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ABSTRACT: Proteorhodopsin (PR) is one of the microbial rhodopsins
that are found in marine eubacteria and likely functions as an outward light-
driven proton pump. Previously, we [Tamogami, ., et al. (2009) Photochem.
Photobiol. 85, 578—589] reported the occurrence of a photoinduced proton
transfer in PR between pH S and 10 using a transparent ITO (indium—tin
oxide) or SnO, electrode that works as a time-resolving pH electrode. In the
study presented here, the proton transfer at low pH (<4) was investigated.
Under these conditions, Asp97, the primary counterion to the protonated
Schiff base, is protonated. We observed a first proton release that was
followed by an uptake; during this process, however, the M intermediate did
not form. Through the use of experiments with several PR mutants, we
found that Asp227 played an essential role in proton release. This residue
corresponds to the Asp212 residue of bacteriorhodopsin, the so-called
secondary Schiff base counterion. We estimated the pK, of this residue in

both the dark and the proton-releasing photoproduct to be ~3.0 and ~2.3, respectively. The pK, value of Asp227 in the dark was
also estimated spectroscopically and was approximately equal to that determined with the ITO experiments, which may imply the
possibility of the release of a proton from Asp227. In the absence of CI~, we observed the proton release in D227N and found
that Asp97, the primary counterion, played a key role. It is inferred that the negative charge is required to stabilize the
photoproducts through the deprotonation of Asp227 (first choice), the binding of Cl~ (second choice), or the deprotonation of
Asp97. The photoinduced proton release (possibly by the decrease in the pK, of the secondary counterion) in acidic media was
also observed in other microbial rhodopsins with the exception of the Anabaena sensory rhodopsin, which lacks the dissociable
residue at the position of Asp212 of BR or Asp227 of PR and halorhodopsin. The implication of this pK, decrease is discussed.

Microbial rhodopsins are photoactive membrane proteins
that contain retinal as a chromophore. They were
originally found in Archaea as bacteriorhodopsin (BR),"
halorhodopsin (HR),>™* sensory rhodopsin I (SRI),°"® and
sensory rhodopsin II (SRII).”""> The recent advance in
genome technology has allowed the detection of the genes
that encode microbial rhodopsins in many microorganisms.
These proteins have now also been discovered in eubac-
teria'*~'® and lower eukaryotes, such as fungilé’17 and
algae."® ™' Thus, it was revealed that microbial rhodopsins
are broadly distributed in the biosphere now. One of the typical
examples is PR, which is found in marine eubacteria.”” To date,
more than 800 variants of PR have been found in the ocean.*®
It has been believed that PR works as a light-driven proton
pump like BR." Since the discovery of PR, many studies of the
photochemical properties of PR have been conducted.** >
Although there are a few differences, the photocycle scheme of
PR is similar to that of BR>*™> The residues that are
important for the function of PR have also been identified. For
instance, it has been revealed that Asp97 and Glul08 act as the
acceptor of a proton from the protonated Schiff base (PSB, or
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counterion to the positively charged PSB) and the donor of a
proton to the deprotonated Schiff base (SB), respec-
tively.”**>*® In BR, Asp85, a proton acceptor, and Asp212
are located near and arranged symmetrically around the PSB
such that these two residues form a so-called pentagon cluster
with three water molecules. Thus, both Asp8S and Asp212 may
be members of the proton acceptor cluster. In spite of this
structure and the emphasized importance of Asp212, the
primary proton acceptor is Asp8S. Similarly, Asp227 of PR,
which corresponds to Asp212 of BR, is reported to be an
important residue.*®*" In addition, this residue has been found
to control the photoisomerization,>* and its neutralization
affects the formation of a long-lived photoproduct.>**® In this
paper, we refer to Asp227 (Asp212 of BR) as a secondary
proton acceptor or counterion of the PSB.

The measurement of the transfer of a proton between the
protein and the external medium is important for the
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elucidation of the photochemistry of microbial rhodopsins. The
standard method for the measurements of proton transfer is to
measure the change in the pH of the medium through the using
of pH indicator dyes.>* However, this method has a
disadvantage in that it can be used only if it can be applied
to the medium whose pH is close to the pK, of the dye. We and
Koyama et al. therefore devised an electrochemical cell using a
transparent ITO (indium—tin oxide) or SnO, electrode that
can monitor the time-resolving pH change of the medium at
any pH.*~’ Previously, using a SnO, electrochemical cell, we
observed the first proton uptake and subsequent release of the
PR in the pH range from 4 to 9.5.*” The dependence of pH on
the magnitude of the proton uptake agreed with the degree of
deprotonated Asp97, the primary counterion in the dark.
However, there were small differences found in the pH range of
4—5 (see Discussion).” In this paper, using the ITO electrode
method, we examined the photoinduced proton transfer in the
PR at pH <4. In acidic media, in which both the primary and
secondary counterions are protonated, we first observed the
release of a proton, which was then followed by the uptake of a
proton. From the pH profile, we estimated pK, values of a key
residue in unphotolyzed and photolyzed states. Using various
mutant experiments, we found that a key residue was Asp227,
the secondary counterion. The pK, of this residue in the
unphotolyzed state was spectroscopically determined, which is
approximately equal to that determined from ITO. Assuming
that the proton is released from Asp227, the implication of the
decrease in the pK, of Asp227 is discussed. In addition, we
observed the release of a proton from D227N mutant in the
absence of CI” and found that the protonated primary
counterion (proton acceptor), Asp97, was involved.

B MATERIALS AND METHODS

Construction of Expression Plasmids for PR Mutants.
The expression plasmids of the PR mutants (R94K, R94Q,
D97E, D97N, D227E, D227N, and D97N/D227N) were
prepared by polymerase chain reaction (PCR) using the
QuikChange site-directed mutagenesis kit (Stratagene). The
designed primers were as follows: R94K, 5'-CCAACTGTAT-
TTAAATACATTGATTGG-3" and 5'-CCAATCAATGTATT-
TAAATACAGTTGG-3'; R94Q, 5'-CCAACTGTATTTCAA-
TACATTGATTG-3" and 5’-CAATCAATGTATTGAAATAC-
AGTTGG-3'; D97E, S’-
TTTAGATACATTGAGTGGTTACTA-3' and §'-TAGTAA-
CCACTCAATGTATCTAAA-3'; D97N, §-TTTAGATACA-
TTAATTGGTTACTA-3' and 5'-TAGTAACCAATTAATGT-
ATCTAAA-3’; D227E, 5-AACCTTGCTGAGTTTGTTAAC-
AAG-3’ and S5-CTTGTTAACAAACTCAGCAAGGTT-3;
D227N, S5'-CTATAACCTTGCTAACTTTGTTAAC-3' and
5'-GTTAACAAAGTTAGCAAGGTTATAG-3'. The under-
lined bases indicate those that encode the mutated amino
acids. The sequences of the PCR products were confirmed
using an automated sequencer (377 DNA sequencer, Applied
Biosystems, Foster City, CA).

