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Binding of Anions to Proteorhodopsin Affects the Asp97 pKa
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ABSTRACT: Proteorhodopsin (PR), a retinal protein of marine proteobacteria, is a light-driven proton pump.
Light excitation of PR initiates a photocycle that triggers the translocation of a proton from the cytoplasmic
to the extracellular side. Asp97 is located near the retinal-protonated Schiff base and serves as the proton
acceptor during the photocycle. The pKa of Asp97 is unusually high (∼7.0), especially in comparison with that
of its bR equivalent residue Asp85 (∼2.6). We have studied possible anions binding to PR (produced from
gene vector eBAC31A08 and expressed in Escherichia coli) and their effect on its absorption maxima, Asp97
pKa, and the photocycle. We found that chloride, sulfate, trifluoroacetate, trichloroacetate, and tribromoa-
cetate anions bind to PR and regulate Asp97 pKa. Asp97 has a pKa of ∼7.8 in water, but the value decreases
to ∼7.0 in the presence of sulfate and chloride anions. Halogeno-acetate anions elevated Asp97 pKa and
compete with chloride anions. The most significant effect was detected with tribromoacetate anions that
increase the Asp97 pKa to a value of >9.5. The possibility that PR has at least two binding sites for these
anions is discussed. In addition, we have demonstrated that these anions bind to PR also at high pH (above
Asp97 pKa) because they affect the rate of growth and thermal decay of the M intermediate in the photocycle
of PR.

Retinal proteins are widely distributed in nature, and one can
find them in higher organisms (visual pigments) as well as in
lower organisms (light-activated ion pumps, phototaxis sensors,
etc.). In a manner independent of their specific function and
despite a marked difference in the amino acid sequences of these
two groups, all of these proteins share common structural motifs.
For example, they are membrane proteins composed of seven
transmembrane R-helices that enclose a binding pocket for a
retinal chromophore covalently bound to an ε-amino group of a
conserved lysine in the seventh helix via a protonated Schiff base
(PSB)1 linkage (for recent reviews, see refs (1-4)). Light-induced
transfer of the protonated Schiff base proton within the binding
pocket is crucial for the function of both transport and sensory
rhodopsins (5). In visual pigments, the retinal chromophore
adopts an 11-cis configuration, and photoisomerization converts
it to all-trans (1). In the pigments of lower organisms, it is in the
form of the all-trans isomer that photoisomerizes to 13-cis (2).
Retinal proteins provide environmental perturbation that tunes
the absorption maximum of the retinal chromophore over a very
wide spectral range from 360 to 635 nm. The term opsin shift
(OS) (6) was introduced to refer to the energy difference (in cm-1)
between the absorptionmaximumof retinal PSB inmethanol and
that in the protein environment. All of these proteins exhibit a
light-induced cascade of spectroscopically identifiable intermediates

that reflect changes in the structure of both polyene and opsin.
These spectroscopic changes are coupled to the physiological
response such as visual transduction [visual rhodopsin (Rh)],
proton and chloride pumping [bacteriorhodopsin (bR) and
halorhodopsin, respectively], and phototaxis-signal transduction
[sensory rhodopsin (SR)] (5).

