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A retinal protein from Exiguobacterium sibiricum (ESR) functions as a light-driven proton pump. Unlike other
proton pumps, it contains Lys96 instead of a usual carboxylic residue in the internal proton donor site. Neverthe-
less, the reprotonation of the Schiff base occurs fast, indicating that Lys96 facilitates proton transfer from the bulk.
In this studyweexaminedkinetics of light-induced transmembrane electrical potential difference,ΔΨ, generated
in proteoliposomes reconstitutedwith ESR.We show that total magnitude ofΔΨ is comparable to that produced
by bacteriorhodopsin but its kinetic components and their pH dependence are substantially different. The results
are in agreement with the earlier finding that proton uptake precedes reprotonation of the Schiff base in ESR,
suggesting that Lys96 is unprotonated in the initial state and gains a proton transiently in the photocycle. The
electrogenic phases and the photocycle transitions related to proton transfer from the bulk to the Schiff base
are pH dependent. At neutral pH, they occur with τ 0.5 ms and 4.5 ms. At alkaline pH, the fast component ceases
and Schiff base reprotonation slows. At pH 8.4, a spectrally silent electrogenic component with τ 0.25 ms is de-
tected, which can be attributed to proton transfer from the bulk to Lys96. At pH 5.1, the amplitude of ΔΨ de-
creases 10 fold, reflecting a decreased yield and rate of proton transfer, apparently from protonation of the
acceptor (Asp85-His57 pair) in the initial state. The features of the photoelectric potential generation correlate
with the ESR structure and proposed mechanism of proton transfer.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Microbial retinal protein family includes numerous light-activated
pumps, channels and sensors, which share a similar topology of seven
transmembrane alpha-helical segments and an all-trans retinal
chromophore connected through the Schiff base linkage to a conserved
lysine residue [1–3] but differ in the set of residues specific for their
function. Upon photon absorption, the retinal undergoes isomerization
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fromall-trans to a twisted 13-cis configuration. It induces a series of con-
formational relaxations of a protein, which returns to the initial state
after reisomerization of the chromophore back to all-trans [4]. Light en-
ergy accumulated in the primary light reaction is utilized for transloca-
tion of protons or other ions by pumps [3,5], gating of ion conductance
by channelrhodopsins [6,7] or signaling event by sensory rhodopsins
[1–3,8].

In bacteriorhodopsin from Halobacterium salinarum (BR), the most
studied bacterial retinal protein, few key carboxylic amino acid residues
are directly involved in proton pumping, acting as a proton acceptor
from the Schiff base (Asp85), a proton donor to the Schiff base
(Asp96) and a proton releasing complex comprised of Glu194, Glu204
and bound waters, interacting with Arg82, and through the latter,
with Asp85 [5,9–11]. The counterion to the Schiff base and proton ac-
ceptor Asp85 is indispensable for proton pumping. Mutation of this res-
idue eliminates transport of protons [12]; mutations of others affect
mainly the rates of proton transport [9,13,14] or the pKa of Asp85, as it
does themutations of Arg82 [12]. During the photocycle, the character-
istic pKas of these residues as well as that of the Schiff base undergo
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changes leading to proton transport from the cytoplasmic surface of the
protein to its extracellular side, which occurs in several distinctive steps
[9,15].

Eubacterial proton pumps (variants of proteorhodopsin and
xanthorhodopsin) exhibit several differences from bacteriorhodopsin
in the architecture of proton conducting pathways [16,17]. They contain
a conserved histidine residue participating in strong hydrogen bonding
with the proton acceptor [18,19] thus affecting its pKa, taking over the
function of Arg82 in this regard. At the internal proton donor site, the
aspartic acid residue is replaced with a glutamic [2,16]. At the extracel-
lular side the key components of proton release complex, the Glu194-
Glu204 pair of residues, are not strictly conserved in PRs and XR,
which results in elimination of early proton release following proton-
ation of the counterion as it is observed in BR. Release of a proton occurs
at the last step of the photocycle upon deprotonation of the counterion
[2,3,20,21].

The presence of a carboxylic residue at the donor site (Asp96 in BR)
was considered as a hallmark of proton pumps [22]. Its function is facil-
itation of proton conductance from the cytoplasmic surface to the Schiff
base [23]. Surprisingly, in the retinal protein from Exiguobacterium
sibiricum (ESR), which showed substantial homology to BR, PR and XR
(30%, 34% and 33%, respectively), a lysine residue (Lys96) was found
in the position corresponding to the proton donor to the Schiff base
[24,25]. This raised the question on whether ESR is a pump or a sensor
and what is the function of Lys96. Later more variants of ESR with Lys
in the donor site were found in various environments [26,27] different
from permafrost soil where E. sibiricum was discovered [28].

We have expressed ESR in Escherichia coli cells and showed that the
protein functions as a proton pump [24]. It undergoes a photocycle
similar to that of BR [29] and PR [21], which includes several spectrally
identified photointermediates: ESR → K → L → M1 ↔ M2 ↔ N1 ↔ N2/
O → ESR [24,30,31], where K and L are early intermediates with 13-cis
chromophore; the M intermediate is a state with deprotonated
Schiff base and protonated counterion; the N1 and N2 states are formed
after reprotonation of the Schiff base; and O is a state after
reisomerization of the chromophore, which is present in a mixture
with the N states; ESR stands for the initial unphotolysed state.

It was shown that Lys96 facilitates reprotonation of the Schiff base,
acting as a proton donor [32]. The proposed sequence of the proton
transfer events following retinal isomerization in ESR includes depro-
tonation of the Schiff base (formation of the M intermediate) and
protonation of Asp85, proton uptake from the bulk by the donor site in-
cluding Lys96 and subsequent reprotonation of the Schiff base (during
the decay of the M intermediate). The unusual sequence when proton
uptake from the bulk precedes Schiff base reprotonation [32] indicates
that in contrast to Asp96 of BR, and Glu107 in PR, Lys96 in ESR is
unprotonated in the initial state at neutral pH, consistentwith itsmostly
hydrophobic environment revealed by crystal structure of ESR [33], and
gains a proton transiently during the photocycle. Large solvation energy
of ionizable residues such as Lys and Asp buried in proteins results in
large pKa shifts of ca. 4–5 (increase for negatively charged Asp and
decrease for Lys), so that at neutral pH both acid and alkaline residues
are uncharged in hydrophobic environment [32,34]. The pKa of these
residues and their protonation state but might be strongly influenced
by interaction with water molecules during the photocycle. Proton
release at the extracellular side of ESR takes place at the last step of
the photocycle [30], similar to PR [35] and BRmutants inwhich the pro-
ton release complex is absent [36] and indicating that ESR, as PR andXR,
lacks specialized proton release complex found in BR [2,9,14,20,30].

