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ABSTRACT: Proteorhodopsins are a recently discovered class of microbial rhodopsins, ubiquitous in marine
bacteria. Over 4000 variants have thus far been discovered, distributed throughout the oceans of the world.
Most variants fall into one of two major groups, green- or blue-absorbing proteorhodopsin (GPR and
BPR, respectively), on the basis of both the visible absorption maxima (530 versus 490 nm) and photocycle
kinetics (~20 versus ~200 ms). For a well-studied pair, these differences appear to be largely determined
by the identity of a single residue at position 105 (leucine/GPR and glutamine/BPR). We find using a
combination of visible and infrared spectroscopy that a second difference is the protonation state of a
glutamic acid residue located at position 142 on the extracellular side of helix D. In BPR, Glul42 (the
GPR numbering system is used) is deprotonated and can act as an alternate proton acceptor, thus explaining
the earlier observations that neutralization of the Schiff base counterion, Asp97, does not block the formation
of the M intermediate. In contrast, Glu142 in GPR is protonated and cannot act in this state as an alternate
proton acceptor for the Schiff base. On the basis of these findings, a mechanism is proposed for proton
pumping in BPR. Because the pK, of Glul42 is near the pH of its native marine environment, changes
in pH may act to modulate its function in the cell.
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Protonation State of Glul42 Differs in the Green- and Blue-Absorbing Variants of

Microbial rhodopsins are photoactive membrane proteins
found in diverse organisms including the domains of archaea
(1), eubacteria (2), and lower eukaryotes (3). Functioning
as ion pumps or light sensors (4), these molecules can differ
significantly in primary structure. However, they all share a
seven transmembrane o-helix motif with a retinylidene
chromophore attached to a lysine in helix G through a
protonated Schiff base (SB).' A highly conserved carboxylate
group located in helix C serves as the SB counterion and
proton acceptor during the photocycle, although exceptions
exist, such as halorhodopsin, which has no such counterion,
and Halobacterium salinarum sensory rhodopsin I, which
has the conserved aspartate residue but it is protonated in
the dark and therefore does not function as a counterion nor
accept a proton from the SB (4).

Proteorhodopsin is a recently discovered class of microbial
rhodopsins originally found in y-proteobacteria (2, 5). Since
its detection, over 4000 variants have been found using a
variety of genomic techniques (6—8). Several variants have
been cloned into Escherichia coli, with the two most
intensively studied forms being members of the dominant
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classes: green-absorbing proteorhodopsin (GPR) and blue-
absorbing proteorhodopsin (BPR).

Previous studies have established that GPR has properties
similar to bacteriorhodopsin (BR), including light-driven
proton pumping, a fast photocycle (20 ms), and a red-shifted
visible absorption maximum (532 nm) (9-7/7). BPR, in
contrast, has a similar primary structure but a blue-shifted
visible max near 490 nm and a slower photocycle (~200
ms) (5, 12, 13). Although it has also been shown to pump
protons at high pH, the slower photocycle leads to inefficient
proton pumping, and the possibility has been raised that BPR
may have a regulatory rather than energy-harvesting role in
the cell (/3). Recently, a study using homology modeling
and energy minimization suggested that, at high pH, the
tertiary structure of BPR is more accurately modeled by
sensory rhodopsin II (SRII) rather than BR (/4).

This study used time-resolved Fourier transform infrared
(FTIR) and visible spectroscopy to examine the molecular
differences between the blue- and green-absorbing forms of
proteorhodopsin (see Figure 1 for sequence differences). On
the basis of these measurements, we propose that Glu142 is
normally deprotonated in the unphotolyzed state of BPR at
a pH above 7, whereas in GPR, this residue is protonated
[the numbering scheme for BPR is offset by one from GPR
because of a glycine at residue 2 (Figure 1)]. This paper
uses the GPR numbering throughout. During the late stage
of the photocycle, a band appears at 1767 cm™! in BPR
unlike other rhodopsin-like proton pumps, which may
correspond to protonation of Glul42. Because the pK, of
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FIGURE 1: Snake diagram comparing the secondary structures of GPR and BPR taken from ref 5. All numbering is based on the GPR
sequence. Solid circles indicate residues identical in both species. White circles indicate positions where amino acid identity differs with
the GPR amino acid on top (green) and BPR amino acid on bottom (blue). A—G indicate helix designations. Red circles indicate important
residues implicated in the proteorhodopsin proton pump. Glul42 is shown in yellow.