In the past few years, a new type of retinal protein named
proteorhodopsin derived from the bacterial domain has been
discovered through genomic analyses of naturally occurring
marine bacterioplankton (7). Proteorhodopsin (PR) was encoded
in the genome of an uncultivatedmarine bacterium of the SAR86
group of γ-proteobacteria and was expressed in Escherichia coli.
Following retinal binding, the protein forms an active light-
driven proton pump. The γ-proteobacteria harboring the pro-
teorhodopsins are widely distributed in the Pacific Ocean, the
Red Sea, and other similar environments and are known to use
CO2 as their sole carbon source. This suggests the possibility of a
previously unrecognized phototrophic pathway that may influ-
ence the flux of carbon and energy in the ocean’s photic zone
worldwide. Following its initial discovery in Monterey Bay
(California) (7), several variants of proteorhodopsin have been
identified throughout the world (7, 8). The amino acid sequence
of PR shows a high degree of similarity to the sequences of the
archaeal rhodopsins (7, 9). Proteorhodopsin-expressing variants
can be classified into two major groups depending on their
absorptionmaxima as the green-absorbing (GPR; λmax=525 nm)
and blue-absorbing (BPR; λmax=490 nm) forms. The absorption
maxima of the pigments are tuned to the depth at which the
specific bacteria live. Those living in the upper layers of the ocean
absorb at longer wavelengths, whereas those that exist in deeper
layers absorb at shorter wavelengths, in keeping with the avail-
able light able to penetrate the water (9-11). Light absorption by
proteorhodopsin triggers a series of conformational changes
associated with the chromophore and the protein environment
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and results in the translocation of a proton from the cytoplasmic
side to the extracellular surface (7, 9, 12). The electrochemical
gradient generated by this process is used to drive ATP syn-
thesis for fueling metabolic processes within the cell (13). The
photocycle of GPR is similar to that of the bR photocycle
(10, 12, 14-19) with a turnover time that is slightly slower than
that of bR but considerably faster than those of sensory photo-
receptors such as sensory rhodopsins I and II (SR I and SR II,
respectively). This property is characteristic of transport pro-
teins (7, 10, 20). PR shares great similarity with bRwith regard to
its amino acid sequence and most of the key residues in the
binding pocket. In particular, those involved in proton transport
are conserved. The most studied proteorhodopsin is that ex-
pressed from the genetic material ebac31A08 that was also used
in this study. The absorption maximum of the chromophore in
PR is reversibly pH-dependent and shifts from 518 nm at pH 10
(basic form) to 546 nm at pH 4 (acidic form). Such an absorption
shift has also been observed in bR and has been attributed to
protonation ofAsp85which has a pKa of∼2.6. In PR, the residue
that corresponds toAsp85 (bR) is Asp97, which is known to have
a uniquely higher pKa ranging from 7.1 to 7.68 (depending on
conditions) (10, 12, 21). The binding of anions to retinal proteins
has been the subject of many studies. Anions affect the photo-
cycle of halorhodopsin (22) and have high binding affinity for
bacteriorhodopsin (bR) (23). In addition, it is well-known that
cations bind to bR and significantly affect its function mainly by
affecting the pKa of the major accepting proton residue (Asp85)
following light absorption. The question of whether anions and
cations bind similarly to PR and affect its Asp97 residue pKa

arises.
In this study, we have examined possible binding of anions to

PR and their effect on its properties. In particular, we studied the
effect of anions (organic and inorganic) on the protein residue
Asp97 pKa and the PR photocycle. Our results revealed that
anions bind to pR. Specifically, chloride, sulfate, trifluoroacetate,
trichloroacetate, and tribromoacetate anions significantly affect
Asp97 pKa. Tribromoacetate anions dramatically elevate Asp97
pKa (>9.5), thereby affecting the PSB pKa as well. Studies of the
PR photocycle indicated that anions affect the kinetics of
photocycle intermediates.

MATERIALS AND METHODS

Sample Preparation. PR was expressed in E. coli and
isolated using a previously published method (9). Anion ex-
change of the DM-solubilized protein was achieved with Amicon
Ultra centrifugal filter devices; more specifically, the sample was
treated against the appropriate salt. The final sample was
incubated with the appropriate concentration of the desired salt
(NaX), 50mMTris buffer, and 0.06%DM.Buffer was not added
in samples lacking ions or characterized by low ion concentrations.
Absorption Measurements. Absorption spectra were re-

corded with an Agilent 4583 diode array spectrophotometer
(Agilent Technologies, Palo Alto, CA).
Titration Experiments. Titrations were conducted in the

dark using base or acid to achieve the desired pH (typically∼2 μL
of 0.0001-1 M NaOH/HX, as appropriate), and then the
absorption maxima were monitored. The differences in absor-
bance at a λmax of 570 nmwere plotted versus the pH, and the pKa

values were determined using the following equation:

FðxÞ ¼ 1=½1þ 10nðpKa - xÞ�
where n is the number of protons participating in the transition, x
is the measured pH, and pKa is the midpoint of the observed
transition.
Pulsed Laser Photolysis. Pulsed laser photolysis was con-

ducted using laser pulses from a Nd:YAG laser (532 nm, 9 ns).
Light-induced absorbance changes were recorded using a con-
tinuous 100 W xenon lamp, a photomultiplier, and a LeCroy
oscilloscope. Raw data were fed into a computer through a
LabView program. Unless otherwise mentioned, 20 pulses were
averaged and analyzed. We minimized photolytic effects due to
the monitoring beam by placing an interference filter centered at
the exciting wavelength (532 nm, 20 nm bandwidth) between the
lamp and the sample and by using a mechanical shutter syn-
chronized with the laser pulse. The concentration of the protein
ranged from 1.32 � 10-5 to 2.2 � 10-5 M (or 0.6-1 OD).