Further insight into the mechanism of intramembrane proton
transfer in ESR and especially the steps associated with the function
of unusual donor, Lys96, can be gained by time-resolved potential
electrometry, a method for the measurement of electric charge translo-
cation by membrane proteins. Developed by L.A. Drachev and co-
workers, this method provides the time-resolved recording of light-
induced electrical potential changes (ΔΨ) across a lipid-coated thin
collodion film with proteoliposomes adhered to one side of the film.
The amplitude of ΔΨ across the film changes proportionally to that on
the proteoliposomal membrane, thus allowing the kinetics of charge
translocation to be followed. This method, referred also as capacitive
coupling [37], was applied originally for the studies of BR [38–40]. An al-
ternative approach involved measurements of photocurrents from pur-
ple membrane oriented in films and gels (reviewed in [41]). The
electrometric techniques were successfully used to study bacterial
reaction centers [42,43], chromatophores [44,45], pigment-protein
complexes of photosystems 2 and 1 [46,47], cytochrome oxidase [48–
52] and recently a sodium pump [53].

For BR, it was found that photoelectrical potentialΔΨ includes three
main well-defined phases. Photoisomerization of the chromophore and
subsequent relaxation of the retinal binding site during the BR→ K→ L
transitions result in a small (ca. 5%) negative phase of ΔΨ. Subsequent
proton transfer from the Schiff base to Asp85 and almost simultaneous
proton release during the L → M transition are accompanied by a
positive microsecond phase (ca. 70 μs). Reprotonation of the Schiff
base, followed by proton uptake, reisomerization of the chromophore
and deprotonation of Asp85 in the M ↔ N ↔ O → BR transitions com-
prise the four times larger in magnitude millisecond (ca. 10 ms) phase
[54,55]. More recent studies of light-induced electrogenic responses
from eubacterial proteorhodopsin [56,57] and the pH dependence of
H+ transport by this protein [35] showed that they correlate with the
highly elevated pKa of the counterion in that protein. In experiments
with oocytes containing Gloeobacter rhodopsin the influence of pH
and the membrane electrochemical gradient on the amplitude and
direction of the photocurrents were examined [58].

In this work, we examined the mechanism of charge transfer in
ESR reconstituted into phospholipid vesicles using time-resolved
electrometry and optical absorption spectroscopy. The data obtained
show that the electrogenic phases of light-driven proton transfer by
ESR correlate with the optically detected transitions in the photocycle.
The kinetics of the main steps of intramembrane proton transfer and
its pH dependence differ significantly from that of BR, reflecting differ-
ent proton donor and altered proton uptake and release mechanisms.

2. Materials and methods

2.1. Materials

ESR was expressed in E. coli BL21(DE3)pLysS and purified according
to [24]. For preparation of proteoliposomes the protein was solubilized
in OG from Anatrace (USA). Other chemicals were from Sigma and
Panreac (Spain).

2.2. Reconstitution of ESR into phospholipid liposomes

Liposomeswere produced from azolectin (20mg/ml Sigma, type IV-
S, 40% w/w phosphatidylcholine content) by sonication (at 22 kHz,
60 μA) for 2 min in 1 ml of 25 mM HEPES-NaOH buffer, pH 7.5. Recon-
stitution of ESR into proteoliposomes was carried out by mixing the
liposomes with ESR in 1.5% (w/v) OG at the lipid/protein ratio of
100:1 (w/w) for 30 min in the dark. Removal of detergent was
performed according to [59] using Bio-Beads SM-2 absorbent (Bio-
Rad). The detergent was removed by addition of a 20-fold excess of
Bio-Beads (by weight) and stirring the suspension for 3 h at room tem-
perature. The proteoliposomes were separated from Bio-Beads® by
decanting. The proteoliposome suspension was pelleted at 140,000g at
4 °C for 1 h in a Beckman L-90K ultracentrifuge. The pellet was
resuspended in 25 mM MES-NaOH (pH 6.5) buffer. Similar to
proteorhodopsin [60], reconstitution of ESR into liposomes occurred
with high degree of unidirectional orientation, as previous measure-
ments of light-induced pH changes indicated [30], and large light-
induced potential changes observed in this study.
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2.3. Spectroscopic characterization

Flash-induced absorption changes of ESR in suspension of proteoli-
posomeswere examinedwith lab-made flash-photolysis system similar
to that described in [30]. Prior to measurements, all samples were
adjusted to A530 = 0.1. Flash (532 nm, 8 ns, 10 mJ) was from LS-
2131MNd-YAGQ-switched laser (LOTIS TII, Belarus). Transient absorp-
tion changes were detected by photomultiplier and digitized by Octo-
pus CompuScope 8327 (GaGe, Canada). The kinetic traces were fit
with a sum of exponentials using Mathematica (Wolfram Research,
USA).

2.4. Electrometric time-resolved measurements of the membrane potential
generation

Generation of the transmembrane electric potential difference ΔΨ
was studied using a direct electrometric setup with time resolution of
100 ns as described in [38,39]. This technique includes fusion of the
proteoliposomes with the surface of a collodion phospholipid-
impregnated film (amembrane) separating two sections of themeasur-
ing cell filled with a buffer solution. The membrane should be thin
enough and possess large electric capacitance (about 5 nF) for detecting
fast charge translocation events. A pulsed Nd-YAG laser (YG-481,
Quantel, λ = 532 nm, pulse half-width 12 nsec, flash energy up to
40 mJ) was used as a source of flashes. In the process of the light-
driven proton transfer, ESR creates ΔΨ across the vesicle membrane,
which is proportionately divided with the measuring membrane and
thus can be detected by Ag+/AgCl electrodes immersed in a solution
at different sides of themembrane. Typically, themeasuringmembrane
has high resistance of 2–3 GOhm, and the light-inducedΔΨdecayswith
a time constant of several seconds at neutral and high pH. A mix of
10 mM MES/Hepes/Tris/Ches was used for maintaining the pH in the
range between pH 5 and 9.5. Typically, 15–30 min were required for
equilibration after changing pH by a small amount of NaOH or HCl.