Glul42 in BPR (but not GPR) is near the pH expected for
typical marine environments, its protonation state may play
a role in cellular regulation, which might be different from
GPR as previously suggested (13, 14).

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. All procedures for
the site-directed mutagenesis, plasmid construction, and
expression in the E. coli UT5600 strain were similar to those
described previously (/5). After the induction period, the
cells expressing His-tagged wild-type (WT) or mutant GPR
(BAC31A08) and BPR (HOT75M4) were centrifuged at
1000g, resuspended in 5 mM MgCl, and 150 mM Tris-HCI
at pH 7.0, and disrupted by sonication. Unbroken cells were
removed by low-speed centrifugation. The membranes
containing pigment were collected by centrifugation (39000g
for 30 min) and solubilized in a wash buffer [SO mM KP;,
300 mM NaCl, 5 mM imidazole, and 1.5% octylglucoside
(OG) at pH 7.0] for at least 1 h at 4 °C. Unsolubilized
membranes were removed by centrifugation at 28000g for
30 min. The supernatant was incubated with a His-binding
resin on a shaker at 4 °C for at least 1 h. The bound resin
was applied to a 10 cm chromatography column and washed
with 3x volume of wash buffer followed by elution buffer
(50 mM KP;, 300 mM NaCl, 250 mM imidazole, and 1.0%
OG at pH 7.0). The sample purity was assessed by UV-vis
spectroscopy (2).

Proteoliposome Reconstitution. Purified His-tagged PR
was reconstituted in E. coli polar lipids (Avanti, Alabaster,
AL) at a 1:10 protein/lipid (w/w) ratio. Lipids initially
dissolved in chloroform were dried under argon and resus-

pended in dialysis buffer (50 mM K phosphate and 300 mM
NaCl at pH 7.0), to which OG was added to a final
concentration of 1%. The lipid solution was incubated with
OG-solubilized protein for 1 h on ice and dialyzed against
dialysis buffer with three buffer changes every 24 h. The
reconstituted protein was centrifuged for 15 min and
resuspended in sample buffer at least 2 times [50 mM
2-(cyclohexylamino)ethylsulfonic acid (CHES) and 150 mM
NaCl at pH 9.5].

FTIR Measurements. Protein films for rapid-scan FTIR
measurements were prepared by depositing 15-20 uL of the
proteoliposome suspension onto a polished 2 mm thick, 25
mm diameter CaF, window (Wilmad, Buena, NJ) and drying
the sample under a gentle stream of argon. Films were
rehydrated via the vapor phase and then sealed in a
temperature-controlled IR cell (Model TFC, Harrick Scien-
tific Corp., Ossining, NY) using a second CaF, window.
Spectra were recorded with a Bruker IFS 66 v/s FTIR
spectrometer (Bruker Optics, Germany) as described previ-
ously (/6) at 4 cm™! spectral resolution and 240 kHz scanner
velocity, corresponding to the data acquisition window of
18 ms. Four single-beam spectra were recorded before the
laser flash and were used as the “dark” background. A Nd/
YAG laser pulse initiated the photocycle, and 80 “light”
spectra were recorded with each acquisition, taking 18 ms.
Spectra taken in this sequence were co-added 20 000 times
to achieve a high signal-to-noise ratio. The first four “light”
spectra collected within 60 ms after initiation of the photo-
cycle were averaged, from which the dark spectrum was
subtracted to yield a light minus dark IR spectrum. All
spectra were recorded at 5 °C unless otherwise specified.
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Low-temperature measurements were the same as reported
before (/7). Approximately 200 ug of the protein was
deposited on CaF, windows and dried under a slow stream
of argon. Samples were hydrated via the vapor phase and
sealed in a sample cell with another CaF, window. Difference
spectra were recorded at 2 cm ™! resolution using a Bio-Rad
FTS-60A FTIR spectrometer (Bio-Rad, Digilab Division,
Cambridge, MA) equipped with a liquid-nitrogen-cooled
MCT detector. A Dolan-Jenner (Woburn, MA) model 180
illuminator (150 W, tungsten—halogen) and a fiber-optic
light guide were used for sample illumination in combina-
tion with 500 nm low-pass and 570 nm long-pass optical
filters (Corion Corp., Holliston, MA). Difference spectra
were obtained at 80 K as previously described for BR
(18). All measurements were performed on at least two
independently prepared samples to ensure that the ob-
served spectra were reproducible.