RESULTS AND DISCUSSION

Anions Binding to PRandTheir Effect onAsp97 pKa.We
studied the effect of several anions on the pKa values of Asp97. It

FIGURE 1: pH dependence of the PR sample incubated with 300mMNaCl. (A) Basic (---) and acidic (;) forms. (B) Difference spectra in the pH
range of 8.5-5.0. All spectra were subtracted from pH 8.5. (C) Titration curve at 570 nm, where the solid line represents the best fit (pKa = 7.0).
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is clear that the absorption maximum of PR is pH-dependent
shifting from a λmax of 519 nm (basic form) to a λmax of 546 nm
(acidic form) in the presence of chloride anions (>150 mM)
(Figure 1). The transition has a pKa of 7.0 and is attributed to the
titration of Asp97 (the prime PSB counterion), which was
suggested previously (12). The pKa is salt concentration-depen-
dent at NaCl concentrations ranging from 0.04 to 300 mM
(Figure 2 and Table 1), and its value ranges from 7.9 to 7.0,
decreasing as the NaCl concentration increases. Saturation has
been achieved at∼150mMNaCl with a binding constant of∼30
mM. A similar phenomenon has been observed with Na2SO4,
and as the salt concentration increases, the Asp97 pKa decreases
(at Na2SO4 concentrations ranging from 0.04 to 300 mM)
(Table 1). It is evident that titration with Na2SO4 reached
saturation at a lower salt concentration. It may be due to the
higher affinity of sulfate relative to chloride anions.However, this
result can also be explained by higher sodium cation concentra-
tions in the Na2SO4 reducing the pKa.

Other salts that were studied consisted of monovalent and
trivalent anions. These salts, which include bromide, formate,
acetate, chloroacetate, and phosphate at high concentrations
(300 mM), exhibited pKa values similar to those detected in PR
samples incubated with 150-300 mM NaCl or Na2SO4. The
absorptionmaxima andAsp97 pKa were similar for all those salts
over a pH range of 5-10 (Table 2). We noted that all salts,
including NaCl and Na2SO4, exhibited a similar pKa value (7.9)
at a low salt concentration (0.04 mM). This value is identical to
the value detected in water. It was established that cations affect
the pKa of the protein residues of bR by affecting the surface

potential of the protein and/or its membrane (24-26). Free
(Guy-Chapman) or bound metal cations on the protein-
membrane surface compete with protons and thus determine
the local proton concentration around the protein. Increasing the
cation concentration increases the pH at the protein surface,
thereby affecting the pKa values of protein residues. Several
studies attributed the effect of the cations to specific binding sites
(inside the protein) or close to the surface (27-31). The question
of whether the effect we have observed in PR is solely attributed
to the effect of the cations or can be attributed to the binding of
the anions arises.

To shed further light on the possibility of anions binding, we
studied the effect of halogeno-acetate salts on Asp97 pKa.
Interestingly, we found that a unique effect was observed on
Asp97 pKa when acetate anions were substituted for halogens
such as trichloroacetate (TCA-), trifluoroacetate (TFA-), and

FIGURE 2: pHdependenceofPRsamples incubatedwith variable concentrationsofNa2SO4 (A) andNaCl (B).Each symbol represents a different
concentration of the respective anion (0.04-300 mM). The solid lines represent the best fits.

Table 1: pKa Values of PR Samples Incubated with Variable NaCl and Na2SO4 Concentrations (0.04-300 mM)a

[Na2SO4]/[NaCl] (mM) pKa(Na2SO4) pKa(NaCl) [Na2SO4]/[NaCl] (mM) pKa(Na2SO4) pKa(NaCl)

0 7.9 7.9 30 7.3 7.4

0.04 7.9 7.9 50 7.1 7.3

0.5 7.8 7.9 80-90 7.0 7.2

5 7.5 7.6 150 7.0 7.0

10 7.5 7.6 200-300 7.0 7.0

aThe pKa values were extracted from titration curves monitored at 570 nm of difference spectra.

Table 2: pKa Values of PR Samples Incubated with Variable Anions

(300 mM)a

salt (300 mM anion) pKa

chloride 7.0

bromide 6.8

sulfate 7.0

phosphate 6.8

NaOOCCH2Cl monochloroacetate 7.0

NaOOCCH3 acetate 6.9

NaOOCH formate 6.9

aThe pKa values were extracted from titration curves monitored at
570 nm of difference spectra.
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tribromoacetate (TBA-) over a pH range of 4.5-10.0. Although
a significant effect on the pKa was detected, the absorption
maxima of the acidic and basic forms were not affected by these
anions, and the absorption maxima were similar to those
monitored in the presence of chloride, sulfate, and the other
anions previously studied.

