ ]; on I3 is an
indirect one, namely through the H™ pump: Accord-
ing to Eq. 1, the pump current at V" around —150 mV
< Ep will be V-independent but proportional to [H " ];
when the second term in the denominator vanishes.
Hence, the pump current will increase with [H " ]; and
will cause a correspondingly proportional increase of
the voltage drop across g,,, which is the linear g¢; in
our approach. This effect of [H']; on the resting
voltage V., as shown in Table 4, results in an increase
of the electrical component of the driving force for
[H™] inward current through the eye.

FrasH-To-PEAK TIMES

It is a flaw of the model, so far, that the flash-to-
peak times are insensitive to the intensity of the
light stimulus, whereas experimental data show an
acceleration with increasing intensities. For the low-
intensity range, this feature has been explained by
superposition of the effects of the two systems a
and b (Ehlenbeck et al., 2002): compared with
system b, system «a is slower, and saturates at about
100 times smaller intensities, with 10 times smaller
amplitudes. However, this mechanism does not ac-
count for the high-intensity range when system « is
invariant because of saturation. But intensity-de-
pendent flash-to-peak times are evident in this
range as well.

Based on the notion of V-sensitive kinetics of
rhodopsin (Nagel et al., 1998, Geibel et al., 2001) our
working hypothesis for these kinetics in the high-in-
tensity range is that the rate constant kyy depends on
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Fig. 9. Changes in [ and V upon light flashes in model with V-
dependent kyn. Three different intensities and coordinates of re-
sulting current peaks are listed in insets. Unless specified, all pa-
rameters as listed in Table 1. (4) Normal cell with typical surface
area. (B) Small cell with ten times less surface area, equivalent to
vesicles used by Braun and Hegemann (1999). Main result: model
configuration for shortening of flash-to-peak times by increasing
light intensities.

V. As a first approach, we express this dependency in
the form

fenin = kypne", (6)

where kY, is kvn at ¥ = 0. With kyn of 506 sec™
and V' = —151 mV from the fit in Fig. 5, k; can be
calculated by A% = kmne ™™ to be about 2 - 10°
sec”!. The hypothesis assumes that the decay of the
Ca’"-conducting state M to the nonconducting state
N becomes faster when V' becomes more positive. So
the maximum of I; will be lower and earlier. The
magnitude of this effect will increase with the positive
voltage change. We know two parameters with major
effects on the change in V" upon light flashes, the
surface area of the entire cell, and the light intensity.

Model calculations using the standard configura-
tion (Table 1), and Eq. 6 are illustrated in Fig. 9 for
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various light intensities, and for cells with various
surface areas. The results in Fig. 9, numerically speci-
fied by the insets, show, indeed, that after implemen-
tation of Eq. 6, (i) the flash-to-peak times decrease with
increasing intensity, (i) this effect vanishes at low in-
tensities, and (ii7) this effect is much larger in small cells.

Discussion

In general, the combination of an electric equivalent
circuit for the electrophysiological suction-pipette
configuration and a reaction cycle of light-induced
excitation and relaxations of rhodopsin allows a first,
quantitative interpretation of rhodopsin-mediated
current transients recorded from the eye of C. rein-
hardtii in response to stimulation with short light
flashes.

The combination of the two models enables the
description of measured time courses of Ipj, and Ipyy,
for a given photon exposure fairly well. In addition, it
predicts for the first time the sensitivity of the
photocurrents to intrinsic and extrinsic parameters.
For example, the model provides an estimate for the
time course of the membrane voltage, suggesting that
the small voltage changes are not responsible for the
refractory period of the photocurrents observed in
double-flash experiments (Govorunova & Hegemann,
1997; Govorunova et al., 2001). The model in its
basic form is only a coarse approach, of course. Ac-
counting for more realistic scenarios would require
appropriate extensions of the model.