2.5. Electrometric data analysis

In order to obtain the rate constants and intrinsic amplitudes of the
electrogenic events coupled to the corresponding transitions in the
photocycle of ESR, the photoelectric traces were analyzed with two
methods. According to the first method, the traces were fitted similar
to the optical data as a sum of exponential terms (starting from zero
time) in a similar way as it has been done initially for the photoelectric
responses of bacteriorhodopsin and cytochrome oxidase [39,48,49,54,
55,61–63]. The deconvolution of the overall multiphasic electrogenic
response into individual exponentials gives true time constants of the
phases, whereas the interpretation of the relative amplitudes will de-
pend on the kinetic model employed [64,65].

If the electrogenic phases are related to parallel processes, then the
intrinsic amplitudes of the electrogenic steps are simply equal to
those found by deconvolution of the electrometric curves. This is not
the case if the individual electrogenic phases are associated with con-
secutive processes. The relative amplitudes are especially affected
when the rates of the electrogenic processes differ by less than one
order of magnitude [64]. Theoretically, the true amplitudes of the elec-
trogenic events corresponding to the model of consecutive steps of
the photocycle can be obtained from the observed amplitudes by
recalculatingwith the algebraic equations [64–66]. To obtain the intrin-
sic amplitudes empirically, we employed themethod developed initial-
ly by Verkhovsky group to fit the electrometric curve directly with the
sequential reaction model [50,67–69].

The kinetic curves were processed and deconvoluted into exponen-
tials using program packages Pluk [70], Origin (OriginLab Corporation,
USA) and MATLAB (The Mathworks, South Natick, MA). To fit experi-
mental data by a sequential reaction model, the MATLAB was used.
3. Results

The kinetics of light-induced changes of transmembrane potential
differenceΔΨ from ESR containing proteoliposomes attached to a collo-
dion film were examined at several pH values between pH 5.1 and 9.5
(Fig. 1) in parallel with measurements of the absorption changes of
proteoliposomes at selected wavelengths, as described below.

3.1. ESR electrogenic response and photocycle at neutral pH

Upon laser flash, a photoelectric response of ESR-containing proteo-
liposomes adsorbed onto the lipid-impregnated collodion film (ΔΨ)
was recorded in microsecond and millisecond time range. The sign of
theΔΨ corresponds to the transfer of a positive charge from the interior
of the proteoliposomes to the external bulk phase. The flash-induced
photopotential increases up to ~30 ms, then it is followed by a passive
discharge of the membrane and return of the electric potential to the
initial level on the time scale of several seconds (Fig. 1A and B). The
typical amplitude ofΔΨ varied in different experiments in the range be-
tween 20 and 40mV, depending on the efficiency of proteoliposome as-
sociation with the measuring membrane.

In order to compare the electrical events with reactions of the
photocycle, the kinetics of light-induced absorption changes in the
ESR proteoliposomes were recorded at four characteristic wavelengths
(Fig. 2A). The unresolved changes of absorbance upon the flash at the
590 nm and 510 nm reflect formation of the K intermediate and bleach
of the absorption band of ESR in the initial state (see Fig. S1). The decay
of the K intermediate occurring on the microsecond time scale are
accompanied by decrease of absorption at 590 nm, 550 nm and
510 nm. This is followed by the increase of absorption at 410 nm,
which reflects accumulation of the M intermediate upon Schiff base
deprotonation and transfer of a proton to the proton acceptor Asp85.
Inflection at 510 nm apparently indicates formation of L, however L
does not accumulate in large amount in ESR, apparently from equilibri-
um being shifted from L to K andM [30,31]. The subsequent decrease of
absorption at 410 nm and concurrent increase at 550 nm and 510 nm
reflect the decay of the M state and formation of the N1 intermediate
upon reprotonation of the Schiff base (Fig. 2A). This transition
(M ↔ N1) is characterized by the increase of absorption with a maxi-
mum at 550 nm and a minimum at 400 nm [30]. The following
transition (N1 ↔ N2/O) is characterized by the increase of absorption
with a maximum at 590 nm. Decay of the N2/O state and recovery of
the initial state of ESR results in the decrease of absorption at 590 nm
and concurrent increase at 510 nm, correspondingly (Fig. 2A). To obtain
the characteristic time constants the traces were fitted globally
(summarized in Table 1). The parameters of the spectroscopicmeasure-
ments were analyzed in comparison with time constants and ampli-
tudes of the corresponding electrogenic phases.

The photoelectric response was fitted with a sum of individual
exponential terms (ΣAie–t/τi + const) and by the sequential reaction
model, which yields more accurate amplitudes of the kinetic compo-
nents of ΔΨ (see Material and methods). Five positive components of
ΔΨ generation with similar time constants (Table 1) were revealed
with both data treatments (Fig. S2).

The two fastest components of generation of ΔΨ (~3 μs and ~50 μs)
presumably reflect electrogenic events associated with the deproton-
ation of the Schiff base, transfer of a proton to the primary proton accep-
tor Asp85 and formation of the M intermediate. This assumption is
supported by the light-induced increase of absorption at 410 nm,
which develops simultaneously and is characterized by two similar
rate constants, ~4.9 μs and ~60 μs (Table 1). The overall amplitude of
these electrogenic events constitutes ~4.5% of the total photoresponse.

Thereafter, the absorption at 410 nm decreases with τ ~ 0.4mswith
concurrent increase in absorption at 550 nmpresumably from the decay
of the M state and appearance of the N1 intermediate. In the kinetics of
ΔΨ this process corresponds to the third electrogenic phase (with



Fig. 1.A) Comparison of the kinetics of transmembrane electric potential difference generationΔΨ by ESR at pH6.6 and pH8.4. The curves are normalized by the amplitude. B) Generation
of transmembrane electric potential difference ΔΨ by ESR at different pH.
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τ ~ 0.5 ms), which makes a large contribution to the overall photoelec-
tric response (~35%). This component reflects mostly an uptake of a
proton at the cytoplasmic surface of the protein and its transfer through
the cytoplasmic channel to the Schiff base during theM toN1 transition.

