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Multiple Photocycles of Channelrhodopsin
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ABSTRACT Two rhodopsins with intrinsic ion conductance have been identified recently in Chlamydomonas reinhardftii. They
were named “channelrhodopsins” ChR1 and ChR2. Both were expressed in Xenopus laevis oocytes, and their properties were
studied qualitatively by two electrode voltage clamp techniques. ChR1 is specific for H*, whereas ChR2 conducts Na™, K*, Ca®*,
and guanidinium. ChR2 responds to the onset of light with a peak conductance, followed by a smaller steady-state conductance.
Upon a second stimulation, the peak is smaller and recovers to full size faster at high external pH. ChR1 was reported to respond
with a steady-state conductance only but is demonstrated here to have a peak conductance at high light intensities too. We
analyzed quantitatively the light-induced conductance of ChR1 and developed a reaction scheme that describes the photocurrent
kinetics at various light conditions. ChR1 exists in two dark states, D1 and D2, that photoisomerize to the conducting states M1 and
M2, respectively. Dark-adapted ChR1 is completely arrested in D1. M1 converts into D1 within milliseconds but, in addition,
equilibrates with the second conducting state M2 that decays to the second dark state D2. Thus, light-adapted ChR1 represents
a mixture of D1 and D2. D2 thermally reconverts to D1 in minutes, i.e., much slower than any reaction of the two photocycles.

INTRODUCTION

Algal eyes contain several thodopsins that control phototaxis
and photophobic responses for finding good growth con-
ditions. Two rhodopsin-like proteins (Chlamyrhodopsin-1
and Chlamyrhodopsin-2) were purified from algal eyes. They
show sequence homology to animal rthodopsins but are not
involved in behavioral responses (1). Later, two microbial-
type rhodopsin sequences were identified as expressed
sequence tags from the genome project. Expression of these
rhodopsins in Xenopus laevis oocytes revealed that both
operate as light-activated ion channels (2,3). Since they
represent a new class of sensory photoreceptors and a new
rhodopsin family, they were named channelrhodopsin-1
(ChR1) and channelrhodopsin-2 (ChR2). Depletion of ChR1
and ChR2 in Chlamydomonas reinhardtii by RNA; reduced
the photocurrents measured at high light intensities, sug-
gesting that both channelrhodopsins are involved in behav-
ioral responses (4). However, their specific role for phobic
responses and phototaxis awaits further investigation.

For ChR1, only currents in response to light pulses of
some 100 ms and high light intensities (500 nm, >10?'
photons m 2 s~ 1) were studied (2). After light-on, currents
were reported to rise to a steady-state level within a few
milliseconds. After light-off, the current decays biexponen-
tially. ChR1 conducts exclusively H™ as judged from
coincidence of observed reversal voltage and the Nernstian
H " -equilibrium potential (2). ChR2 has been studied in more
detail. The photocurrents of ChR2 recorded at pH, = 9 point
to a conductance of ChR2 for ions different from H™ as well.
In fact, ChR2 also conducts the physiologically relevant ions
K" and Ca®*. The conducting pore of ChR2 must be wider than
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that of ChR1 because even guanidinium and methylamine
pass ChR2 (3). Opening of the ChR2 channel is also faster
than 1 ms. Closing of ChR2 after light-off occurs with 7 ~ 1
s at pH; = 4 and 7 =~ 10 ms at pH; = 8 (3). Upon sudden
exposure to continuous light, the initial peak decays biexpo-
nentially to the steady-state level. Application of a second
light pulse results in smaller peak amplitudes but the same
steady-state levels. Recovery of the transient has been probed
by double-light pulses with different temporal distances but
has not been systematically investigated yet. Nevertheless, it
is clear that the recovery is faster at high pH, and requires
many seconds to several minutes depending on the particular
conditions. This led to the suggestion that protonation of an
extracellular amino acid side chain is rate limiting for in- and
reactivation (3).