Sodium trifluoroacetate (NaTFA) affects Asp97 pKa differ-
ently at high and low concentrations. At relatively low concen-
trations (e100mM), the pKa value gradually decreases to a value
of 7.3. At>100 mMNaTFA, the pKa value gradually increases,
reaching a value of 7.8 at 300mMNaTFA (Table 3A). This result
clearly indicates that TFA- anions affect Asp97 pKa. To
elucidate possible Cl- binding effects and its possible effect on
Asp97 pKa, we conducted titration experiments with PR samples
incubated with different concentrations of NaTFA at a constant
NaCl concentration of 300 mM. The results reveal competition
between these two anions (Table 3A). Comparison of Asp 97 pKa

in the presence of TFA-with andwithout Cl- indicated different
values for the pKa. For example, 300mMNaTFA yields a pKa of
7.8 which is 0.8 pKa unit higher than that observed for 300 mM
NaCl [without NaTFA (Table 1)]. However, in the presence of
300mMNaCl, 300mMNaTFAexhibited anAsp97 pKa value of
7.4. Therefore, the TFA- anions elevated the pKa by only 0.4 pKa

unit [relative to 300 mM NaCl (7.0)]. Since the NaCl effect
reached full saturation at a concentration of 300 mM, we cannot
attribute the weaker effect of the TFA- anions to screening of
sodium cations, and we can conclude that Cl- anions compete
with TFA- and reduce its effect on the pKa. Therefore, Cl

-

anions bind to PR as well and thereby reduce Asp97 pKa. To

determine whether sulfate anions bind to PR as well, we
investigated the effect of TFA- on the pKa of Asp97 in the
presence of 300 mMNa2SO4 instead of 300 mMNaCl. The pKa

was 7.0 in the presence of 100 mM TFA- and 300 mM Na2SO4

and 7.2 in 300 mM TFA- and 300 mM Na2SO4 (Table 3A).
Therefore, the presence of 300 mM Na2SO4 decreases the pKa

from 7.8 (Table 3) to 7.2 in the case of 300mMTFA-. This effect
cannot be attributed to the screening of sodium cations, since
saturation of the salt effect (if it exists) is reached below 300 mM
salt (Table 1). These results led us to conclude that sulfate anions
also bind to PR and reduce Asp97 pKa. The effect of the sulfate
anions seems stronger than that of chloride anions, and sulfate
anions may compete more efficiently with the TFA- anions. The
different effect of NaTFA at high and low concentrations may
point to the existence of two binding sites in which binding to the
first one somewhat decreases the pKa while occupying the second
one increases it. The possibility that the pKa decrease at a low
concentration of NaTFA is caused by sodium cation binding
cannot be completely excluded.However, the pKa value ofAsp97
in the presence 10 mM NaTFA and 300 mM NaCl [7.2
(Table 3A)] is higher compared with that detected for samples
containing only 300 mM NaCl [7.0 (Table 1)]. Therefore, it
is likely that TFA- anions already bind at a concentration of
10 mM and affect the pKa. Moreover, the latter result supports
the possibility that at 10mMTFA- the anion occupies a different
binding site versus that occupied at high concentrations.

Trichloroacetate (TCA-) binds to PR as well, affecting Asp97
pKa, and it exhibited an interesting behavior (Table 3B).With up
to 70mMNaTCA,Asp97 pKa reached a value of∼7.9, but above
this concentration, the pKa value increased and reached a value of
8.4 at 300-500 mM NaTCA. To elucidate whether chloride
anions compete with TCA- anions and affect Asp97 pKa, we
have measured the Asp97 pKa of PR samples incubated with
different concentrations of TCA- in the presence of 300 mM
NaCl (Table 3B). The results indicate competition between these
two anions, which affected Asp97 pKa. For example, the pKa is
8.3 in the presence of 300 mMNaTCA (without NaCl) but is 8.0
in a sample incubated with 300 mMNaTCA and 300 mMNaCl
together. As in the case of TFA-, the difference cannot be
attributed to the screening effect of sodium cations since the effect
of NaCl reached saturation at 300 mM NaCl (Table 1). There-
fore, the reducing effect on the pKa value should be attributed to
the chloride anions that bind to the protein and reduce the pKa.
The competition with Cl- strongly implies that TCA- and Cl-

occupy the same binding site. Similarly, it is clear that at 500 mM
TCA- and together with the presence of 300mMCl-, Asp97 pKa

increases and reaches its highest value [8.2 (Table 3)]. This value is
lower than that detected for 500mMTCA- in the absence of Cl-

which further supports the binding of chloride anions. The results
presented in Table 3 indicate that TCA- binds to PR at a low
concentration [10 mM (Table 3B)]. Even at this concentration,
the TCA- anions increase the pKa in the presence of 300 mM
NaCl from 7.0 [without NaTCA (Table 1)] to 7.3. This result
strongly supports the suggestion that that TCA- anions bind to
the protein at a low concentration, inducing a pKa value of 7.8
[without chloride anions (Table 3)]. We cannot exclude the
possibility that sodium cations have some effect on the pKa as
well. This possibility should be the subject of future studies.