Visible Spectra Measurements. Visible spectra data were
taken on a HP 8453 visible spectrometer. Protein samples
were solubilized in 20% OG and then diluted 10:1 with the
specified pH buffer for a final concentration of 2% OG. The
baseline was corrected by fitting a quartic function to account
for Rayleigh scattering. Titration data was taken with 2 mL
of protein in a cuvette with a stir bar. Acid or base was added
in 2 uL steps to avoid dilution of the sample. The resulting
spectra were decomposed using the single-value decomposi-
tion (SVD) function in MATLab (Mathworks, Natick, MA).
The resulting spectra were fit to the function. y = 1 — A/(1
-+ 10®H-PK)) In the case of BPR, two separate pK, values
were fit using the function y = 1 — A/(1 + 10PH-PKa)) —
B/(10®H7PKa)) where y represents the percent of the proto-
nated form and A and B are fitting parameters.

Homology Modeling. The secondary-structure model pre-
sented in Figure 1 was taken from Beja et al. (5) using the
numbering from GPR to maintain clarity. Both the alignment
of the helices as well as the residues are presented in the
reference. The 3D model in Figure 8 uses SRII as the basis
(Protein Data Bank ID number 1JGJ) from ref /9. The BPR
residues were imported to minimize steric interactions with
the surrounding residues only. This model is only presented
to provide a possible pathway and does not represent the
free-energy minima of the protein.

RESULTS

Neutralizing Asp97 Does Not Block the Late Photocycle
in BPR. Previously, it has been shown in BR and GPR that
the replacement of the proton acceptor group (Asp85 and
Asp97, respectively) with a neutral Asn residue almost
completely blocks the formation of the M intermediate (15, 20).
Instead, a much faster photocycle is observed where a red-
shifted K-like intermediate is formed and rapidly decays to
the original state (/5). In contrast, the homologous substitu-
tion in BPR does not eliminate M formation, implying that
an alternate proton acceptor exists in this proteorhodopsin
variant (/3). This is supported by visible absorption pH
titration experiments, which reveal that in GPR there exists
a single group, Asp97, with a pK, near 7.6 (13, 15) whose
protonation causes the acid-induced red shift in visible
absorption, whereas in BPR, there are two groups with pK,
values at 6.5 and 7.7, which cause the red shift of the visible
absorption (/3, 14).

Biochemistry, Vol. 47, No. 11, 2008 3449

Difference Absorbance

be
N
o
N

C_ in
OTJ §
€ 1
o~ ©
o 3

1800 1700 1600 1500 1400 1300 1200 1100
Wavenumber (cm™")

FIGURE 2: FTIR difference spectrum of (A) GPR WT (—) and D97N
mutant (- - -) averaged from 5 to 50 ms, (B) BPR WT averaged
from 5 to 50 ms, and (C) BPR D97N mutant averaged from 5 to
50 ms. No evidence is seen for a GPR D97N photocycle within
our time resolution (18 ms) at 5 °C. Note that the scale marker
applies to all spectra.