Here we present a more detailed study of ChR1-photocurrents,
focusing on the kinetics of the currents under different light
regimes. We demonstrate that upon light pulses of sufficient
intensity, ChR1 also shows an initial peak before the steady-
state conductance is established, as reported previously for
ChR2 only. We present a quantitative kinetic analysis of
ChR1 photocurrents with the main result that a single
photocycle cannot describe the experimental data, but two
cycles with connected conducting states do. The results show
that not only spectroscopic approaches but also electrophys-
iological experiments are suitable to identify and analyze
reaction cycle intermediates of channelrhodopsin.

MATERIALS AND METHODS

Expression of ChR2 in oocytes or
mammalian cells

A full-length Chopl1 (aa 1-737) and a C-terminally truncated Chop1 variant
(Chop1-345; aa 1-345) were produced from full-length cDNA templates
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(accession No: AF385748) by polymerase chain reaction, using a proof-
reading polymerase (pfu, Promega, Mannheim, Germany) with primers
containing BamHI and HindlIII restriction sites. The products were inserted
into pGEMRe2 and verified by sequencing. cRNAs were expressed in
oocytes of X. laevis as previously described (2,3).

Oocytes were injected with 20-30 ng of in vitro transcribed cRNA
(Ambion, Huntingdon, UK) and incubated for 2-5 days with all-trans retinal
(1 uM, from a 1 mM stock in ethanol) in standard buffer (10 mM 3-(N-
morpholino)propanesulfonic acid, 4 mM KCl, 96 mM NaCl, | mM MgCl,,
2 mM CaCl,). Oocytes were examined using two electrode voltage-clamp
techniques (5). ChR1 was stimulated with a xenon arc lamp (75 W, Jena
Optics, Jena, Germany) equipped with a 500 * 25 nm band filter (K50,
Balzers, Liechtenstein) and focused onto the oocyte using a 2 mm light guide.
The photon irradiance at the light-exposed surface of the oocyte was 5 mW/
mmz, corresponding to 102! photons m~2 sfl, 100%). In our hands, both
constructs led to an identical light-gated proton conductance. All experiments
presented in the figures were carried out with ChR1-315.

Numerical methods

The custom-tailored software used here is written in Turbo Pascal and is
available on request. For fitting the model parameters to the data, a simple
least square routine was applied (6), which is slow but does not lead into
side minima as frequently as faster gradient algorithms. In this routine, all
parameter values are consecutively increased and decreased by a common,
small increment (typically 1%), and the change, which results in a smaller
sum of least squares, replaces the previous parameter value. Cycles of such
decisions through all parameters are repeated. When the error function does
not improve anymore, the increment is reduced (1/2) until it falls under
a threshold (typically 0.01%) which serves as a stop criterion. Sets of start
parameters were chosen by educated guesses according to the experimental
data. Once such a set led to visually satisfying fits, alternative fits with start
parameters that deviated in the range of factor 2 usually converged to
equivalent numerical solutions—within statistical limits, of course.

RESULTS AND DISCUSSION
Experimental data

The cRNA-encoding amino acid 1-345 of cChR1 was in-
jected into freshly prepared oocytes from X. laevis. After 2
days, photocurrents could be recorded that increased in size
during the following 5 days. The records of Fig. 1 a show
photocurrents of ChR1 from oocytes at pH, 4 and a mem-
brane voltage of —100 mV under two-electrode voltage-
clamp conditions. Most obvious is the fact that photocurrents
are graded over a wide range of light intensities. At saturating
light pulses of 500 nm (100%: ~3 X 10*° photons m~ s~ ")
and pH 7, photocurrents were <100 nA but they reached up
to 2 nA under acidic conditions like pH, 4. Photocurrents
were virtually independent of Na®, K™, Ca2+, and Cl™ in the
medium as reported by Nagel et al. (2). At light pulses of low
to moderate intensity (500 nm, <2.5% intensity), photo-
currents were stationary after some 10 ms. At higher light
intensities the rise of the photocurrent becomes faster with
7 < 1 ms at saturating light and passes a peak before reaching
the steady-state level (Fig. 1 a). This was unexpected since in
earlier experiments a transient component of the activity has
only been observed for ChR2 (3) but not for ChR1 (2). The
peak activity decays biexponentially with a main 7-value
(amplitude >80%) of ~30 ms at saturating light, i.e., faster
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than that of ChR2 (7 ~ 140 ms) at —100 mV and pH 4 (S.
Ehlenbeck, unpublished). At pH,, 4 both the transient and the
stationary fraction of the ChR1 photocurrent saturate at
lower light intensities if compared to photocurrents recorded
at pH, 6 and pH, 7.6 (Fig. 1, b and c¢), indicating that the
photocycle is slower under acidic conditions. Moreover, the
transient fraction of the current at a given light intensity is
smaller at acidic pH even if the dark periods between sub-
sequent light pulses are long (>5 min).