Tribromoacetate (TBA-) exhibits a trend similar to that with
TCA- anions, but the effect on the Asp97 pKa was much
stronger. With up to 7 mM NaTBA, the Asp97 pKa value is
not affected (Table 3C and Figure 3A). However, above 7 mM

Table 3: pKa Values of PR Samples Incubated with Variable Concentra-

tions of (A) TFA-, (B) TCA-, and (C) TBA- with and without 300 mM

NaCla

(A) [TFA-] (mM) pKa (without NaCl) pKa (300 mM NaCl)

0.07 7.9 7.0

1 7.9 7.0

10 7.6 7.2

100 7.3 7.15

300 7.8 7.4

pKa (without Na2SO4) pKa (300mMNa2SO4)

100 7.3 7.0

300 7.8 7.2

(B) [TCA-] (mM) pKa (without NaCl) pKa (300 mM NaCl)

0.15 7.9 7.0

10 7.8 7.3

30 7.8 7.5

70 7.9 7.8

100 8.0 7.8

300 8.3 8.0

500 8.4 8.2

(C) [TBA-] (mM) pKa (without NaCl) pKa (300 mM NaCl)

0.5 7.9 7.1

1 7.8 7.1

5 7.8 7.3

7 7.9 7.9

10b ∼9.3 7.9

100 ∼10.3 ∼9.5

aThe pKa values were extracted from titration curves monitored at
570 nm of difference spectra. bFor >10 mM TBA-, the pKa values are
estimated and cannot be exactly calculated because of an additional process
taking place simultaneously with Asp97 titration.
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NaTBA, the Asp97 pKa value increases dramatically, exceeding a
value of>10.We noted that above 10mMNaTBA, the titration
ofAsp97 is not fully achieved. The blue-shifted transition reaches
a λmax value of 525-527 nm instead of a λmax of 518-520 nm,
which was observed in the titrations with other anions as well as
with TBA- anions up to 7 mM described above. Possibly, Asp97
titration stops at a λmax of ∼525 nm because of the titration of
another protein residue that affects and increases Asp97 pKa

following its deprotonation. We noted that a similar phenomen-
onwas observed during the titrationof the protonated Schiff base
in bR artificial pigments derived from fluorinated retinals that
have a pKa value of ∼9 (32).

Moreover, we have observed a continuous decrease in the
intensity of the basic form (λmax=525-527 nm), along with a
simultaneously growing band at a λmax of 368 nm. This band’s
appearance is probably due to a titration of the protonated Schiff
base (PSB) (Figure 4 shows a titration example of PR incubated
with 70 mM NaTBA). Asp97 serves as a counterion to the

protonated Schiff base, and therefore, its protonation decreases
the pKa value of the PSB. Neutralization of PSB counterion
induces a PSB pKa decrease which was observed by us in the
D97N PR mutant (data not published), and in the bacteriorho-
dopsin D85Nmutant (33). Since in the presence of TBA- anions
the Asp97 pKa is significantly increased, the titration of the PSB
takes place before full deprotonation of Asp97 is achieved.
Therefore, it is difficult to extract an exact value for Asp97
pKa, and hence, a λmax of 530 nm was chosen as the median of
Asp97 titration. This assumption is also based on the fact that the
basic form of PR has a similar absorption maximum in the
presence of TBA- and all other studied anions. Consequently, we
have derived an estimation for the Asp97 pKa value for a TBA-

concentration of >7 mM (Table 3C). In addition, we have
conducted titration experiments of the PR pigment incubated
with different NaTBA concentrations in the presence of 300 mM
NaCl (Table 3C). Importantly,we found that addition ofNaCl to
PR samples incubated with different TBA- concentrations

FIGURE 3: pHdependence of PR samples incubated with variable TBA- concentrations in the absence of Cl- (A) and in the presence of 300mM
Cl- anions (B): pKa=7.1 (O), pKa=7.3 (4), and pKa=7.9 (0). Each symbol represents a different TBA- concentration from 0.04 to 10mM, and
the solid lines represent best fits.