Preparation of Proteins. The expression plasmids of PR
(pBAD/PR, EBAC31A08, GenBank entry AF279106)" and
ASR (Anabaena sensory rhodopsin) from Anabaena sp.
PCC7120 (pMS107/ASR)'* were provided by O. Béja and
K.-H. Jung, respectively. The expression plasmids of HsSRII
(SRII from Halobacterium salinarum),”® NpSRII (SRII from
Natronomonas pharaonis),39 and HmSRIII (SRIII from
Haloarcula marismortui)*® were constructed previously. Escher-
ichia coli UTS600 cells were used for the expression of PR and

its mutants, whereas E. coli BL21-CodonPlus (DE3)-RP cells
(Stratagene, La Jolla, CA) were used for the expression of ASR,
HsSRII, NpSRII, and HmSRIIL. The expression and prepara-
tion of the proteins were performed as described previ-
ously.>”~* The purified proteins were reconstituted into L-a-
phosphatidylcholine (PC) from egg yolk (Avanti, Alabaster,
AL) at a protein:PC molar ratio of 1:50. The procedure of the
PC reconstitution of proteins was the same as that described
previously.”” The reconstituted proteins were washed thor-
oughly with distilled water by centrifugation and used for
experiments after they had been suspended in the proper
medium prior to use.

BR was prepared from H. salinarum strain S9 through the
established standard method.*' The XR proteins from
Salinibacter ruber were provided by J. K. Lanyi and S. P.
Balashov. These two proteins were suspended in distilled water
and used for the experiments.

Measurement of Photoinduced Proton Uptake and
Release by an ITO (indium—tin oxide) Electrode. The
apparatus and procedure were essentially the same as those
described previously.>” For the adsorption of proteins onto the
ITO surface, the protein concentration of the PC-reconstituted
samples (PR, ASR, HsSRII, NpSRIl, and HmSRIII) and
proteins from native membranes (BR and XR) suspended in
distilled water was ~2—6 yM. The amount of proteins attached
to the electrode surface was estimated to be ~1.5—4.6 X 10"
molecules/cm® The electric signals were measured with an AC
amplifier (MEG-1200, Nihon Koden, Tokyo, Japan) equipped
with a 0.08 Hz low-cutoff electric filter. The electric signals
were stored in a microcomputer and accumulated five times to
obtain the averaged signal. The light source was a 300 W xenon
lamp with a combination of a cold mirror, an IR filter (HASO,
Toshiba, Tokyo, Japan), and a cutoff optical filter (Y44,
Toshiba) to excite the protein. The duration of the light was
modulated to 2 ms by using a mechanical shutter. The
measurements were performed in solutions containing an
electrolyte (NaCl or Na,SO,) and a buffer (glycine or citrate)
that was adjusted to the desired pH with HCI (or H,SO,) and
NaOH. Details of the consideration of the buffering solution
are given in the Supporting Information, in which the reason
for the use of 1 mM glycine or citrate is given. The experiments
were performed at room temperature (20—25 °C).

UV-Visible Spectroscopy. A spectrophotometer (U-
3310, Hitachi, Tokyo, Japan) was employed for measurements
of the absorbance spectra. The temperature was maintained at
20 °C with a thermostat (Uni Ace UA-1100, Eyela-Digital,
Tokyo, Japan). The PC-reconstituted PR proteins (at ~10 yM)
were encapsulated into a 15% polyacrylamide gel to prevent
their aggregation during the measurements. To remove the
effect of the scattering from the spectra and to estimate A,
the observed absorption spectra were fit to the following
skewed Gaussian equation (eq 1).

k
Abs(1) = A + % + 2 €; max
i=1

m2 [ [04- 14,06 -0
X exp| — In| +1
(In /)1)2 Ay X p,

(1)

where Abs(1) is the absorbance, A, is the absorbance
maximum, €., is the maximal extinction, p is the parameter
of skewness, and Av is the half-bandwidth. The first term (A) is
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an offset, and the second term expresses the background
scattering line.*” The obtained spectra could be described
sufficiently by the linear combination of three (and five for
spectra of D227E at a pH above ~6) skewed Gaussian
functions.

Flash-Photolysis Spectroscopy. The apparatus and
procedure for ﬂash—photolzsis were essentially the same as
those reported previously.*’ The transient absorption changes
induced by a laser pulse (Nd:YAG 532 nm, 7 ns, 5 mJ/pulse)
were acquired by using a computer at intervals of 0.5 us
between —40.1 and 222 ms. The data before the laser pulse
were used as a baseline. The temperature was controlled at 20
°C using a thermostat (Eyela-Digital Uni Ace UA-110). The
suspension of the PC-reconstituted samples was used for the
measurements. The protein concentration was ~10 gM. The
global fitting was performed for the obtained data according to
the sequential irreversible model in which the existence of a
reversible or branched reaction is not assumed, although
molecules were a mixture of protonated and deprotonated
Asp227 at pH 3.5. The method of global fitting was the same as
that described previously.**