The subsequent transition, which involves an increase of absorption
at 590 nm, has a rate constant of ~4.7 ms; it corresponds to the forma-
tion of the N2/O intermediate [30]. It is accompanied by the minor
absorbance decrease at 410 nm from the decay of a small fraction of
the M state to the N1 and the N2/O intermediates. According to the
FTIR data, at the end of the photocycle the chromophore in ESR is still
mostly in the 13-cis configuration, characteristic for the N state, howev-
er some fraction of the retinal chromophore with trans configuration,
characteristic for the O-like state, is also present [31]. Hence, we use
N2/O notation for this mixture of states. The N1 ↔ N2/O transition
makes similar contribution to the electrogenicity (~37%) to that of the
M ↔ N1 transition. The N2 state is more red shifted compared to N1
and has a higher pKa of the Schiff base [32] as follows from the shift of
the equilibrium from M to N2.

The next electrogenic component with τ ~ 14 ms contributes 21% of
the total photoelectric response. It coincides with the decrease of
absorption at 590 nm and increase of the absorption at 510 nm, which
represent the decay of the N2/O state to the initial state in the N2/
O→ ESR transitionwith τ ~ 17ms. The associated electrogenic event re-
flects the release of a proton to the bulk phase from the Asp85-His57
site [33] through currently unidentified residue or a group of residues
in the extracellular domain.

3.2. ESR photocycle and electrogenic response at alkaline pH

Measurement of the flash-induced photoelectric response at alka-
line pH (pH 8.4) and its comparison with that at pH 6.6 demonstrated
that whereas the overall amplitudes of the photo-induced electric
potential ΔΨ are similar (Fig. 1A), its components associated with the
Fig. 2. Light-induced absorbance changes in suspension of proteoliposomes at pH 6.6 (A) and
Dashed lines, changes of the electrical potential (ΔΨ) in arbitrary units.
reprotonation of the Schiff base (the M decay) are significantly slower
at pH 8.4 (Fig. 2B). Similar to pH 6.6, the increase of absorption at
410 nm is biphasic (~6 μs and ~52 μs); but the amplitude (amount of
the M intermediate) is substantially larger (Fig. 2B). These absorption
changes correlate with two phases of ΔΨ (~3 μs and ~48 μs), contribut-
ing in sum about 6% of the total photoelectric response, 1.5 fold more
than at pH 6.6 (Table 1).

Three subsequent electrogenic components make the major contri-
bution to the ΔΨ at pH 8.4: ~0.23 ms (~11%), 4.5 ms (~31%) and
23 ms (~51%). The sequential model gives the following rate constants
and amplitudes for the transitions in the millisecond time range:
0.3ms (~8%), 4.7ms (~44%) and 24.9ms (~37%). The theoretical curves
and residuals of the fits are shown in Fig. S3.

The globalfit of the absorbance changes revealed three transitions in
the submillisecond-millisecond time domain at pH 8.4 (~0.7 ms, ~3 ms
and ~19ms). The rate constants of these transitions are similar to those
at neutral pH but unlike at pH 6.6, the changes of absorbance at 410 nm,
510 nm and 550 nm at pH 8.4, assigned to the ~0.7 ms transition,
correspond to a small increase of the amount of the M intermediate
rather than decrease, in agreement with the previous observation of
the slow phases of the M rise at high pH in ESR [32]. Notably, the
decay of the M intermediate at alkaline pH occurs significantly slower
than at pH 6.6 (~3 ms vs ~0.5 ms). Correspondingly, the increase of
absorption at 550 nm, due to the formation of the N1 state, is also signif-
icantly slower (Fig. 2B). It coincides with the decay of the M intermedi-
ate at 410 nm and, at the same time, with the increase of absorption at
590 nm. The last one reflects formation of the N2/O intermediate.

One can conclude that at pH 8.4 the M intermediate transforms to
the N2/O state in the course of the 3 ms transition, without significant
accumulation of the N1 intermediate. Therefore, the increase of pH
results in the change of the relative contributions of the two compo-
nents of the M intermediate decay. These results are in accord with
the previous study of ESR solubilized in lipid-like detergent, which
pH 8.4 (B). Traces at four characteristic wavelengths (410, 510, 550, 590 nm) are shown.



Table 1
Time constants and amplitudes of potential generation and associated changes of absorbance upon charge translocation during the photocycle of ESR.

pH Electrogenic phases Changes of absorbancea

Fit by sum of exponential terms Fit by sequential reaction model

τ, ms contribution, % τ, ms contribution, % τ, ms at 410 nm, mOD at 590 nm, mOD

6.6b 0.0042 2.1 0.0039 3.3 0.0049 –0.4 2.3
0.032 1.1 0.026 3.2 0.061 –1.1 0.2
0.58 37 0.502 35 0.4 1.4 –0.6
4.87 38 3.51 37 4.7 0.2 –3.3
14.3 22 13.9 21 17.5 –0.23 6.1

8.4b 0.0026 1.8 0.0045 2.4 0.0056 –2.6 3.1
0.048 4.3 0.0689 7.8 0.052 –1.7 0.8
0.23 11 0.301 8.3 0.71 –1 1.8
4.51 31 4.73 44 2.7 5.3 –10
23.5 51 24.91 37 19 –0.1 7.1

5.1c 0.001 –18 N/Ad 0.0089 –1.06 1.9
0.032 –5 N/A 0.029 1.38 –1
0.14 –22 N/A 0.13 –0.69 –0.7
3.5 –55 N/A 9.5 0.26 –7.9
0.36 25 N/A 0.50 0.03 2.9
38 75 N/A 16.2 –0.43 9

a To obtain parameters of spectroscopic measurements (time constants and amplitudes), the changes of absorbance at four characteristic wavelengths (410, 510, 550, 590 nm) were
fitted globally.

b For the electrometric traces at pH 6.6 and pH 8.4, to obtain a satisfactory fit by the sum of exponential terms, ΣAi[1-exp (t/τi)], we had to include a negative component with a time
constant of ~1.3 ms; for the fit by the sequential reaction model the phase with missing contribution to the electrogenicity is not shown in the table.

c Negative and positive electrogenic components are grouped.
d N/A – non-applicable (fit was done only with a sum of exponential terms).

Fig. 3. Comparison of the kinetics of absorption changes at 410 nm (dotted lines) from the
formation and decay of the M intermediate with the kinetics of ΔΨ generation (straight
lines) at pH 6.6 (red), pH 8.4 (blue) and 9.5 (green). The curves are normalized by the
amplitude.
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showed that in the pH region between 7 and 9 fraction of the faster
component of the M decay decreases from 80% to 0% with pKa = 8.1
[32]. Similarly to that at pH6.6, the final transition of the ESR photocycle
at alkaline pH is represented by decrease of the absorption at 590 nm
and increase at 510nm. These events reflect thedecay of theN2/O inter-
mediate and return to the initial state of ESR. This transition can be fitted
by a single component with τ ~ 19ms, which is similar to the last phase
of ΔΨ generation (~23 ms).