FIGURE 4: Absorption spectra of a PR sample incubated with 70 mM TBA- at different pH values.
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decreases the Asp97 pKa value relative to the values detected
without NaCl. With up to 7 mM NaTBA, the pKa is not
appreciably affected but TBA- anions bind to the protein, as
manifested by the increased pKa in the presence of 300 mMNaCl
[7.9 (Table 3C, right column)] relative to 300 mM NaCl alone
[pKa=7.0 (Table 1)] because of competition between TBA- and
chloride anions. Therefore, we can conclude that TBA- anions
bind to the protein at a concentration of 7 mMand induces a pKa

value for Asp97 of 7.9. As indicated above, it is possible that
sodium cations affect the pKa as well by affecting the surface
potential. A significant increase in the pKa is detected above
10 mM NaTBA, which indicates a difference in behavior.
Therefore, we suggest that TBA- anions occupy two binding
sites in which, upon binding to the first one, the effect on the pKa

is modest relative to the effect of water (pKa ∼ 7.8), whereas
occupying the second one significantly increases the pKa. Further
support for competition between TBA- and chloride is obtained
from the experiment at 7 mMNaTBAwith and without 300mM
NaCl. The pKa in both cases is 7.9 (Table 3), in spite of the fact
that the concentration of sodium cations and chloride anions
significantly increased. Since the chloride anions decreased the
pKa below 7 mM NaTBA, we propose that chloride anions do
compete with TBA- anions on the first binding site but at 7 mM
the TBA- anions prevail and chloride anions do not decrease the
pKa. Chloride anions (300 mM) do compete on the second
binding site (for example, at 100 mM NaTBA) and decrease
the pKa (Table 3).

The pKa of Asp97 can be regulated by several mechanisms.
During the bR photocycle, the pKa of Asp85 (the equivalent of
Asp97 in PR) is considerably increased. This alteration can be
attributed to the Asp85 hydrophobic environment prevailing
following light absorption and retinal chromophore isomeriza-
tion. It has been proposed that the low pKa of Asp85 and
high pKa of the PSB prior to light absorption are due to a very
effective hydrogen bonding of these ions with bridging bound
water (34, 35) . Following light absorption and retinal isomeriza-
tion, the relative geometry of these residues is altered, and the
hydrogen bonding network is disturbed, inducing a considerable
elevation of the Asp85 pKa, as well as proton transfer from the
PSB to Asp85. The pKa of Asp85 is considerably affected as well
by electrostatic interactions with positive charges such as the PSB
andArg82 (36), but the hydrogen bonding networkmay also play
a significant role. A remote effect on protein residues’ pKa values
in bR is demonstrated in its photocycle. Protonation of Asp85
induces the pKa alteration of the proton release complex located
in the extracellular part of the protein close to the protein surface.
Asp85 protonation induces the movement of Arg82 closer to the
protein’s surface and hydrogen bonding rearrangement and
thereby alters the pKa of the proton release complex which
releases a proton.

Our studies demonstrate that anions such as chloride, sulfate,
and halogeno-acetate bind to the protein and affect the pKa of
Asp97. Since the absorption maxima of both the acidic and basic
forms of the protein are not affected by the anions binding, it is
reasonable to assume that the anions do not bind near Asp97. In
this regard, it was recently demonstrated (37) that mutation of
Ala178 to Arg in the E-F cytoplasmic loop of PR induced a pKa

increase ofAsp97 of 1 pKa unit. This point mutation ismore than
20 Å from Asp97, and therefore, the effect must be via alteration
of the protein conformation and/ormodification of the hydrogen
bonding network. Further recent studies revealed that the change
in the pKa is specific to PR and to its Ala178 residue, and that it

does not occur in bR (38). The structure of PR has not yet been
determined, and it is impossible at this stage to propose a defined
location for anion binding. The cytoplasmic side is highly
hydrophobic in microbial rhodopsins, and therefore, one would
expect anions to bind at the more hydrophilic extracellular side.
However, possible binding at the cytoplasmic side cannot be
excluded especially since mutation of Ala178 in the cytoplasmic
site affects the Asp97 pKa.