B RESULTS

First Release of a Proton from PR in Acidic Media. The
pK, of the primary counterion, Asp97, of PR in the
unphotolyzed state was estimated to be 7—82%*%"2%3% At
neutral or alkaline pH higher than this pK,, the proton moves
from the PSB to Asp97 by illumination such that the M
intermediate (abbreviated M hereafter) is formed. The proton
uptake occurs during the decay of M (i.e., the formation of the
following intermediate or N intermediate, abbreviated N), and
release occurs during the decay of N.** However, in acidic
media, Asp97 is protonated in the unphotolyzed state, which
means that the transfer of the proton from the PSB to Asp97
should not occur. Actually, the formation of M with a
deprotonated Schiff base was not observed.”**>*”?® In spite
of this finding, we observed the first proton release and
subsequent uptake of a proton at a pH below ~4. Figure 1
shows the photoinduced ITO signals, which indicate the first
proton release (upward shift) followed by the uptake
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Figure 1. Proton transfer signal in PR at low pH at varying buffer
concentrations. The respective traces show the photoinduced proton
transfer signals in the presence of 1, 5, 10, 50, 100, 200, and 500 mM
glycine from top to bottom, respectively. The magnitude decreases as
the buffer concentration increases. The medium contained 0.4 M NaCl
at pH 3.0. The concentration of the PC-reconstituted proteins
adsorbed onto the ITO electrode surface was ~6 uM.
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(downward shift). To reconfirm that the deflection comes
from the change in the pH of the medium, we verified the
dependence of the buffer (glycine) concentrations in the ITO
cell. The results in Figure 1 show that the magnitude decreases
with an increase in the buffer concentration and these changes
have the same shape. Thus, we conclude that the results shown
in Figure 1 reveal that the photoinduced early proton release
can occur without the deprotonation of the PSB at pH 3.

pH Dependence of the Initial Proton Release at Low
pH. We examined the photoinduced proton transfer over a pH
range of 1.75—4.0 using a medium containing 0.4 M NaCl and
1 mM glycine. With respect to the selection of the buffer
solution, see the Supporting Information. As the pH increased
from 1.75 to 2.75, the magnitude of the signal increased;
however, an additional increase in pH resulted in a decrease in
the magnitude of the signal. The solid and broken lines in
Figure 2a represent the traces measured between pH 1.75 and
2.75 and between pH 2.75 and 4.0, respectively. As shown in
the figure, the shapes of solid lines are almost very similar to
one another, which implies that the kinetics may be constant in
this pH region. However, the rate constants of proton release at
pH >2.75 decrease with an increase in pH. At pH 3.5—4.0, the

AVoltage (mV)

L pKa_=2.3(2.2 -
Pra, @2) pKa, = 3.0 (3.1)

0.00 1 1 1 1 1 1
1.0 15 20 25 30 35 40
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4.5

Figure 2. pH dependence of the photoinduced proton transfer signal
in PR under low-pH conditions. (a) Time-dependent and photo-
induced proton transfer signals at varying pH values. The media
contained 0.4 M NaCl and 1 mM glycine. The pH of the media was
adjusted to the desired value through the addition of HCI or NaOH.
The concentration of the PC-reconstituted proteins absorbed onto the
ITO electrode surface was ~3 uM. (b) Plot of the peak value of the
photoinduced signals as a function of medium pH. The filled circles
are the data obtained using glycine buffer, which is shown in panel a,
whereas the empty circles represent data obtained using the medium
containing 1 mM citrate.
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Figure 3. Comparison of the pH profiles of the photoinduced proton transfer signals in the wild type and several PR mutants: (a) WT, (b) D97E,
(c) D97N, (d) D227E, (e) D227N, and (f) D97N/D227N. The experimental conditions were the same as those used to obtain the data in Figure 2a.
The broken lines in panels b—f represent the data obtained with the wild type.

delay was clearly observed. We performed similar experiments
using 1 mM citrate instead of glycine, and no essential
differences were obtained. The reason for the coincidence using
two buffer solutions is given in the Supporting Information. In
Figure 2b, the peak values from Figure 2a are plotted versus
pH. The filled circles indicate the values obtained using glycine
buffer, whereas the empty circles are those values obtained with
the citrate buffer. As shown in this figure, a bell-shaped pH
profile is obtained. This bell-shaped profile can be explained
assuming the existence of an X-H residue from which a proton
is released. Therefore, this X-H residue is protonated in the
dark. The decrease in the amplitudes with an increase in pH
(the right half of Figure 2b) can be explained by the
dissociation of the X-H residue in the dark. To obtain the
photoinduced proton release, the X-H residue should dissociate
such that its pK, at the proton-releasing photoproducts is lower
than the pH in the medium. Consequently, the proton release
should become more difficult as the pH in the medium
decreases, which explains the left half of the bell curve in Figure
2b. On the basis of this hypothesis, the bell-shaped curve was fit
with the following equation:

1 1
Avoltage = A
voltage [1 + 10"(PKa=pPH) ][1 + 10""(PH_PK“")]

)

where pK,, and pK,, are those pK, values of the X-H residue at
the proton-releasing state and in the dark, respectively, A is a
constant scaling the amplitude, and n, and n, are Hill
coefficients. The estimated pK,, values were 2.3 and 2.2 for
the glycine and citrate buffers, respectively, and the pK,, values
were 3.0 and 3.1 for the glycine and citrate buffers, respectively.
Thus, we conclude that upon illumination, the pK, of the X-H
residue decreases from ~3 to 2.

Identification of the X-H Residue. However, although we
hypothesized the existence of an X-H residue, its identity was
unknown. The PSB can be excluded as a candidate, because the
M intermediate with the deprotonated SB was not formed (pH
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< pK, of the counterion). As described previously, the pK, of
the X-H residue in the dark was estimated to be ~3, which
suggests that an acidic amino acid residue may be a candidate.
Therefore, various Asp and Glu mutants such as E50Q, DS2N,
E85Q, D88N, E108Q, E142Q, E165Q, E170Q, and D212N
were examined; however, the response of these mutants was the
same as that of the wild type (data not shown). Nevertheless,
different behaviors were observed with several PR mutants of
the primary (Asp97) and secondary (Asp227) counterions to
the PSB. Figure 3 shows the plots of the peak values as a
function of the pH for these mutants. The data of D97E and
D97N essentially show a pH profile that is the same as that of
the wild type, but the peak pH shifted slightly toward alkaline
(~0.5 unit) (see Table 1). Figure 3d shows the large pK,

Table 1. pK, Values of Asp227 in the Wild Type and Various
PR Mutants Determined with the ITO Experiments

H-releasing (pK,,)

dark (pK.y)