In agreement with previous results, our FTIR difference
spectrum of the GPR D97N mutant shows no detectable
difference bands within our time-resolution window (18 ms),
indicating that the photocycle is already completed in contrast
to the WT pigment (Figure 2A), in which a slower photocycle
is detected. The observed WT FTIR difference spectrum is
very similar to that previously published (20). Unlike GPR,
the spectra of BPR WT and the BPR D97N mutant (parts B
and C of Figure 2) both exhibit bands indicative of the
formation of late photointermediates. For example, bands in
the wild-type spectrum characteristic of the M intermediate
including bands at 1574(+) are still present in D97N,
demonstrating that this mutant forms M. In addition, positive
bands attributed to the N intermediate are present at 1554,
1393, 1308, and 1183 cm™!. However, in contrast to the WT,
DO97N spectra do not exhibit peaks characteristic of the O
intermediates (1535/1167 ¢cm™!) (Kralj and Rothschild, to
be published), even as late as 1.5 s.

The most noticeable change in the BPR D97N mutant
compared to the WT is the disappearance of the bands at
1757(+) and 1594(—) cm™!. On the basis of this mutant and
the similarity of the band to GPR at 1755 cm™! (/5) and BR
at 1761 cm™! (20, 21), these bands are assigned to the
protonated [1757(+) cm™'] and unprotonated [1594(—) cm™!]
forms of the Asp97 counterion carboxylic acid group. Note
that similar bands appear in the GPR difference spectra at
1756(+) and 1596(—) cm~! but cannot be assigned on the
basis of the D97N mutation because it does not form M.
However, the 1756 cm™! band was assigned previously on
the basis of the D97E mutant, which downshifts its frequency
(15). The other bands in the COOH region of BPR are still
present in the D97N mutant, except for the high-frequency
1768 cm™! band (see below). Hence, unlike GPR, neutraliza-
tion of Asp97 does not prevent deprotonation of the SB,
although the late photocycle is altered. This observation
supports the proposal based on absorption spectral titrations
and flash photolysis that there exists an alternate proton
acceptor (13).

Neutralizing Glul42 in BPR Abolishes the Anomalous pH-
Induced Red Shift. A recent study suggested that residue 142
in BPR plays a key role in the color-tuning mechanism (/4).
BPR exhibits one of the largest acid-induced red shifts of
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FIGURE 3: Visible absorption of (A) GPR WT and GPR E142Q
and (B) BPR WT and BPR E142Q at pH 9 and 5. In GPR E142Q,
it is blue-shifted by the same amount at both high and low pH (15
nm). However, in BPR, the mutant and WT have nearly identical
absorption at pH 9 but differ considerably at pH 5, suggesting a
difference between high and low pH forms at residue Glul42.

all microbial rhodopsins (~41 nm, see Figure 3A). This red
shift is generally attributed to the neutralization of the SB
counterion, which on the basis of a simple point-charged model
is expected to result in a red shift of the visible absorption (22).
To explain the much larger red shift in BPR compared to other
microbial rhodopsins including GPR, it was predicted on the
basis of model calculations (/4) that Glul42 is deprotonated
in BPR and forms a salt bridge with Arg94 at high pH but
becomes neutralized at lower pH, resulting in the movement
of Argd94 toward the Asp97 counterion to form a complex
counterion structure similar to that of BR (23).