At alkaline pH, we did not observe the ~0.5 ms electrogenic phase,
which was responsible for the major part of ΔΨ generation at pH 6.6
and was assigned to the M ↔ N1 transition. Instead, two electrogenic
phases with τ ~ 0.25 ms and τ ~ 4.5 ms were resolved. The phase with
τ ~ 0.25 ms and a relative amplitude ~8–11% was not detected in the
parallel spectroscopic measurements, while the second one
(τ ~ 4.5ms) contributed about 44% of the totalΔΨ generation and coin-
cided with the spectroscopically detected decay of the M state and
formation of the N2/O intermediate (M↔ N2/O transition).

Thus, the increase of pH to 8.4 results in ca. 6–8-fold deceleration of
the corresponding electrogenic process coupled to the M state decay.
The final electrogenic component (~23 ms) corresponds in time to the
decrease of absorption at 590 nm associated with the N2/O → ESR
transition. It reflects the release of a proton from the primary acceptor
Asp85 to the bulk phase, making about 37% contribution to the overall
photoelectric response. From the optical data, it is evident that the tran-
sitions M ↔ N2/O → ESR represent the consecutive events in the
photocycle of ESR with the rate constants that differ by less than an
order ofmagnitude. That iswhy (seeMaterials andmethods for details),
the accurate values of the amplitudes for the corresponding electrogenic
phases were obtained from the fit with the sequential reaction model
(44% and 37%, respectively).

Increase of pH to 9.5 causes additional deceleration of theMdecay and
of the electric phases related to reprotonation of the Schiff base to 7.8 ms
(Fig. 3). Capturing protons becomes the rate limiting step and slows all
subsequent reactions. However, the overall amplitude of the photoelectric
response at pH 9.5 remains large (Fig. 1B).We did not notice any substan-
tial decrease or reversal of the potential observed for proteorhodopsin at
high pH in a recent study [71]. The slowing of the optical and electrical sig-
nals associated with the M decay at high pH correlates with the observa-
tion that proton uptake from the bulk occurs during the M to N
transition in ESR [32] rather than the N to O transition, as in BR [4,9,72].
3.3. ESR photocycle and electrogenic response at acidic pH

The light-induced changes of the photoelectric potential generated
by ESR at pH 5.1 in response to a laser flash are shown in Fig. 4A. The
main effect of acidification on the kinetics ofΔΨ generation is a dramat-
ic decrease of the overall amplitude of the response (by N10 fold).
Furthermore, during the time range of several milliseconds, the
response is negative, which corresponds to the transfer of a positive
charge to the internal volume of proteoliposomes. Only at a later time
(τ N 20 ms) ΔΨ is positive.

The kinetic phases ofΔΨwith a negative sign have time constants of
~1 μs, ~32 μs, 0.14 ms and 3.5–4 ms (Table 1). They are superimposed
with two positive phases (0.36 ms and 38 ms), the direction of which
coincides with that of electrogenic phases at neutral and alkaline pH,
i.e. corresponding to a positive charge movement out of the proteolipo-
somes. These phases are followed by a passive discharge of the
membrane within several hundreds of milliseconds, which is signifi-
cantly faster than at neutral pH. Thus, the electrical response at pH 5.1



Fig. 4. A) Generation of transmembrane electric potential difference ΔΨ by ESR at pH 5.1. The upper trace shows the experimental trace together with the fit (parameters are given in
Table 1). The residuals are shown below. B) Absorbance changes during the photocycle of ESR at pH 5.1 at four wavelengths (410 nm, 510 nm, 550 nm, 590 nm). Dashed line is the
change in electrical potential (ΔΨ) in arbitrary units.
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exhibits substantial negative phases and dramatically decreased and
slowed positive components. The latter indicates that at pH 5.1, despite
the apparent absence of theM intermediate accumulation some fraction
of ESR pumps protons in a single-turnover regime from the internal
volume of proteoliposome to the output phase, in the same direction
as at pH 8.4 and 6.6. The sum of the amplitudes of the positive phases
exceeds the total amplitude of negative phases at pH 5.1 by 1 mV,
which constitutes 4–5% of the total amplitude at pH 8.4.

The corresponding light-induced absorbance changes are shown in
Fig. 4B. Their global fit revealed 6 transitions (Table 1). The typical
absorbance decrease, which corresponds to the decay of the K/L inter-
mediates in the initial part of the ESR photocycle, is characterized by
the two fastest rate constants (~8.9 μs and ~28 μs), which are similar
to the values obtained at pH 6.6 and 8.4. Noteworthy, at pH 5.1 no
significant absorbance changes at 410 nmwere observed. As it was pro-
posed earlier [32], theM intermediate is not accumulated to a consider-
able level at this pH presumably because of the decreased yield and
formation rate, and probably relatively fast decay into the following
intermediates of the photocycle.

In contrast to neutral and alkaline pH, the absorbance increase at
590 nm includes two components at pH 5.1 (Fig. 4B). The rapid
component occurs with rate constant of ~0.13 ms. It is followed by the
decrease of absorptionwith the rate constant of ~0.5ms and concurrent
increase of absorption at 510 nm. These absorbance changes resemble
those at high pH, which are associated with the formation of the
N2 and subsequent decay of the N2/O intermediate to the initial state
of ESR, but with faster rate constants. The slowest component, with
the time constant of 0.5 ms, correlates with a small positive current,
which might be attributed to a small fraction of pigment which
pumps protons fast at this pH.

The slower phase of the absorbance increase at 590 nm is character-
ized by the rate constant of 8–9ms. It is not accompanied by the change
of absorbance at 510 nm, which is typical for the formation of the N2/O
state from the N1 state at neutral pH (the slow component of the
Fig. 5. Kinetics of the photo-induced electric potential generation by ESR in the microsecond tim
formation of the state with the reprotonated Schiff base). At pH 5.1,
we have not detected the absorbance changes at 410 nm and 550 nm,
which correspond to the M ↔ N1 transition. The following decrease of
absorption at 590 nmwith the time constant ~16ms in parallel with in-
crease of absorption at 510 nm can be interpreted as the N2/O → ESR
transition. It roughly corresponds to the ~38 ms electrogenic phase.