WT* 23 3.0
D97E® 2.1 34
D97N* 24 3.5
D227E* 3.0 42
D227N - -
D97N/D227N - -
R94Q"

) 27 38

Cl™ (+) 24 38
R94K”

cl (-) 3.1 37

Cl™ (+) >~3.1° <~3.7°

“The pK, values of WT, D97E, D97N, and D227E were estimated by
fitting the data obtained at 0.4 M NaCl (Figure 3). “In the case of
R94Q and R94K, CI~ (—) represents the values obtained using 0.333
M Na,SO, whereas Cl™ (+) represents the values obtained using 1 M
NaCl. “These values have some ambiguity because of the complex pH
behavior (Figure 6b).
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increase of the X-H residue in both the dark and the proton-
releasing photoproduct when Asp227 is replaced with Glu. Of
particular interest, the first proton release phase disappeared in
the D227N and D97N/D227N mutants, and the proton uptake
occurred first. For these mutants, we observed the first proton
uptake, and its origin is not clear at present. As described in the
Supporting Information, the assumption of the existence of
residue Y is indispensable for the analysis of the behavior of the
spectrum of D227N whose pK, was estimated to be 3.2—4.5
depending on the CI™ concentration. There is a possibility that
illumination induces the conformational change to induce the
proton transfer via this residue only in the D227N mutant.
Further study is necessary. In spite of this, these results suggest
that the hypothetical X-H residue is Asp227. Although the
possibility of the release of the proton from the protonated
water cluster cannot be excluded completely, it is certain that
Asp227 plays a key role.

Effect of CI~ on the Proton Transfer of the Wild Type
at Low pH. We then measured the proton transfer of the wild
type at various ClI™ concentrations. As shown in Figure 4a, the
pH profiles shifted to a lower pH (by ~0.3) with an increase in
the chloride concentration in the medium. The pK, values for
both the unphotolyzed and photolyzed states that were
estimated using eq 2 decreased as the CI™ concentration
increased (refer to the legend of Figure 4). Figure 4b shows the
differences in the pK, values of the photolyzed (@) and
unphotolyzed states (O) compared to those in Cl -free
medium. A CI” concentration of 0.4 M results in pK, changes
that are half of the maximal changes measured in both
photolyzed and unphotolyzed states. Figure 4c shows the time
course of the proton transfer signals at varying CI~
concentrations. The rates of the uptake phase decrease with
an increase in the CI” concentration. These Cl™-dependent
proton uptake rates, combined with the Cl™-dependent pK,
change of Asp227 (Figure 4b), may be interpreted in two ways:
(1) CI” binding near Asp227 and Arg94 and (2) the effect of an
electric double layer on the protein surface. The latter
hypothesis is ruled out because the experiments were
performed under constant-ionic strength conditions. Therefore,
this CI™ dependence is ascribed to ClI” binding maybe in the
vicinity of Asp227 and positively charged Arg94. The negative
charge of ClI” may retard proton release, which results in a
decrease in the peak values observed in Figure 4c. However, the
reason why the increase in the negative charge due to the
binding of CI™ does decrease the pK, of Asp227 is problematic
because the increase in negative charge near the residue should
hinder the positively charged proton release, which would
increase the pK,. However, it is possible that CI™ binding might
stabilize the dissociated state of Asp227 because of perhaps
changes in the hydrogen bonding or water structure.

The Absence of ClI~ Drastically Changes the Proton
Transfer of D227N at Low pH. As described in the legend of
Figure 3e, we did not observe the first proton release from
D227N in low-pH solutions, which gave a probability that the
proton release originates in Asp227 at low pH, although the
origin and the mechanism of the proton uptake in Figure 3e are
not known (one of possibilities is described above). Note that
these results were obtained in the presence of 0.4 M CI”. We
therefore examined the effect of CI™ on the proton transfer of
the D227N mutant. Interestingly, we found the unexpected first
release of a proton from D227N in the absence of CI™ (see
Figure Sa) even though the putative residue responsible for the
first proton release (Asp227) was neutralized. Therefore, we
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Figure 4. Photoinduced proton transfer in the wild type at varying
chloride concentrations. (a) pH profiles of the proton releasing signals
in the presence of 0 (H), 0.1 (@), 0.4 (@), 1 (A), and 2 M chloride
(V). The data obtained at each NaCl concentration were fit by eq 2 to
estimate the pK,, and pK,; values. The estimated pK,, values for 0, 0.1,
04, 1, and 2 M chloride were 2.52, 2.49, 2.43, 2.31, and 2.31,
respectively, whereas the pK,, values were 3.50, 3.44, 3.32, 3.20, and
3.20, respectively. The medium contained 1 mM glycine and was
adjusted to the desired pH through the addition of H,SO, or NaOH.
The total jonic strength in the solution was kept constant through the
addition of the appropriate concentration of Na,SO,. The
concentration of the PC-reconstituted proteins adsorbed onto the
electrode surface was ~3 uM. (b) Plot of the difference in the pK,
(ApK,) values as a function of CI~ concentration. The reference values
are those obtained in the absence of CI™. The filled and empty circles
are plots of ApK,, (in the photolyzed state) and ApK, (in the
unphotolyzed state), respectively. These changes are ascribed to the
binding of CI™. The K value of Cl” is estimated to be ~0.4 M. (c)
Proton transfer as a function of time at varying Cl~ concentrations (at
pH 3.0). The traces shown from left to right were obtained in the
presence of 0, 0.1, 0.4, 1, and 2 M CI”, respectively.
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Figure S. Effect of chloride on the photoinduced proton transfer in the D227N mutants. (a) pH profile of photoinduced proton transfer signals in
D227N. The medium contains 1 mM glycine and 1 M NaCl (@) or 0.333 M Na,SO, (O). The preparation of the protein film on the electrode
surface was the same as in Figures 2—4. (b) Plot for D97N/D227N. The symbols are the same as in panel a. (c) Cl~ dependence of the
photoinduced proton transfer signals in D227N. The peak values of the photoinduced proton release or uptake signals that appear initially
(exemplary traces are shown in the inset) were plotted against the CI~ concentration. The measurements were performed in a solution containing 1
mM glycine and various concentrations of NaCl (0—2 M) at pH 3.0. The total ionic strength of the solution was kept constant through the addition
of the appropriate concentration of Na,SO,. This Cl™-dependent change may be ascribed to the binding of CI~ (see the text), which was estimated

to have a Ky of ~0.4 M.
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Figure 6. pH profile of the photoinduced proton transfer signals at low pH with Arg94 mutations in PR: (a) R94Q and (b) R94K. The empty and
filled circles indicate the data obtained in the absence (ionic strength adjusted to 1 M with Na,SO,) and presence of CI~ (1 M NaCl), respectively.
The experimental conditions were the same as those used to obtain the data in Figure Sa.