FLasH-TO-PEAK TIMES

The two models in their basic version, without system
a, do not account for changes of the flash-to-peak
time at high flash energies between 1 and 100% rho-
dopsin excitation (Table 4). In order to explain the
experimental observations, which seem to be incon-
sistent with the theory so far, extensions of the theory
are necessary. To achieve this consistency in the low-
intensity range, we simply have to add the currents
through the high-affinity system «, as proposed pre-
viously (Ehlenbeck et al., 2002) because combining
the slow, low light-saturating component a with the
fast, high light-saturating component b to different
ratios, results in intermediate temporal locations of
the peak, earlier at higher intensities, and later at
lower intensities. However, the kinetics still changes
between 2 and 100% light saturation when the a
component has already been saturated (Fig. 75 in
Ehlenbeck et al., 2002). Thus, alternative mechanisms
have to be discussed, e.g., that the photocycle of the
Rhy, in Fig. 3 has a voltage-sensitive component, as
suggested by Harz et al. (1992).

This mechanism of voltage-dependent kinetics of
the photocycle has specifically been implemented into
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the basic model combination by Eq. 6. The results of
corresponding calculations in Fig. 9 do satisfy the ex-
perimental observations of kinetic acceleration in the
high-intensity range. In particular, these model calcu-
lations with a FV-dependent step, kyn (V), in the
photocycle simulate the following two experimental
observations. First, shorter flash-to-peak times and
faster kinetics have been found upon an increase of
external [K "] (NonnengiBer et al. 1996), which de-
polarizes biomembranes in general, and specifically in
C. reinhardtii as well (Malhotra & Glass, 1995). Sec-
ond, Braun and Hegemann (1999) measured light-in-
duced I-changes using the eye-in-pipette configuration
with progressively reduced cell bodies. They observed,
the smaller the body, the earlier and smaller the current
peak. The latter observations specifically confirm the
theoretical results in Fig. 9B compared to Fig. 94.

WHicH TyPeES oF RHODOPSIN ARE INVOLVED?

For the sake of simplicity, only one type of rhodopsin
has been treated in this study. The two components
of light-induced, rhodopsin-mediated currents in the
eye of C. reinhardtii at neutral and at acidic external
pH (Ip1p and Ipyp in Ehlenbeck et al., 2002), corre-
spond to a Ca’* conductance and a H* conduc-
tance, which are represented by two out of 7 distinct
states of the rhodopsin photocycle.

The nature of the essential chromophore for
phototaxis in C. reinhardtii is all-trans, isomerizing to
13-cis in the light, as identified by in vivo character-
ization of the retinal binding site via reconstitution of
blind mutants with retinal and retinal-analog com-
pounds and subsequent analysis of the photocurrents
or the behavior (reviewed by Sineshchekov and Go-
vorunova, 2001). After reducing the type-2 opsins of
the C. reinhardtii eye (chlamyopsin-1 and -2) by ap-
plication of an antisense approach, it was shown that
these are not the photoreceptors that mediate
photocurrents and behavioral responses (Fuhrmann
et al., 2001). Thus, the only photoreceptor candidate
in sight is the archacan-type rhodopsin chla-
myrhodopsin-3 (Hegemann, Fuhrmann & Kateriya,
2001). In this rhodopsin the amino acids that define
the proton-conducting network in bacteriorhodopsin
(Luecke et al., 1999) are highly conserved. In fact,
chlamyrhodopsin-3, expressed in Xenopus oocytes,
catalyzes light-induced, passive H" currents (Nagel
et al., 2002). In conclusion, the properties of system b
that are modeled here, in particular the numerical
details (Table 1) of its photocycle with an intrinsic
H™ conducting intermediate M, can be attributed to
channelrhodopsin-1 (chlamyrhodopsin-3). It should
be kept in mind that this study follows the com-
mandment to use the simplest model to describe the
available data. More experimental results may re-
quire, of course, substantial modifications of the
model by additional reactants.
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