After light-off, the current decays biexponentially with
71 ~ 15 ms and 7, ~ 25 ms. These relaxation times are about
twice as fast as the decay times of the transient current com-
ponent at saturating light. The current decay is independent
of the light pulse intensity and the membrane voltage (—100
to +40 mV). The influence of intracellular pH on these
relaxation lifetimes has not been tested.

After step-up light stimulation, in many experiments the
stationary current slowly increased by ~10% after the end of
the transient with a time constant of ~500 ms (Fig. 1 a). It
is excluded that this slow rise is due to a background drift,
because current records in response to simple voltage steps
did not show this phenomenon and, moreover, such an in-
crease never occurred in oocytes expressing ChR2 (Ehlenbeck,
unpublished).

The response to a second light pulse shows equal sta-
tionary currents but reduced amplitudes of the transient com-
ponent (Fig. 1 d). The reduction is more pronounced when
the pause between the two light pulses is short. In contrast to
ChR2, the decay of the ChR1 currents is almost independent
of the membrane voltage (between —100 and +40 mV) (data
not shown).

Kinetic model for the description of the
observed photocurrents

The temporal behavior of a unidirectional n-state reaction
cycle with occupancies p;—p, is described by a set of p; start
occupancies, a set of rate constants, k;;+; representing the
transition probabilities from one state to the next, and the
changes

Api = (ko1 pioy — kijipi) At (1
for small time increments A¢, withi=1tonandi — 1 =n
ifi=1.

Transitions between specific states of more than one cy-
cle can be formulated correspondingly. For the purpose of this
study, the assignment of the indices and states in the reaction
cycles of Fig. 2is D = 1, K =2, L = 3, etc. Start conditions
in the dark are defined by p; = 1 and p~; = 0. Light enters
the system by the light-sensitive rate constant kj, =
k(l)2 X light, where k(l)2 is k1o at a half saturating reference light
intensity (photon irradiance) of ~8 X 10" photons m > s~
(at an absorption cross section o of 1.2 X 1072 m™2).

It is clear that immediately after the light pulse with all
k > 0 except k1, = 0 (light-off conditions), the system will
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approach p; = 0 except p; = 1. For a numerical description
of the observed photocurrents on the basis of the reaction
kinetic model of Fig. 2, e and f, we used the following rear-
ranged differential equations:

APD ( komippr + kvoipwn + kDleDZ)At (1a)
APD = ( (kDZI + kDMZ)pDZ + kMDleMZ)At (1b)
APM = ( (lez + kMDl)PMl + kpmippr + kMleMZ)At (Ic)
APM ( (kle + kMDZ)pM2 + kpvoppe + kMI2pMI)A[7 (1d)

with the four probabilities p; of the occupancy of the indi-
cated states and the indicated transition probabilities k;; from
state i to state j.

Before illumination, all p values are zero except pp; = 1 of
the ground state, because of kpy 2 = 0 and kp;, = 0. Upon
the onset of continuous light, kpp; » are > 0, which causes

T )

D'\ CV

)

the four occupancies p; to change by Ap; within a short time
interval At.
By these means, the time courses of p; (k, f) can be cal-

culated iteratively
pin + At=p; + Ap )

for any light protocol. Currents (/) are obtained by assign-
ing ion transport functions /;(c,V) to the individual states
(c: internal and external substrate concentrations, V: trans-
membrane voltage):

= 2(pi1i)‘ 3)

Here, all transport functions are assumed to be zero, except
for the M-states to which the simple ohmic relationship

I = guV, “)

is assigned.