Halogeno-acetic acids interact with ion pairs and form
strong hydrogen bonds with negative charges and weak
hydrogen bonds with positive charges because of the electron
withdrawal capability of the halogen atoms. Model studies in
solutions of retinal protonated Schiff base demonstrated that
halogeno-acetic acids can induce a red shift in the absorption
maximum of the retinal-protonated Schiff base (39). It is
conceivable that the halogeno-acetate anions will bind in PR
to ion pair and induce protein alteration, which consequently
will increase the Asp97 pKa. The anion will bind to a positively
charged residue (lysine or arginine) but, in addition, can bind
to and stabilize a carboxyl moiety that interacts as a carboxy-
late with the positively charged residue prior to the halogeno-
acetate binding. The strongest effect was detected for TBA-

which might be attributed to its largest size inducing the most
significant protein alteration. The chloride or sulfate anions
will bind only to positive charges and therefore may induce

FIGURE 5: Laser pulses induced absorbance changes in the PR
sample at 410 nm following the thermal decay of the M-like inter-
mediate (410 nm) in the presence of water (1), 7 mM TBA- (2), and
300 mM Cl- and SO4

2- (3). Measurements were taken at pH ∼9.4.

Table 4: Lifetimes Detected for the Induction Phase and Thermal Decay of

the M-like Intermediate Observed at 410 nma

formation of M (410 nm) decay of M (410 nm)

anion

fraction 1

(μs)
fraction 2

(μs)
fraction 1

(ms)

fraction 2

(ms)

chloride 10 53 0.77 4.1

sulfate 9.6 55 0.77 3.9

7 mM TBA- - 42 0.69 2.2

H2O - 30 0.5 1.4

aThis was detected for pR in the presence of 300 mM Cl-and SO4
2-,

7 mM TBA- anions, and a water solution contains no anions. Measure-
ments were taken at pH ∼9.4.
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different protein alterations relative to halogeno-acetate an-
ions in spite of the fact that the anions bind to the same binding
sites as they compete with each other. In addition, because of
the binding to ion pairs and possibly also since they can form
additional hydrogen bonding with protein residues, the affi-
nity of acetate anions substituted for halogens is stronger than
that of inorganic anions.
Pulsed Laser Photolysis at High pH Values (∼9.4). At

high pH values, the PR protein is known to function as a proton
pump and transfers a proton from the cytoplasmic to the
extracellular side of the membrane (12, 40). This proton translo-
cation process is associated with a light-induced photocycle.

The photocycle of PR shares a high degree of similarity
with that of bacteriorhodopsin (bR) and exhibits M, N, and
O intermediates (7, 9, 16-19, 41). The effect of SO4

2-, Cl-,
and TBA- anions on the PR photocycle at high pH values (9.4,
above the Asp97 pKa) was studied using pulsed laser photolysis
experiments.

The M intermediate decay exhibits a biphasic behavior
for both the Cl- and SO4

2- anions (Figure 5), characterized by
lifetime values of ∼0.8 ms (τ1) and ∼4 ms (τ2), respectively
(Table 4), in which the fraction of the first phase was 0.2-0.3
(Table 5). However, PR samples incubated with deionized water
and with 7 mMNaTBA had different parameters. TBA- anions
exhibited a shorter lifetime value of ∼0.7 ms (τ1) for the first
phase and approximately half the lifetime for the second phase
(τ2 ∼ 2 ms) compared with the Cl- and SO4

2- anions (Table 4).
The fraction of each phase changed to∼0.5 (Table 5). The largest
differences were observed for PR samples incubated with a
deionized water solution. The first phase lifetime was somewhat
shorter (τ1 ∼ 0.5 ms), whereas the second phase was almost 3
times shorter relative to those of Cl- and SO4

-2 [τ2 ∼ 1.4 ms
(Table 4)]. However, the fraction of the first phase was increased
dramatically [∼0.8 (Table 5)]. Apparently, the anions affect the
thermal decay of the M intermediate and decrease the decay rate
relative to that of a sample that lacks anions. Therefore, we can
conclude that at this high pH (9.4), Cl-, SO4

2-, and TBA-

occupy a binding site that affects the M intermediate decay rate
and fractions of its decay phases, especially for its second phase
decay.