investigated the identity of the residue that is responsible for
the proton release in D227N and found that the key residue is
Asp97 in acidic media. We performed the experiment using the
D97N/D227N double mutant and did not observe the first
proton release in the presence or absence of ClI7, although the
unexplained proton uptake occurred (panel Figure Sb and see
above). Therefore, via the first proton release in D227N in the
absence of ClI~ (Figure Sa), we deduced that the primary
counterion of the PSB, Asp97, plays an essential role and that
there is a possibility that Asp97 itself may be an origin of
proton release. Figure Sc shows the amplitudes of the peak
values of the photoinduced signals of the D227N mutant at pH
3.0 at varying CI” concentrations; as shown, these values
change from positive (proton release) to negative (uptake) as
the concentration of Cl” increases. This finding may be
interpreted as follows: CI™ binds to the vicinity of neutral Asn
(at position 227), potentially to the positively charged Arg94,
and the Kj of this binding is ~0.4 M (see Figure Sc), which is
almost equal to that shown in Figure 4b. In summary, in the
D227N mutant, the photoinduced proton release occurs first in
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the absence of CI7, and Asp97 is involved in the release. In the
presence of Cl7, the release is not observed, which is due to the
negative charge created by the Cl™ binding (K4 ~ 0.4 M) at the
position of neutralized Asp227. The pK, values of the residue
controlling the proton release in D227N in the unphotolyzed
and photolyzed states were not determined because the
presence of the proton uptake phase prevented an exact
estimation. The mechanism and/or origin of this uptake is not
known at present. One of the possibilities is described above.

Role of Arg94 in the First Proton Release at Low pH.
As found in BR or other microbial rhodopsins, an important
arginine residue is located in the vicinity of the counterions
(primary and secondary) and interacts with them through water
molecules. Therefore, the influence of a mutation at this
position (Arg94 in PR) on the first proton release at low pH
was also investigated. Panels a and b of Figure 6 show the pH
profiles of the photoinduced proton transfer signals obtained
from R94Q_and R94K, respectively. In the R94Q mutant, the
first proton release occurred regardless of the presence of CI7,
although the magnitudes are different. The fact that the first

dx.doi.org/10.1021/bi300940p | Biochemistry 2012, 51, 9290—9301
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Figure 7. Flash-induced absorbance changes of PR under low-pH conditions. (a) Absorbance spectra of each state in a medium containing 0.4 M
NaCl and 1 mM glycine at pH 3.5. The PC-reconstituted proteins at a concentration of ~10 M were used for the measurements. P, shows the
spectrum of the unphotolyzed state from which the scattering was removed, whereas P,—P, are those of the kinetically defined states calculated by
global fitting. The absorbances of the respective spectra were normalized at the amplitude of the absorbance of P; at its A,,,. The spectra of Py—P,
are colored black, red, green, blue, and cyan, respectively. (b) Time-dependent absorbance traces of each state (P,—P,). The colors of the traces are
the same as those used in panel a. (c) Comparison of the photoinduced proton transfer signal and absorbance change signal in the absence of Cl~ (in
the presence of 0.133 M Na,SO,) at pH 3.5. The top panel shows the photoinduced proton transfer signals obtained with the ITO experiments. The
black solid line and red broken line are the signals obtained using irradiation of the laser pulse and a 2 ms flash light, respectively. The bottom panel
indicates the photoinduced absorbance change signals measured at four wavelengths. The noisy (solid) and smooth (broken) lines indicate the
observed data and the fitting curves, respectively. (d) Comparison of the photoinduced proton transfer signal and absorbance change signal in the
presence of 0.4 M NaCl at pH 3.5. The data plotted are similar to those shown in panel c.

proton release was observed in R94Q implies that the first
proton release does not originate from Arg94. The pK, values
of the proton transfer were estimated using eq 2 and are listed
in Table 1. The pK, values of the proton releasing state (from
possibly Asp227) are smaller than those of the unphotolyzed
state because this state is the same as the wild type, and the
estimated values are slightly different from those of the wild
type. This is consistent with the notion that weak coupling
exists between the conserved arginine and the chromophore
and its counterion.”” As in the wild type (Figure 4c), the
deflections of the ITO electrode potential in the absence of CI~
are larger than those in the presence of CI~, and the difference
between these deflections is much greater than the difference
observed with the wild type. Although the reason is not clear at
present, the loss of the positive charge through the mutation of
Arg94 might be a cause. In the R94K mutant (Figure 6b), on
the other hand, proton release occurred in the absence of CI~
and the behavior of the magnitude as a function of pH is
simple, whereas the behavior in the presence of CI™ is
complicated, for reasons that are not yet clear. The binding of
Cl™ near Lys at position 94 might cause the complicated pH
profile.
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Comparison of the Time Course of Proton Transfer
with That of Flash-Photolysis Data. Flash-photolysis
experiments were also performed to investigate the point at
which the photoinduced H release and/or uptake of PR occurs
at low pH. A global fitting was performed for data obtained
with PR in the presence of 0.4 M CI™ at pH 3.5. The data were
fit sufficiently with the equation using a sum of four exponential
terms. Figure 7a shows the obtained spectra of kinetically
defined states (from P, to P,). After illumination, the largely
red-shifted state (4., ~ 620 nm) was formed, which is most
likely the K intermediate. The following state, P,, contains the
component from P, and other components having absorption
around 500—550 nm. The peak of this absorption was close to
that of the unphotolyzed PR (P,), although it was slightly blue-
shifted. Generally, this blue-shifted component may be
considered to be the L intermediate. In the next state (Pj),
the magnitude of the absorption band of L increases, whereas
the magnitude of the red-shifted absorption band decreased.
Furthermore, the bandwidth of the red-shifted absorption band
became somewhat broad, which indicates the contaminant of
another red-shifted intermediate (most likely the N inter-
mediate). In the final state (P,), the increase in the absorbance
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at a wavelength close to Py (4, ~ 550 nm) was observed,
which may indicate the formation of the PR’ intermediate.
Thus, the observed photocycle scheme containing the K, L, N,
and PR’ intermediates (and not the M intermediate) is in
agreement with the previous report.zs’27 The respective time
constants of the P,—P, states were estimated to be 0.05, 0.3,
6.7, and 56 ms, respectively. Panels ¢ and d of Figure 7 show
the comparison of the ITO signals (top panels) and flash-
photolysis signals (bottom panels) in the absence and presence
of CI”, respectively. Here, the ITO signals photoinduced by a 2
ms flash light excitation (see the red broken lines in the top
panels of Figure 7c,d) contain inaccuracy before ~10 ms.”’
Therefore, we used a laser pulse as the light source instead of a
xenon lamp. In the absence of CI7, the proton release occurred
in the range of several hundred microseconds, whereas it
occurred in the range of several milliseconds in the presence of
Cl™ (see the black solid lines in the top panels of Figure 7c,d).
In addition, proton uptake occurred in the range of several
hundred milliseconds in the absence and presence of CI™. The
exact identification of the intermediates associated with H*
release and/or uptake was difficult from these results. However,
it can at least be inferred that the H" release occurs after the
decay of the K intermediate (and most likely the decay of the L
intermediate as well) and the H* uptake occurs during the latter
half of its photocycle (most likely the decay of the N or PR’
intermediate).