o w/

FIGURE 2 Photocycle models that were tested

M with respect to describing the ChR1 photocurrents.
Cycles b—d could explain the fast transient current
€ kpay kpa component but not simultaneously the slow recovery
DI D2 Dl D2 in the dark. Cycles e and f may in addition explain the
X x slow recovery of the photocurrents as a slow back
kv [ kom MDI kvipa  *om|hv hv\kpy Ko kpm2 ko) hv reaction from D2 to D1.
kv
Ml — > M2 Ml —— w2
kot
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The proposed model corresponds to the
following knowledge

All microbial-type rhodopsins undergo a cyclic sequence of
reactions (photocycle) and do not need a second photon or
enzymatic activities for the recovery of the dark state as
mammalian rhodopsins do. All rthodopsin photocycles start
with the absorption of light followed by excitation of the
retinal chromophore from an electronic ground state, SO
(dark form), to an electronically excited state, Sn. Excited
states with Sn > 1 are deactivated to S1 or SO within 1 ps
without significant conformational change. During the
lifetime of S1 the electronic distribution within the retinal
chromophore changes, causing a minor motion of the retinal
relative to protein environment. This is regarded as the
initiation of a rotation around the 11-12 bond in animal
rhodopsins or 13-14 bond in microbial rhodopsins. Chan-
nelrhodopsins are likely to isomerize around the 13-14 bond
since channelrhodopsins comprise an archaeen-type retinal-
binding pocket (4,7), mainly all-frans retinal was extracted
from Chlamydomonas cells (8—10) and in oocytes chan-
nelrhodopsins are rapidly reconstituted with all-zrans retinal.
To achieve a high quantum efficiency, full retinal isomer-
ization must be reached within a few picoseconds (11) on the
way from the relaxed excited state to the first ground state of
the photocycle. Such an early fully isomerized electronic
ground state is named K intermediate. This hot K-state re-
laxes on a nanosecond timescale to the next more-relaxed
product named L-state as derived from the animal rhodopsin
photoproduct Lumi. Since photocurrents do not occur within
nanoseconds, only the third photocycle intermediate is a pos-
sible conducting state. Thus we named the conducting state
M-state in analogy to the signaling metastates of other rho-
dopsins (12). Such a simple photocycle (circle a in Fig. 2)
may explain flash-induced photocurrent transients and steady-
state photocurrents as they occur during long light pulses.

Compatibility of the observed photocurrents with
photocycle models

Although the photocycle in Fig. 2 a is most suggestive, it
cannot explain the observed relaxation of the photocurrents
from a peak to a lower steady-state level in continuous light.
Therefore we have suggested before that a less conducting
state, M2, or a nonconducting state, N, had to be included in
the cycle (3). Such a low conductance state may follow the
M-state as a consecutive state before it decays into the dark
state, D (Fig. 2 b). In this cycle kyp should be of the same
order as kyn to explain conductance relaxation to ~3/4-2/3
of the peak current depending on the pH. Alternatively, the
low conducting or nonconducting state may reflect a side
reaction of M as seen in Fig. 2 ¢. Such a cycle has been
proposed for halorhodopsin that deprotonates at high light
levels more slowly than the kinetics of the transport cycle
(13) and for bacteriorhodopsin on the basis of electrical
measurements on black lipid membranes to explain accu-
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mulation of the M-intermediates at negative membrane
voltage (14). For channelrhodopsins knyg must be in the
range of 0.01 s™' to explain a recovery within minutes. And
second, kyy and kny must be of the same order to prevent
complete bleaching. But, if kyn is small the photocurrent
transient would have slower decay kinetics than is actually
observed. It might be assumed that the latter obstacle is
prevented by a reaction from N directly back to D (Fig. 2 d).
But again, kyp cannot be much smaller than kyy to avoid
complete inactivation in continuous light. Thus, none of the
reaction cycles in Fig. 2, a—d, can explain the major
properties of the observed photocurrents, namely, the fast
decay of the transient, the size relation of the transient and
the stationary photocurrent, the fast decay of the photocur-
rent after light-off, and the slow recovery of the transient
(dark adaptation). Since the discrepancy between the photo-
cycles of Fig. 2, a—d, and the data are of a systematic nature,
a quantitative evaluation seemed not to be useful.