To test this model, mutants were made replacing Glu142
with a neutral glutamine in both GPR and BPR (E142Q).
Parts A and B of Figure 3 show the visible absorption spectra
of the WT and mutants of GPR and BPR at both high and
low pH in 2% OG. In the case of GPR (Figure 3A), a similar
acid-induced red shift of 24 nm occurs in both the WT and
mutant E142Q, although the overall absorption maxima of
the low and high pH forms of the mutant are lowered by 15
nm relative to the WT. This result indicates that the charge
of Glul42 has little effect on the previously characterized
GPR acid-induced red shift attributed to protonation of
Asp97 (5, 11, 12, 15). In contrast, in the case of BPR (Figure
3B), the much larger acid-induced red shift of 41 nm in the
WT is reduced to only 15 nm in the case of the E142Q
mutant. This result indicates that the anomalously large acid-
induced red shift in BPR involves the neutralization of
Glul42 as previously predicted (/4).

Identification of Glul42 as the Second Residue Involved
in the Acid-Induced Red Shift of BPR. Unlike most microbial
rhodopsins, such as BR and GPR, which exhibit a single
pK, for the absorption spectrum shift because of the
protonation of the SB counterion, BPR exhibits two inflection
points in the pH titration curve (I3, 24). In addition,
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FIGURE 4: Visible absorption maximum versus pH (pH titration
curve) of BPR WT and BPR E142Q. The fit for a single pK, value
of the BPR WT is the dashed line, and for two pK, values, the fit
is solid. Similar to previous results, the BPR WT was not well-fit
by a single pK, but was for two values of pK, at 6.5 and 7.7. In
contrast, the E142Q mutant fit to a single pK, at 6.7.

neutralization of the Asp97 counterion in BPR does not
completely eliminate the color shift between high and low
pH as it does in GPR (/3, 15). This evidence suggests that
a second protonatable residue is involved in the acid-induced
red shift.

A visible titration experiment was performed on the GPR
WT, BPR WT, and BPR E142Q mutant to determine if
Glu142 is responsible for the second pK, observed. Data were
analyzed using SVD, and the resulting decay traces fit to
either one or two pK, values. As expected, the GPR WT fit
to a single pK, at 7.5, similar to earlier studies (data not
shown) (11, 15). However, BPR WT does not fit well to a
single pK, value, resulting in a root-mean-square (rms) error
of 3.4% (Figure 4). Using two pK, values, the fitting
produced values at 6.5 and 7.7 with a significantly improved
fit (rms error of 0.9%) similar to an earlier study, which
predicted pK, values at 6.2 and 7.8 (/3). In contrast, the
mutant E142Q data can be fit with only a single pK, at 6.6
(rms error of 1.0%). These results strongly indicate that
Glul42 is the likely cause of the second inflection point in
the titration curve and that it undergoes protonation in the
same range as Asp97. Because the E142Q mutant exhibits a
single pK, at 6.6, it appears that the second, higher pK,
measured for WT at 7.7 is due to Glul42. This result is
consistent with the titration data on the D97N mutant, which
reveals that this mutant has a single pK, near 7.1 (13).

Neutralization of Glul42 Results in a Slowly Decaying
K-like Intermediate. To further investigate the role of Glu142
during the BPR photocycle, we used FTIR difference
spectroscopy, which is sensitive to both retinal and protein
changes. Parts A and B of Figure 5 show the FTIR difference
spectra of GPR and BPR E142Q mutants measured at pH
9.5 (—) as compared to the corresponding WT spectra (**)
measured under similar conditions. In the case of GPR
E142Q (Figure 5A), the mutation produces only limited
changes relative to the WT. In particular, peaks in the COOH
region [1756(+), 1742(+), and 1728(—) cm™'], reflecting
protonation changes, and the retinal fingerprint region
(1253(—), 1234(—), and 1198(—) cm™'], reflecting the retinal
C—C stretching modes, are nearly identical. The largest
changes are a reduction in the intensity of bands in the amide
I region at 1674, 1661, and 1650 cm™!, which most likely



Differing Glul42 Protonation States in PR Variants

n ---- GPRWT
—— GPRE142Q

1674«

H ---- BPRWT
R —— BPRE142Q

’
"
P

Difference Absorbance

.
w
«
o
-

1800 1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber (cm™)

FIGURE 5: Difference spectra of (A) GPR WT (---) and E142Q
mutant (—) and (B) BPR WT (- - -) and E142Q mutant (—), all
averaged from 5 to 50 ms. The GPR mutant has little effect, while
the BPR mutant drastically alters the photocycle, especially at 1699
and 1527 cm™!. Note that the scale marker applies to all spectra.

reflect an inhibition of structural changes in the GPR
backbone in the late photocycle for E142Q.