Shift in the Absorbance Spectrum of PR at Low pH:
Determination of the pK, of Asp227 at Unphotolyzed
PR. It has been known that the dissociation and association of
the two counterions lead to the change in the absorbance
spectra. For example, in most microbial rhodopsins, the red
shift of the spectrum occurs by the protonation of the primary
counterion. Further acidification results in the protonation of
Asp212 of BR, the secondary counterion, and the blue shifts
were observed in the presence or absence of CI~.**® In the
absence of CI7, A, does not return to the original value at
neutral pH.** On the other hand, in the presence of Cl7, A,
returns completely to the original and so-called acid-purple
forms.*® The similar blue shift in the presence of Cl~ was also
reported in NpSRII (phoborhodopsin).*” If a similar blue shift
also occurs in PR, this method can be used in the determination
of the pK, of the secondary counterion, Asp227, of PR, which
may be compared with the estimated pK, obtained from the
ITO experiments.

Figure 8 shows the pH titration of the absorbance spectra of
wild-type PR at varying CI~ concentrations, and Figure 9 shows
the spectra of various mutants in the presence and absence of 4
M CI". These figures indicate the existence of two phases of
above and below pH S except for a D97N/D227N double
mutant. The A, values of this mutant are constant
independent of pH, indicating that above pH S, the protonation
state of Asp97 plays an important role (because the pK, of this
residue is ~7) while that of Asp227 changes the 4,,,, below pH
S. From these figures, the characteristics of 4, are as follows.
(1) The neutralization of the primary counterion (Asp97)
results in the red shift that is the same as those of BR and other
microbial rhodopsins. (2) The neutralization of the secondary
counterion (Asp227) results in a blue shift, but A, seems not
to return completely to that of the original pigment, which is
the same as that of BR.***® (3) CI~ may bind when both Asp97
and Asp227 are neutralized, and A, of this form is longer than
that in the absence of CI™. Finding 3 is in sharp contrast with
those for BR and NpSRIIL This rule holds only partially for the
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Figure 8. pH titration of the absorbance spectra of PR at varying CI~
concentrations. The respective 4, values in the presence of 0 (H),
0.1 (@), 0.4 (®), and 1 M NaCl (A) were plotted vs pH. The 4,,,, in
the presence of 4 M NaCl (V) is shown in the inset. The appropriate
concentration of Na,SO, was added to each medium to keep the total
ionic strength constant. The medium contained 10 mM buffer
(citrate/MES/MOPS/HEPES/CAPS/CHES), and the pH was
adjusted via the addition of H,SO, or NaOH.

Amax shifts of D227N. Thus, we assumed the presence of the Y
residue (see the Supporting Information).

From the regression analysis of these data, the pK, values of
the two counterions (pK,;, the pK, of Asp97; pK,,, the pK, of
Asp227) in the dark were estimated. The details of the analysis
are described in the Supporting Information. The estimated
parameters (pK,;, PKy, Amaxty Amaxey and Aps) are summarized
in Table 2. Both pK,, and pK,, exhibited a Cl~ dependence.
pK,; increased with an increase in CI~ concentration, whereas
pK,, decreased with an increase in CI” concentration. It has
been reported that the pK, of Asp97 in the dark is affected by
the existence of various anions.* On the other hand, this paper
is the first report on the dependence of the pK, of Asp227 on
ClI” concentration. The pK, of Asp85 of BR decreases with an
increase in salt concentration,® whereas that of PR (Asp97)
exhibits the opposite behavior. It is worth describing that, as
shown in Table 2, the values of pK,,, which were determined
from the first proton release, are almost equal to the values of
pK,,, the values of Asp227 that were determined spectroscopi-
cally.

First Proton Release in Other Microbial Rhodopsins at
Low pH. Here, we observed in PR the first photoinduced
proton release in acidic media where the primary and secondary
counterions are protonated. We investigated whether the
proton release at low pH occurs in other microbial rhodopsins.
We observed the first proton release in BR, XR (xantho-
rhodopsin), HsSRII, NpSRII, and HmSRIII (sensory rhodopsin
I from H. marismortui), but not in ASR (Anabaena sensory
rhodopsin) or NpHR (data not shown). The pH values at
which the release was observed depended on the rhodopsins
perhaps because of the different pK, values of the second
counterions of microbial rhodopsins. The residue of ASR
corresponding to Asp227 of PR or Asp212 of BR is proline, and
we could not observe proton release. For NpHR, the
corresponding residue is also Asp252, but the release was not
observed (a possible reason is described in the Discussion).