To our understanding, the sum of all observations can
only be explained by a second conducting state, M2, that is
populated from both the conducting state, M1, and from a
second dark state, D2 (Fig. 2 e). Since the D — K and K
— L transitions are too fast for our simulation (15) and too
fast for recording in oocytes, the transitions D - K — L —
M have been combined into the D — M transition. M1 and
M2 decay within milliseconds, whereas the thermal conver-
sion of D2 to D1 requires >10s. DI — M1 and D2 — M2
are assumed to be equal, resulting in a 2 X 2 state model with
only five independent rate constants. This model accounted
for the described phenomena quite well. It provides the rate
constants by unambiguous fits of the model system to the
experimental data.

The fit of the model to a response of a double light pulse at
pH 5 is shown in Fig. 3 a. The rise of the current, the decay of
the transient, and the stationary current are well represented.
The reduced size of the second transient is only qualitatively
reflected. Also the late decay of the current after light-off is
not perfectly described and demands a more complex model
(see below). The numerical values of the fitted rate constants
for all transitions are listed in the legend to Fig. 3 a. Fig. 3
b shows the calculated occupancy probabilities (0 < p < 1)
of the photocycle intermediates D1, M1, D2, and M2, using
rate constants in such a way that the occupancies of M1 + 1/2
M2 are proportional to the current observed at pH,, 5. This
means that the conductance of M2 is ~% of the M1 con-
ductance (based on model 2 e).

The slow rise of the stationary ChR1 current (see dashed
line in Fig. 1 a) is not explained by the four-state model of
Fig. 2 e. Introduction of an additional, nonconducting state,
N1, into the photocycle between the states M1 and D1 is able
to account for this observation in principle (details not shown).
Such a late N-state is seen in archaean-type rhodopsins un-
der acidic conditions when the reaction of M to N/O is fast.
If the late N-state decays slowly, it is significantly populated
shortly after light-on. When the illumination time is
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FIGURE 3 (a) Recorded photocurrents to double pulse stimulation (noisy
tracing) and fit (smooth tracing) using the 2 X 2 state model of Fig. 2 e. The
rate constants of the theoretical curve with initial, rounded parameter values
are kpyv = kpvo = 369 s~ at ~107! photons m 2 s~ ! irradiance, kyp; =
108 s, knpa = 36 57 vz = 3187 ko = 057 ko1 = 04571, Gy =
22.3 nS, and G, = 10.6 nS. (b) Calculated concentrations of the photocycle
intermediates D1, M1, D2, and M2.

progressing, an increasing number of molecules will not
operate through cycle 1, but cycle 2 and depopulation of D1
will be seen as a reduction of the conductance. Residual
molecules arrested in N1 only slowly cycle through M1 from
where they convert to M2, seen as a slow rise of the current
(data not shown). Since this complication is not needed to
explain photocurrents seen under most experimental con-
ditions, the kinetic effects of such additional intermediates are
not treated here explicitly.

Dark adaptation

The reaction scheme of Fig. 2 e predicts the slow recovery of
DI as a single exponential. However, when the dark period
between two light pulses was varied systematically, the
recovery turned out to consist of a fast and a slow component
that could be fitted by two exponentials: Recovery = A; X
exp(—t/T;) + Ay X exp(—t/7,), where A, and A, are the
portions of the fast and slow components (A; + A, = 1). Fits
to the results from three different pH, are illustrated in Fig. 4
a. The fitted values of 7y, 7,, and A;, from several exper-
iments are plotted versus pH, in Fig. 4, b, ¢, and d, respec-
tively. Recorded changes of 7, are neither significant nor
important at this place.
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In contrast, 7, and A, vary significantly upon acidifica-
tion (Fig. 4, ¢ and d). The biexponential recovery, in partic-
ular the slow component, cannot be explained by any model
in Fig. 2. It can be described, however, by introduction of
a third D state, D3, which slowly equilibrates with D2, as
illustrated in the reaction scheme of Fig. 4 f.