3.4. Fast negative electrogenic phase precedes formation of the M state at
high pH

At the first sight, the fast negative electrogenic phase, which is
characteristic for the early stage of the photoelectric response of BR
[55], is absent in ESR at neutral and high pH. But an accurate analysis
revealed that this is not true. By the comparison of the photoelectric
kinetics of ESR at three different pH values (Fig. 5) one can observe
that the early parts of the kinetics at pH 8.4, 6.6 and 5.1 are similar in
the initial 0.2–0.3 μs and the direction of these phases is negative. But
later the kinetics at alkaline and neutral pH are significantly different
from that at the acidic pH. It is evident that at pH 6.6 and pH 8.4, the
negative electrogenic phase is superimposed with the large positive
electrogenic phases with rate constants of several microseconds.
These positive electrogenic phases reflect proton transfer from the
Schiff base to the Asp85 during the M state formation in ESR. At acidic
pH, they are absent or small in amplitude, and, as a result, mostly the
pure negative electrogenic phase corresponding to the K→ L transition
is observed.

Assuming that the primary events during the early stages of the
photocycle (ESR → K → L) are accompanied by similar electrogenic
events at low and high pH, we subtracted the kinetics at pH 5.1 from
that at pH 6.6 (Fig. 5B), and obtained the kinetics of the electrogenic
phases, which correspond to the L → M transition (~3 μs and ~40 μs).
The overall amplitude of these phases constitutes ~9% of the total
photoelectric response. This is consistent with the value, which one
can expect from the distance between the Schiff base and the proton
e scale at pH 8.4, 6.6, 5.1 (A). B - the trace at pH 5.1 is subtracted from the trace at pH 6.6.
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acceptor residue Asp85 in ESR (4 Ǻ ~ 1/10 of the membrane thickness)
[33]. Noteworthy, in contrast to BR, the relative amplitude of themicro-
second electrogenic phases is about 3 times smaller than the 50 μs
component in BR, where this phase includes also the release of a proton
from the PRG to the bulk [73,74].
4. Discussion

In this work we have resolved the kinetics of the light-induced
membrane potential generation by ESR under single turnover excita-
tion. The maximum amplitude of the photoelectric potential generated
by ESR incorporated into the proteoliposomes thatwere obtained in our
experiments was comparable to that of bacteriorhodopsin from
H. salinarum [75]. However, the rate constants and relative amplitudes
of the kinetic components of ΔΨ generated by ESR exhibit significant
differences from those of BR, consistent with the differences in proton
transfer reactions between these proteins [24,30,32]. We have
found that the negative electrogenic phase associated with the early
stages of the BR photocycle (formation of the K and L intermediates)
is also present in ESR. The next phase, which corresponds to deproton-
ation of the Schiff base (the M state formation), is smaller than in BR
because it lacks contribution from proton release to the bulk, which
is delayed in ESR to the end of the photocycle [24]. Other specific
features of ΔΨ generation by ESR related to its unique proton donor
(Lys96 vs Asp96 in BR) are discussed below in comparison with those
in BR.
4.1. Reprotonation of the Schiff base. Effect of pH on decay of theM interme-
diate and ΔΨ

Two electrogenic phases contribute mostly to the kinetics of ΔΨ
generation by BR (Fig.6A, [39,55]). The first one is the proton transfer
from the Schiff base to Asp85, concurrent with release of a proton
from the proton release complex (PRG) to the extracellular surface
(~50 μs, 30%; Fig. 6A). The second one (~5–20ms, 70%) involves proton
transfer from the cytoplasmic surface to the Schiff base plus proton
transfer from Asp85 to the PRG, for review see [9,40,41,55]. These elec-
trogenic components correlate with the rise and decay of the M
intermediate, respectively (Fig. 6A).
Fig. 6.A. The photocycle transitions (top line) andmajor electrogenic steps (1 through 5) coupl
base to the primary acceptor Asp85; 2 (purple arrow), release of a proton from the PRG (proton
Schiff base; 4 (blue arrow), transfer from the cytoplasmic surface to Asp96; 5 (blue arrow), trans
(ca. 100 μs) phase and in sum comprise 20% of total response, whereas steps 3, 4 and 5 occur dur
[54]. B. The photocycle transitions (top line) andmajor electrogenic steps (1 through 5) coupled
base to the primary acceptor D85; 2 (blue arrow), transfer of a proton from the cytoplasmic sur
base; 5 (green arrow), release of a proton from the primary acceptor to the outer surface. The
Tentative contribution of each step to overall amplitude of ΔΨ is given in percents on the righ
proton uptake and presumably protonation of Lys96, whereas in BR step 2 reflects proton re
photocycle in ESR (step 5) involves release of a proton to the outer phase from Asp85, wherea
In ESR, the largest contribution to ΔΨ at pH 6.6 is from ~0.5 ms and
4.5 ms electrogenic phases (72% total). These phases correlate with the
kinetics of absorbance changes accompanying the M ↔ N1 → N2/O
transitions, reflecting primarily the proton transfer from the bulk to the
Schiff base and possibly reisomerization of a fraction of the chromophore
from 13-cis to all-trans in the O intermediate (Table 1). The two phases
(0.5 ms and 4.5 ms) at pH 6.6 probably originate from the reversibility
of the M ↔ N1 transition and the contribution from the subsequent
N1 → N2/O transition [32]. At pH 8.4, the corresponding electrogenic
phase, coupled to the decay of the M state and generation of the N2/O
state develops solely with the time constant of ~4.5 ms (Fig. 2B, Table 1).

In contrast to BR, the slowest electrogenic phase in ESR (~17 ms,
pH 6.6) contributes much less (~22%) to the photoelectric response. It
corresponds to the N2/O → ESR transition and is caused mostly by
deprotonation of Asp85 and release of a proton to the bulk.