B DISCUSSION

Important Role of Asp227 in the Early Photoinduced
Proton Release. We observed the photoinduced proton

dx.doi.org/10.1021/bi300940p | Biochemistry 2012, 51, 9290—9301
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Figure 9. pH titration of the absorbance spectra of several PR mutants: (a) D97N, (b) D227E, (c) D97N/D227N, and (d) D227N. The empty and
filled circles represent the A, values in the absence and presence of 4 M NaCl, respectively. The measurements were preformed in the pH range of
3.5-9. The A, value of D97N/D227N in the absence of CI7, on the other hand, could not be determined above pH ~7 because of the

deprotonation of the PSB in the dark.

Table 2. Parameters from the Analysis of the Absorbance
Spectra”

[cI] (M) pPKy; pPK, (PKab) Aesa e, Amax

WT 0 6.1 3.7 (3.5) 523 548 525

0.1 6.5 3.6 (34) 526 548 525

0.4 6.7 3.5(3.3) 527 548 525

1 6.8 33 (32) 527 547 525

4 7.0 - 524 543 -

D97N 0 - 3.7 - 558 525
0.4 (3.9)

4 - 3.0 - 555 520

D227E 0 6.2 4.5 503 523 516
0.4 (42)

4 7.0 - 501 524 -

“The meanings of pK,;, PK.y, Amaxt Amay a0d Ay are discussed in the
Supporting Information. Here, this table shows that the values of pK,,
(pK, of Asp227 in the dark obtained by spectroscopy) and pKy, [pK,
of Asp227 in the dark obtained from the ITO experiments (see Table
1)] are almost equal.

release and subsequent uptake (Figures 1 and 2) in PR, and the
mutant experiments led to the conclusion that Asp227 and
Asp97 in one case (Cl -free D227N) are key residues
controlling proton release. From Figure 2b, we estimated pK,
values for the unphotolyzed state and the proton-releasing
photoproduct. The pK, of Asp227 was also estimated
spectroscopically (Supporting Information), and the estimated
values were nearly equal to those obtained from the ITO
experiments (Tables 1 and 2). These findings may imply that
the most plausible candidate for the proton source is
protonated Asp227, although we cannot rule out the possibility
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that the protonated water molecule inside the membrane is the
source. However, even if the protonated water is a direct
source, the important role of Asp227 is clear because D227N
does not show the first proton release. Further studies using
FTIR or D,O are needed for clarification of the direct proton
source.

Difference in the pK, Value of the Primary and
Secondary Counterions between BR and PR. As described
above, although there is a possibility that the determined pK,
values in Figure 2 are not those of Asp227, we, in further
discussion, assume these values (~3.0 for the unphtolyzed state
and ~2.3 for the photolyzed state) are those of Asp227 because
the value of the unphotolyzed state is nearly equal to that
determined by spectroscopy (Table 2). A similar value (~2.6)
for the unphotolyzed state was obtained from the pH-
dependent formation of the 430 nm species, which increases
via neutralization of Asp227.%” In BR, the pK, of Asp212, which
corresponds to Asp227 of PR, in the unphotolyzed state is
considered to be very low (less than ~1)* and is not yet
known for the photoproducts. However, if we assume that the
photoexcitation may also decrease the pK, of Asp212 of BR, the
pK, of this BR residue in the photoproduct may be less than 0,
although its determination will be difficult. The pK, of Asp212
of BR is very low because the deprotonated state of Asp212 is
stabilized by hydrogen bonds with Tyr57 and Tyr185.>° The
corresponding PR residues are also tyrosines (Tyr76 and
Tyr200), but it is possible that the hydrogen bondings with
these tyrosines may be weaker than the bonding obtained in
those of BR. Other possible reasons for this difference in pK,
values are (i) the weak cougling of Arg94 with the
chromophore and its counterion™® and (ii) the existence of
His7S, which interacts with Asp97, the primary counterion, to
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increase its pK, to ~7.°" Further study is therefore necessary to
ascertain the cause behind Asp227 of PR being larger than
Asp212 of BR.

Possible Significance of the Transient Decrease in the
pK, of Asp227, the Secondary Counterion. In the
following discussion, we assume that the photoinduced
transient decrease in the pK, of Asp227 also occurs even
under neural-pH conditions, although Asp227 is deprotonated.
Figure 7 indicates that the decrease in the pK, (proton release)
may occur during the decay of the L intermediate (or the decay
of the K intermediate), and we assume that this change in pK,
at neutral pH occurs at the similar transition process
irrespective of the presence or absence of M. The mechanism
for the decrease in the pK, of Asp227 is not yet known.
However, it is possible that it can be ascribed to the changes in
the hydrogen bonding network of Asp227, which include
hydrogen bonding through the tyrosines and/or water.*

During the formation of M, the pK, of the PSB may decrease
to <4 because at pH >4, M can be observed, and the pK, of
Asp97 may increase. Therefore, the proton on the PSB is
transferred to the deprotonated Asp97, the primary proton
counterion. However, there is a small possibility that the proton
on the PSB might be transferred to the deprotonated Asp227
because its pK, in the dark state is ~3.0, which is not very
different from the possible pK, of the PSB during the formation
of M. A small probability exists that the proton from the PSB is
accepted by Asp227 to form the deprotonated Schiff base-like
M intermediate. Then the pK, of Asp227 decreased, which
causes the transfer of the proton from Asp227 to Asp97.
Therefore, almost all of the protons on the PSB are transferred
to Asp97, but some proton may be transferred through Asp227.
In other words, the low pK, of the secondary counterion in the
dark state and its photoinduced pK, decrease hinder the
transfer of the proton from the PSB to the secondary
counterion.