In contrast, the corresponding BPR E142Q mutant (Figure
5B) exhibits a highly perturbed difference spectrum, indicat-
ing an altered photocycle from the WT. Bands reflecting the
protein backbone, carboxylic acids, and retinal chromophore
are all affected upon neutralization of this residue. Most
notable are positive bands appearing in BPR E142Q at 1699,
1527, and 1189 cm™!, characteristic of the red-shifted K
intermediate of BPR (Amsden and Rothschild, to be pub-
lished). Especially notable is the positive band at 1699 cm™',
which in the case of the GPR K intermediate has been
assigned to perturbation of Asn230 located next to Lys231,
whose side-chain nitrogen is a component of the retinal SB
(17). The fact that these bands are visible after 50 ms
indicates that the K-like intermediate decay is drastically
slowed in this mutant. The reduced intensity of the 1757
cm~! band (Figure 5B) assigned to the protonation of the
primary counterion, Asp97 (see above), also indicates that
at this stage of the photocycle there is a significantly less
concentration of the late photocycle intermediates (M, N,
and O) formed in BPR E142Q compared to BPR WT.

Figure 6A shows the averaged early (5-50 ms) and late
(200-500 ms) difference spectra for the BPR E142Q mutant.
The positive bands indicative of K at 1699, 1527, and 1189
cm~! have all been reduced at later times. The slow decay
of a K-like intermediate can be clearly seen by comparing
the double difference spectrum between the early and late
times for BPR E142Q to the BPR WT K spectrum recorded
at 80 K (Figure 6B). The similarity between these two
confirms that the E142Q mutation dramatically slows the
decay of the K-like intermediate in BPR.

Possible Protonation of Glul42 during the BPR Photo-
cycle. Of particular interest is the COOH region from 1700
to 1800 cm™!, which reflects the protonation of carboxylic
acid residues. In BPR WT, at high pH, bands are seen at
1768(+), 1757(+), 1741(—), 1731(—), 1719(+), and 1704(—)
cm™! (Figure 7). The 1757(+) cm™! band is assigned to
protonation of the Asp97 proton-donor group during M
formation, as discussed above. As shown elsewhere, the
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FIGURE 6: (A) Early (5-50 ms) and late (200-500 ms) time averages
of the BPR E142Q mutant. (B) Double difference spectrum of the
E142Q mutant compared to the WT K spectrum acquired at 80 K.
The early—late spectrum closely resembles the LT K spectrum,
showing that a K-like spectrum is observed even at times as late
as 50 ms.
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FIGURE 7: Carboxylic acid region of BPR WT (---) and BPR
E142Q (—) averaged over the time interval (A) 5-50 and (B)
200-500 ms. There is no evidence of the late 1768 cm™! band in
the E142Q mutant. All other bands found in the WT spectrum also
appear in the mutant in this region of the spectrum. Note that the
scale marker applies to all spectra.