Based on the performed calculations, D3 can be assumed
to have the same photochemical properties as D2 (kpysz =
kDMZs kMD3 = kMDZ’ GM3 = GMZ)’ which renders the
description of an individual double pulse response in-
dependent of this extension. In such a system, the dark state,
D1, will recover with D1(f) = A; X exp(—t/T;) + Ay X
exp(—t/7,), where the three independent observables 7y, 75,
and A; (A, = 1 —A; is not independent) correspond to the
three system parameters kpsp, kpp3, and kpp; by the rela-
tionships 1/7; + 1/75 = kpsza + kpas + kpoy, 1/(71 X 13) =
kp32 X kpo1, and A = kpzo/(kpas + kpso). In our case, when
71 and 7, differ by ~2 orders of magnitude, the 7 values can
be approximated by the simpler relationships 1/71 = kppq,
and 1/, = kpy3 + kp3p. Thus the three independent system
parameters can be expressed by the three observables as
kD21 = 1/7’1, kD23 = Az/ T2, and k[)32 = 1/7’2 — kD23. Using
averaged data of the observables (solid points in Figs. 4,
b—d), the system parameters are plotted versus pH, in Fig. 4:
the trivial kpy; = 1/7; in panel b (solid points) and the
nontrivial kp,>3 and kp3, in Fig. 4 e. These results can be
summarized by the assessment that the biphasic recovery and
its pH,, sensitivity are well described by the reaction scheme
in Fig. 4 f with pH,-insensitive kpy; ~ 3 s~ ! and kpoz =
0.007 s~ ' and a pHo,-sensitive kp3; rising from 0.002 s~ ! at
pH, 5 over 0.007 s~ ' at pH, 6 to 0.008 s~ ' at pH, 7.5. The
mechanism of this pH, sensitivity of kp3, is not known.

Modeling responses to light pulses of
different intensity

We have found that the transient fraction of photocurrents
recorded at pH 4 is quite variable, as caused by the slow
recovery of D1 under acidic conditions. Already dim light or
even repetitive flashing with a frequency of >0.001 Hz were
causing significant light adaptation seen as reduction of
the current transient. Therefore, we concentrated on the sim-
ulation of photocurrent measurements at pH, = 5. Fig. 5
a shows fits to recordings with 100%, 25%, and 10% light.
One set of rate constants is sufficient for describing all
the stationary levels and transients quite well. However, the
relative amplitudes of the transients are too large and the
kinetics of the transient for nonsaturating light intensities
is not adequately taken into account. Thus, we needed a
modification of the four-state model of Fig. 2 e that results in
a smaller dynamic range of the transient and a narrow range
for the transient kinetics. One option was to make the tran-
sition M1 to M2 light dependent, rendering the reactions
from D1 to M2 a two-photon process. This can explain why
ChR1 only exhibits transients at high light intensities as seen
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in Fig. 5 b. However, the shape of the transient becomes light
dependent (between 10% and 100% saturation), a phenom-
enon not observed experimentally.

An alternative approach was the introduction of a back
reaction from M2 to M1, thus establishing an equilibrium

a ya b 7 - P
25%§ 0.25s Eﬁz
50% ‘
v | — !
- 100% |
/ < /
[ ML — M2 :’ M1 A% M2
of
c 7 d ]
] —— —
[\
P
| '
I Ml < M2, M1 M2,