Themain effect of the increase of pH on the kinetics of ESR photocycle
is the significant deceleration of theM decay and coupled charge transfer
reaction. The prime reason for it is that proton uptake from the bulk oc-
curs during the lifetime of the M intermediate (in the M1 ↔ M2 transi-
tion) and precedes reprotonation of the Schiff base [32]. This is different
from BR, in which the M↔ N1 transition involves internal proton trans-
port from Asp96 to the Schiff base and hence does not depend on pH,
while the next transition, N1↔N2/O [9] is pH dependent because during
this transition proton uptake takes place leading to reprotonation of
Asp96, with pKa 7.2–7.5 [72,76]. In contrast to BR, the proton donor to
the Schiff base in ESR is unprotonated in the initial state; its pKa is elevat-
ed in the photocycle reaching the value 8.1–8.6 in the M state [32].

The pH dependence of the Schiff base reprotonation in ESR is pre-
sumably determined by the pKa of the donor and/or of the Schiff base
in the M↔ N1↔ N2 transitions [32]. Interestingly, the pKa of the Schiff
base of BR in the M to N transition was estimated to be 8.2–8.3 under
condition when donor was removed by the D96Nmutation and proton
delivery was assisted by addition of sodium azide [77].

4.2. On the relative amplitudes of the electrogenic phases corresponding to
Schiff base protonation, counterion deprotonation, and donor protonation
in ESR

The two fastest electrogenic stages associatedwith the L→M transi-
tion of photocycle (~3 μs and ~40 μs) contribute ~9% to the
ed to proton transfer in BR (bottom). 1 (purple arrow), proton translocation from the Schiff
release group) to the outer surface; 3 (blue arrow), transfer of a proton from Asp96 to the
fer of a proton from Asp85 to the PRG. For BR, steps 1 and 2 are related to themicrosecond
ingmillisecond (2–10ms) phase ofmembrane potential generation,which comprises 80%
to proton transfer in ESR (bottom). 1 (purple arrow), proton translocation from the Schiff

face to Lys96; 3, 4 (yellow and brown arrows), transfer of a proton from Lys96 to the Schiff
thickness of the arrows corresponds to the fraction of transferred protons in a transition.
t. The principal distinction of the proton-motive mechanism of ESR is that step 2 involves
lease to the outer phase from the PRG. The second difference is that the final step of the
s in BR it involves internal transfer from Asp85 to the PRG [9,76].
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photoelectric response (Fig. 6B, step 1). The apparent amplitude of the
electrogenic phase assigned to the decay of the M state is significantly
smaller at alkaline pH than at neutral pH (44% vs 72%). This difference
probably is related to the finding that the photoelectric response at
pH 8.4 includes additional electrogenic component with τ ~ 0.25–
0.3 ms comprising about 8–11% of the total response. There were no
corresponding absorbance changes found, hence the electrogenic
process with τ ~ 0.25–0.3 ms is likely to reflect an optically silent
event, the protonation of the internal proton donor (Lys96) from the cy-
toplasmic side in theM1↔M2 transition (Fig. 6B, step 2) [32]. If so, then
the following electrogenic component at pH 8.4 (τ ~ 4.5 ms) results
from the proton transfer from Lys96 to the Schiff base (Fig. 6B, steps 3
and 4).

At pH 6.6, the proton transfer to Lys96 occurs almost simultaneously
with the proton transfer to the Schiff base [32] (0.5 ms in our study,
Fig. 6B, steps 2 and 3), whereas at pH 8.4 the latter one is about 10
times delayed (Fig. 6B, step 4). A possible explanation for the slower
reprotonation of the Schiff base at pH 8.4 than at pH 6.6 is that only a
fraction of donor and the Schiff base can be protonated fast at high pH.
Presumably, the pKa of the donor and the Schiff base in the M ↔ N1 is
higher than 6.6, therefore a large fraction (N0.5) of the Schiff base is
protonated within the fast phase at pH 6.6 (Fig. 6B, steps 2 and 3). At
pH 8.4, only a small fraction of N1 accumulates, which converts slowly
to N2/O. The latter state presumably has a higher pKa of the Schiff
base, so the rate of theN1↔N2/O transitionwould determine the kinet-
ics of the Schiff base reprotonation, until the rate of proton uptake
becomes rate limiting at pH N 9 [32].

Thus, electrogenic protonation of Lys96 can be detected as a separate
phase because of significant deceleration of the proton transfer from
Lys96 to the Schiff base at alkaline pH. The relative amplitude (~8–
11%) of the 0.25 ms electrogenic phase at pH 8.4 corresponds to the
distance of Lys96 from the internalwater phase, which can be estimated
as ~1/10 of themembrane thickness. However, one should take into ac-
count that if the pKa of Lys96 in theM state is ca 8.6, only part of this res-
idue could be in the protonated state. As a result, the amplitude of the
corresponding electrogenic phase could reflect protonation of Lys96
only in a fraction of ESR (ca. 50% assuming pKa 8.6 [32]) and therefore
the relative contribution of the electrogenic transfer of a proton from
cytoplasm to Lys96 should be approximately doubled (to ca 16%; see
Fig. 6B, step 2). Accordingly, the electrogenicity of the proton transfer
from Lys96 to the Schiff Base (~38%; Fig. 6B, steps 3 and 4) is slightly
less than the amplitude of the 4.5 ms electrogenic phase (~44%),
which includes not only protonation of the Schiff Base from Lys96, but
also transfer of a proton to the unprotonated portion of the Lys96. So,
from the amplitude of the ΔΨ phases coupled to the M decay, the elec-
trogenic distance between the cytoplasmic side and the Schiff base is es-
timated at ~54% of the membrane dielectric thickness (Fig. 6B).

The amplitude of the slowest electrogenic phase, coupled to the
N2/O → ESR transition, is significantly smaller at pH 6.6 than at pH 8.4
(22% vs. 37%). The latter value (37%) correlates well with the distance
from the Schiff base to the extracellular surface according to the avail-
able structural data for ESR [33] (Fig. 6B, step 5). This differencemay in-
dicate that the fraction of the protonated donor (Lys96)might be higher
at neutral pH compared to that at alkaline pH during the M to N2
photocycle transition, and the donor might undergo deprotonation to
the bulk during the last phase of the photocycle. The latter possibility
suggests that Lys96 might be in the protonated state not only in M,
when the Schiff base is deprotonated, but also later in the photocycle
(in N2/O), and restores its neutral state only during the N2/O → ESR
transition. This does not imply a futile photocycle.