TheM species grows via a monophasic process in the presence
of 7 mM TBA- (τ ∼ 40 μs) and deionized water (τ ∼ 30 μs),
whereas Cl- and SO4

2- anions induce a biphasic kinetics
(Figure 6) with lifetime values of ∼10 μs (τ1; ∼0.1 fraction) and
∼53 μs (τ2) (Tables 4 and 5). The fact that 7 mM TBA- and
deionzied water exhibited monophasic kinetics for the growth of
the M intermediate in contrast with Cl- and SO4

2- anions lends
further support to the notion that the latter anions bind to PR at
pH ∼9.4. Moreover, this phase is somewhat faster with TBA-

(τ2 ∼ 40 μs) than with deionized water (τ2 ∼ 30 μs) (Table 4).
Therefore, it is conceivable that TBA- anions do bind as well.We
noted that the effect on formation of the M intermediate cannot
be attributed to the effect of sodium cations via alteration of
surface potential and the pH effect, since the rise kinetics of M
was not affected significantly with the change in pH to 7.5 in the
presence of 300 mMNaCl and was similar to that shown in trace
3 of Figure 6. The photocycle studies described above provide
further evidence that TBA- anions bind to PR at a low
concentration of 7 mM and at a high pH of ∼9.4.

Table 5: Intensity Fractions Detected for the Induction Phase and Thermal

Decay of the M-like Intermediate Observed at 410 nma

formation of M (410 nm) decay of M (410 nm)

anion fraction 1 fraction 2 fraction 1 fraction 2

chloride 0.1 0.9 0.3 0.7

sulfate 0.08 0.92 0.2 0.8

7 mM TBA- - 1 0.51 0.49

H2O - 1 0.77 0.23

aThis was detected for pR in the presence of 300 mM Cl- and SO4
2-,

7 mM TBA-, and a water solution contains no anions. Measurements
were taken at pH ∼9.4.

FIGURE 6: Formation of M-like intermediate detected at 410 nm in
the presence of water (1), 7 mM TBA- (2), and 300 mM Cl- and
SO4

2- (3). Measurements taken at pH ∼9.4.

FIGURE 7: Schematic presentation of the effect of binding of anions on Asp97 pKa.
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Wehave found in the experiments described above that with up
to 7mMTBA-, the anions bind to PR but do not alter the Asp97
pKa relative to water. It is conceivable that the same binding site
affects both the Asp97 pKa and the M intermediate kinetics.

Pulsed laser photolysis experiments have also been conducted
at pH 5 (below Asp97 pKa) with the anions described above. At
this pH, the M intermediate has not been observed pre-
viously (12, 19) probably since its formation involves Asp97
serving as a proton acceptor. At pH 5, Asp97 is probably proto-
nated and cannot accept a proton (19). The question of whether
the studied anions will be able to replace Asp97 as a proton
acceptor, and consequently will induce M formation, arises.
However, we did not observe formation of the M intermediate
in the presence of the anions; moreover, significant differences in
the photocycle were not detected at the detected wavelengths
(510, 570, and 620 nm). As described above, support for Cl-,
SO4

2-, and TBA- binding to PR at pH 9.4 (above Asp97 pKa)
was obtained by studying the photocycle. Clarifying whether
anions also bind at pH values as low as 5 will need to await
further studies in the future.

CONCLUSIONS

The pKa of the primary protonated Schiff base counterion of
PR is relatively high and close to the pH of its natural environ-
ment. Therefore, to impose the deprotonated state of Asp97 and
to allow the biological activity of the pigment, the pKa of Asp97
should be maintained below the pH of the environment. We
found that the pKa is sensitive to and is affected by the binding of
anions to the protein. We propose that the protein has two
binding sites for anions, and occupation of these binding sites
affects the pKa differently (Figure 7). It appears that the effect
depends on the nature of the anion.

Whereas chloride and sulfate anions reduce the pKa following
binding to the protein, acetate anions substituted for halogens
(especially trichloroacetate and tribromoacetate) behave differ-
ently. At low concentrations, they bind to the protein but do not
alter the pKa considerably (relative to water). At high concentra-
tions, halogeno-acetate anions significantly elevate the pKa of
Asp97. This observation raises the possibility that these anions
occupy two binding sites. Tribromoacetate (TBA-) has the
strongest effect and increases the pKa to a very high value
(>10) since Asp97 adopts a very hydrophobic environment.
Such a high pKa was detected for Asp85 in a bR M photo-
chemically induced intermediate (42). It is possible that cations
also affect the pKa of Asp97 either by modifying the protein
surface potential or by occupying specific binding sites, which
was suggested previously for bR (24-31). This possibility should
be the subject of future studies. It was demonstrated that anions
bind to halorhodopsin and to bR (at low pH values) and its
mutants. However, anions that bind near the PSB affect pKa and
absorption. This study indicates that the anions probably do not
bind in PR near the PSB but still exhibit an effect on Asp97 pKa.
This effect may be unique to PR, and future studies should reveal
the specific location of anion binding.

Our results underscore the important role that chloride or
sulfate anions play in reducing the pKa of Asp97 to a value (∼7)
that may allow pR to function in its native environment.
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