FIGURE 5 Photocurrents measured in response to light pulses of different
intensities at pH 5 and fits generated on the basis of different model version.
(a) 2 X 2 model of Fig. 2 e. (b) 2 X 2 model but with the M1 — —M2
transition defined as a light-dependent reaction. (¢) 2 X 2 model including an
M1+ M2 equilibrium (Fig. 2 f). (d) Currents measured at six different
intensities (100%, 50%, 25%, 10%, 5%, 2.5%). Calculated currents are seen
as smooth lines. Parameter values of the best fit for the six curves in panel d:
kpmi = 337 s and kpyp = 240 s at 100% green light of 3 X 10%°
photons m 2 s~} kyip1 =755 kmpa = 1757 ko = 16 571 ko = 19
s™!, kpy; not determined, G, = 5.9 nS, and G, = 1.4 nS. The light period is
indicated above the current traces.
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M1 < M2 (model Fig. 2 f). As seen from the fit in Fig. 5 c,
the dynamic range of the transient is small as requested, the
location of the transient maxima is quite appropriate also
at moderate intensities, and the stationary levels are well
described. The optimal fit was achieved for a conductance
ratio Gy /Gap of ~3:1. The qualitative difference between
photocycles with and without M1 <> M2 equilibrium is that
in case of equilibrium only 2/3 of the molecules are in the
D2 cycle under fully light-adapted conditions. The ratio is
defined by the ratio knpio/knpi. Fig. 5 d shows the fit of
recordings to six different light intensities. Certainly, the fit
to any individual recording is of lower quality, but quali-
tatively all individual curves are well represented by one set
of system parameters. At low light, the real rise of the current
is faster than that in the model. But, especially at low light
the low optical transparency of the oocytes with uneven
illumination of the rhodopsins has to be taken into account.
Introduction of the back reaction improves the description of
the transition from the peak to the steady-state level. In par-
ticular, without &y, the sharpness of the peaks grows much
faster with the light intensity than in the experimental data.

Evaluation of the four-state model

To evaluate the kinetic description of the ChR1 photocycle,
we explicitly tested changes of the calculated photocurrents
on the basis of the extended 2 X 2 state model of Fig. 2 f
by specific variation of selected parameters and keeping
all other parameters constant. We started with a reference
system that optimally describes photoresponses to two sub-
sequent light pulses at pH 6 (Fig. 6 a). Increase of the
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current records in double light-pulse experiment, expressed as discrepancy
between experimental data (noisy tracing) and theoretical record (smooth
tracing) with changes of individual parameters as marked. () Reference fit

with all parameters optimized: kpy = kpma = 380 s~ at ~10% photons

m 2 s~ ! irradiance, kypy = 64 871, kypo = 14871, kyin = 14871 kg =

957! kpoy = 0.03s7!, G, = 19 nS, and G, = 5 nS. b—h: Influence of
parameters as marked.

conductance G has a larger relative influence on the tran-
sient current component compared to that on the stationary
current (Fig. 6 b), because G2 strongly contributes to the
latter but not to the transient. Consequently, doubling G,
increases the stationary fraction with concomitant reduction
of the transient current (Fig. 6 ¢). Increasing kpy; twofold led
to sharper transients, larger stationary currents, and a reduced
ratio of P2/P1 (data not shown). Two times larger ki
accelerates the current transients by accelerating the tran-
sition to the lower conducting state, whereas the size of the
transient remains almost unchanged (Fig. 6 d). Due to the
shifted M1 <> M2 equilibrium, the stationary conductance is
also reduced. Consequently, increase of kyjp; accelerates the
transient decay and increased the stationary fraction (Fig. 6
e). The decay rate of M1 is more critical for the observed
current than that of M2. Enhancement of ky;p; decreases the
transient and the stationary current (Fig. 6 f), whereas the
influence of kyp> was only obvious with respect to the size
of the second transient and the slow decay kinetics of the
current after light-off (Fig. 6 g). In double flash experiments
with short dark periods between the light pulses, the in-
fluence of kp,; becomes visible only when it was drastically
enlarged (50X in Fig. 6 /). The second transient becomes
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larger, whereas all other features of the currents remain com-
pletely unchanged.

CONCLUSIONS

We have demonstrated above that the ChR1 photocurrents as
they are recorded from X. laevis oocytes can be reliably
described on the basis of two photocycles but not by only
one. The cycles are connected via their conducting states,
M1 and M2, as well as through the dark states D1 and D2.
This 2 X 2 state model explains the observed light dependence
of the photocurrents including that of the transient fraction.
Additionally, it explains the reduction of the transient upon
repetitive stimulation as well as the recovery during longer
dark periods. This behavior is considered light adaptation
and dark adaptation of ChR1. For the description of the
biphasic dark adaptation, we discussed a third protein
subspecies with dark state and signaling state (D3 and M3)
that are kinetically connected to D2 and M2, respectively.
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