Previously, we showed that the pH dependence of the
formation of M and the proton uptake were roughly in accord
with the Henderson—Hasselbalch equation using the pK, of
Asp97 in the dark,®” but close inspection showed a small but
indubitable discrepancy: in the pH region of 4—35.5, in which
Asp97 is almost completely protonated (its pK, is 6.9 or 6.8),
the formation of M and proton uptake were observed (J.
Tamogami et al, unpublished observations). There is a
possibility that Asp227 (pK, ~ 3) works as a proton acceptor
in this pH region, assuming that the decay is very fast or the
extinction coefficient of this M-like intermediate might be
small. After the proton is accepted by Asp227, the pK, of this
residue decreases, thereby releasing the proton, although the
timing may be different from that shown in Figure 7. The
residue that accepts the proton released from Asp227 is not yet
known. Further study is therefore necessary; it is possible that
this might be in connection with the observation made by
Bamberg and his co-workers that, under acidic conditions, PR
works as an inverse proton purnp.25"52

The pK, value of Asp212 of BR seems much smaller (<1 in
the dark and possibly ~0 in the photolyzed state) than that of
PSB. Therefore, the path described above might not be
probable in this microbial rhodopsin. Nevertheless, the
computational calculations performed by Bondar et al. showed
that there are three pathways that can occur during the primary
transfer of a proton from the PSB to Asp85 of BR: (i) the direct
transfer of the proton to Asp85 on the Thr89 side of the retinal,
(ii) a proton wire through Thr89, and (iii) the Schiff base
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proton that is transferred via Asp212. The energy barrier of the
third process is the smallest (11.5 kcal/mol).>® Therefore, the
pathway via Asp212 is probable even for BR, in which the pK,
of the secondary counterion is much smaller than that of the
PSB.

Importance of Negative Charge at the Position of the
Counterion. An unexpected and intriguing observation is
shown in Figure 5, which shows the proton release in the
absence of CI7, although the possible proton source residue
(Asp227) is mutated to a proton-release-disabled residue.
Figure Sb shows the disappearance of the first proton release in
the case of the D97N/D227N double mutant in the absence of
CI". These facts reveal that for the proton release of D227N in
the absence of CI7, Asp97 is a key residue, the primary
counterion, thereby implying that the pK, of this residue also
exhibits a photoinduced decrease. Note that the pK, of Asp97
ordinarily increases instead. Proton release, possibly the pK,
decrease, was not observed in the presence of Cl~ (panel Figure
Sa,c). Therefore, it is assumed that CI” may bind in the vicinity
of neutralized position 227 and the positively charged Arg94.
These facts may imply that illumination, most likely the
isomerization of retinal, requires the negative charge in the
“pentagon structure” to stabilize the photoproducts. The
twisted chromophore might lead to the localization of the
positive charge on the z-electron chain of the protonated
chromophore, or to a hydrophobic circumstance because of the
movement of the water molecule, which causes the increase in
the strength of an electrical interaction to need the negative
charge. Then, under physiological conditions, the negatively
charged secondary counterion may serve this purpose. If no
negative charge exists nearby, the negative charge is most likely
produced through the deprotonation of the secondary
counterion; if this does not occur, binding with CI™ probably
takes place. If these two mechanisms cannot occur, the primary
counterion is forced to be deprotonated to an anionic form,
although the possibility that a proton is released from a
protonated water is not ruled out. Thus, we can hypothesize
that this negative charge at the secondary counterion position
hinders the decrease in pK, in the primary counterion.
Moreover, we may assume that this negative charge contributes
to the increase in the pK, of the primary counterion.

The D212N BR mutant does not exhibit proton pumping
activity in the absence of CI7; this activity is restored with CI™
binding.54 Therefore, the same molecular mechanism that was
found in the PR D227N mutant may occur in this BR mutant.
If the negative charge at the secondary counterion position
does not exist, the decrease in pK, in the primary counterion
may happen, which hinders the proper transfer of the proton
from the PSB to the primary counterion. Consequently, M is
not formed. In addition, Shibata et al. proposed a model in
which the binding of CI™ around Arg82 of BR induces the
proper arrangement of the hydrogen bonding network around
the Schiff base and restores the H' pumping activity of this
mutant.>®

We also observed a similar proton release at low pH in other
microbial rhodopsins, with the exception of ASR and NpHR.
For ASR, the lack of the corresponding Asp residue may be the
reason for the lack of release. If negative charge is necessary for
isomerization, how is the negative charge in ASR produced?
For NpHR, if CI” is bound even under acidic conditions, the
proton release may not occur because of its negative charge.
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B CONCLUSIONS

In this study, we found that illumination induces the early
release of a proton from PR below pH ~4, where the primary
(Asp97) and secondary (Asp227) counterions are protonated.
From the pH dependence of the amounts of proton released,
we estimated the pK, values of the photolyzed (~2.3) and
unphotolyzed (~3.0) states. Mutation experiments showed that
Asp227 is a key residue. The pK, of Asp227 was determined
spectroscopically, and the values obtained were approximately
equal to that estimated as an unphotolyzed value in the ITO
experiment. Then, it is probable that the proton source is
Asp227, although we cannot rule out the possibility that the
source is protonated water. Further study is needed to clarify
what is a direct source using FTIR. From results obtained using
mutants of Asp97 and/or Asp227 with and without Cl~, we
concluded that the presence of the negative charge near the
Schiff base is indispensable for the stabilization of the
photoproducts, and thus, the negative charge of Asp227
under physiological conditions plays an import role in the
isomerization from K or L to M. Another possible significance
of the decrease in the pK, of the secondary counterion of PR is
that it is supposed to conduct the transfer of the proton from
the Schiff base to the primary counterion, not to the
symmetrically located secondary counterion.

B ASSOCIATED CONTENT

© Supporting Information

Reason and validity of the use of 1 mM buffer solutions
(Figures S1 and S2), absorbance spectra of wild-type PR and its
mutants at various pH values in the absence of Cl~ (Figure S3),
absorbance spectra of wild-type PR in the presence of Cl~
(Figure S4), and detailed descriptions of the method of the
analysis of the pH-dependent absorbance spectral changes of
wild-type PR and its mutants. This material is available free of
charge via the Internet at http://pubs.acs.org.
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B ABBREVIATIONS

PR, proteorhodopsin; BR, bacteriorhodopsin; HR, halorhodop-
sin; SRI, sensory rhodopsin I; SRII, sensory rhodopsin II;
HsSRII, SRII from H. salinarum; NpSRII, SRII from N.
pharaonis; ASR, Anabaena sensory rhodopsin; XR, xantho-
rhodopsin; HmSRIII, sensory rhodopsin III from H.
marismortui; SB, deprotonated Schiff base; PSB, protonated
Schiff base; A, maximal absorption wavelength; ITO,
indium—tin oxide; PC, Lr-a-phosphatidylcholine; MES,
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HEPES, MOPS, CAPS, and CHES, known abbreviations of
Good’s buffers.
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