The photopotential generated at each stage of the process is directly
proportional to the projection (r) of the pathway of the proton move-
ment onto the normal to the membrane and inversely proportional to
the dielectric constant (ε) of themembrane: ~kr/ε [78]. The electrogenic
and structural distances might not coincide since the photoelectric po-
tential generated by the light-induced charge movements depends on
the local dielectric constant, whichmight not be homogeneous through
the proton pathway in the protein and requires exact estimation of the
projection of the distance onto the membrane normal. Moreover,
reversible reactions complicate the precise estimation of the ΔΨ com-
ponents, which can be assigned to each transition.

Assuming that the thickness of the hydrophobic insulating layer of
proteoliposomes is ~40 Å, and the dielectric constant is homogeneous,
the electrogenic distances of the charge transfers (in projection, normal
to the surface) could be estimated during reprotonation of the Schiff
base and the release of proton from Asp85 to the extracelular side as
40 ∗ 0.54=21.6 Å and 40 ∗ 0.37=14.8 Å, respectively. The electrogenic
distance between cytoplasmic phase and Lys96, and between Lys96 and
the Schiff base is estimated as 40 ∗ 0.16 = 6.5 Å and 22–6.5 = 13.5 Å,
which is close to the distances obtained from the structural data [33]
for the initial state.

4.3. The features of the kinetics ofΔΨ generation coupled to the photocycle
of ESR at pH 5.1

The photoelectric potential at pH 5.1 exhibits much smaller ampli-
tude of positive phases in comparison with the responses at neutral
and alkaline pH and the presence of larger negative phases. The positive
phases can be attributed to the H+ pumping cycle similar to the one
observed at pH 6.6 and 8.4 though with a significantly smaller ampli-
tude and much slower rise. Earlier measurements of the light-induced
pH changes in the suspensions of E. coli cells and proteoliposomes dem-
onstrated that ESR was capable of pumping at pH 5, though with less
efficiency than at neutral pH [30]. A decrease in the amplitude of the
positive electrogenic phases at acidic pH found in this study can be
explained by the protonation of the primary proton acceptor Asp85 al-
ready in the initial state, however, actual titration of the protein in
detergent (DDM) showed that only a fraction of it (20–30%) is proton-
ated at pH 5.1 while complete protonation occurs below pH 3 [30].
The second factor affecting the kinetics and amplitude of positive phases
is the close interaction of Asp85 with His57, as was revealed in crystal-
lographic structure of ESR [33] and by mutating His57 [30]. It was
suggested that protonation of His57 (with pKa ca 6 in the lipid environ-
ment) decreases proton affinity of Asp85 and, hence, reduces accumula-
tion and the rate of formation of the M intermediate at low pH [30,31].
On the other hand, at low pH reprotonation is expected to be fast,
preventing detectable accumulation of M. This can account for the ap-
pearance of the slow (τ ~ 38ms) positive phase at pH 5.1 in the absence
of accumulation of the M intermediate. This phase can be assigned to a
slowly pumping photocycle in which the M formation is delayed due to
the protonation of His57. A minor positive electrogenic phase with
τ ~ 0.5msmight originate from a small fraction of the protein that func-
tions in the same way as at pH 6.6.

The origin of the negative electrogenic phases (0.14 ms and ~3.5–
4 ms) is not clear. Probably they are caused by relatively small charge
movements in the protein rather than by a reverse proton transport or
a leak. They are likely to be caused by the movements of protons in
the direction opposite to normal proton transfer between ionizable
residues. For instance, they might involve protonation of Asp85 from
His57. It would cause a red shift of the spectrum and might explain an
absorption increase at 590 nm, which occurs with τ ~ 0.13 ms. Subse-
quent reprotonation of His57 from the extracellular side could also pro-
duce a negative current. A more precise understanding of the origin of
these negative phases at low pH would require additional studies in-
volving mutant proteins and other approaches.

5. Conclusions

In this work we have resolved the kinetics of membrane potential
generation, ΔΨ, coupled to the photocycle transitions in ESR, including
those which involve its unusual proton donor (Lys96). Several
differences were found in kinetics, amplitude and pH dependence of



1749S.A. Siletsky et al. / Biochimica et Biophysica Acta 1857 (2016) 1741–1750
electrical components ofΔΨ in ESRwith those in best studiedH+pump,
BR. In ESR, the electrogenic events accompanying the M decay
(reprotonation of the Schiff base) are primarily pH dependent, whereas
in BR it is theN decay, which is pH dependent. This difference originates
from different initial protonation state of the donor to the Schiff base
and reaction of the photocycle in which proton is taken up (these are
M to N1 in ESR and N1 to N2 in BR). Other differences are caused by dif-
ferentmechanism of proton release in ESR andBR and counterion struc-
ture (presence of ionizable His57 close to Asp85 in ESR).

Formation of theM intermediate (upon Schiff base deprotonation) is
associated with two positive electrogenic phases (~3 μs and ~40 μs) of
ΔΨ generation by ESR, which comprise ~9% of the total photoelectric
response and correspond to the distance between the Schiff base and
the primary proton acceptor Asp85. This is about 3 times less than the
contribution of the 50 μs component in BR, which includes also move-
ment of Arg82 to the proton release group and release of a proton to
the bulk. The subsequent electrogenic reprotonation of the Schiff base
of ESR from the cytoplasmic side (M ↔ N1↔ N2/O transitions) occurs
with τ ~ 0.5 ms and 4.5 ms. At pH 8,4, the fast component ceases and
the Schiff base reprotonation slows down, indicating that capturing a
proton from the bulk becomes the rate limiting step.

At alkaline pH, a spectrally silent electrogenic component with
τ ~ 0.25mswas detected, which can be attributed to the proton transfer
from the bulk to primary donor of proton, Lys96 (in the M1↔M2 tran-
sition). Proton release from Asp85 to the bulk in the N2/O→ ESR transi-
tion results in the slowest electrogenic component (~14 ms, pH 6.6). It
is smaller than the millisecond component of ΔΨ generation in BR,
which involves several processes, the reprotonation of the Schiff base
from the cytoplasmic side, reprotonation of the donor Asp96 and proton
transfer from Asp85 to the proton-release group. The relative ampli-
tudes of the electrogenic components resolved during the photocycle
of ESR correlate with the distances between corresponding proton
exchangeable groups in three-dimentional structure of the protein
and are in line with the proposed mechanism of proton transfer. At
pH 5, the amplitude ofΔΨ generation by ESR decreases 10 fold, andpos-
itive phases are strongly delayed presumably from protonation of the
primary proton acceptor of Asp85 and/or closely interacting with it
His57 in the initial state.
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