1731(—) cm™! band is assigned to deprotonation of the SB-
donor group Glul08 and the 1741(—) cm™! band is assigned
to deprotonation of Glu214, which may function as the
proton-ejection group to the extracellular medium (25).
The 1768(+) cm™! band seen as a shoulder (Figure 7B)
grows in during the late photocycle after the decay of M as
indicated by the reduction in intensity of the 1757(+) cm™!
band. In contrast, this change is absent in the mutant E142Q.
One possible interpretation is that the 1768(+) cm™! band
arises from the protonation of Glul42 during the late
photocycle, coincident with the formation of the O interme-
diate. This would explain the appearance of this high-
frequency carboxylic band, which is not seen in GPR or other



3452  Biochemistry, Vol. 47, No. 11, 2008

L
)« S

/ \ d
: f : Glu142- ‘
:

D
K
[/

“).‘ "’ o8
= \ k;\\‘ a \

FIGURE 8: Structure of BPR modeled on the 3D crystal structure of
SRII (1JGJ) from ref /9. BPR residues were imported by minimiz-
ing steric interactions. A negatively charged Glu142 is in a position
to interact with the positive charge of Arg94, located 4.8 A away.
The yellow arrows indicate the proposed proton pathway during
the photocycle. B—D represent designated helices.

microbial rhodopsins. On the other hand, an alternative
explanation is that the environment of Asp97 changes in the
late photocycle, causing the upshift in frequency of the
carboxylic acid stretch mode. Although a frequency shift of
the band assigned to the counterion has been observed during
M to N decay in other microbial rhodopsins, such as BR
and GPR, it has always been a downshift (e.g., in BR, it is
1760—1755 cm™") (15, 26). To test the assignment of the
1768 cm™! band, additional experiments will be necessary,
including the use of less perturbing substitutions, such as
E142D.

DISCUSSION

Several studies show that major differences in the proper-
ties of GPR and BPR can be attributed to the identity of a
single residue at position 105, which is Leul05 in GPRs and
GInl05 in BPRs (/2, 13, 27). For example, substituting
GIn105 for Leul05 in GPR causes a blue shift of the visible
absorption from 530 to 497 nm and a much slower photo-
cycle, whereas substituting Leul05 for GIn105 in BPR red
shifts the absorption to 512 nm, although this single
substitution is not sufficient to speed up the photocycle
(12, 13). Recent Raman and low-temperature spectral studies
by us (Kralj, Amsden, Spudich, Spudich, and Rothschild, to
be published) reveal that these changes involve the interaction
of residue 105 with the retinal SB and nearby C13 methyl
group. In particular, in the case of BPR, GInl105 is directly
hydrogen-bonded to the SB, whereas in GPR, this interaction
is replaced by a water molecule. It is known that water
molecules play an important role in the BR proton release
(28), and a more thorough examination of the water
molecules in BPR will be presented in a separate paper
(Amsden, Kralj, Bergo, Spudich, Spudich, and Rothschild,
to be published).

In this study, we find that a second major factor, which
influences the properties of GPR and BPR, is the protonation
state of residue Glu142. Evidence indicates that this residue
is neutral (protonated) in GPR even at pH 9, well above the
normal pK, of the Glu carboxylic acid group. In contrast,
Glul42 in BPR is normally deprotonated above pH ~7.5.
This difference in the protonation state of Glu142 can explain
the previously observed differences between BPR and GPR,
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including the existence of a second SB proton acceptor and
two pK, values for the acid-induced red shift only in BPR
(13).

On the basis of sequence alignment with the microbial
rhodopsin SRII (/9), residue 142 is located on helix D near
the extracellular side of the membrane over 13 A from the
SB but close enough to interact with the positively charged
Arg94 (Figure 8), as previously hypothesized (/4). An
important question is whether protonation of Glu142 occurs
during the BPR photocycle. For example, as shown in Figure
8, protonation of the Schiff base counterion Asp97 upon M
formation could be followed by movement of this proton to
Glul42, thereby triggering a disruption of the Arg94 salt
bridge and subsequent proton ejection to the extracellular
medium. The disruption of an Arg—carboxylate salt bridge
is analogous to the role originally proposed for the homolo-
gous residue, Arg82, located in the BR helix C on the basis
of spectroscopic measurements (29) and more recently
confirmed by X-ray crystallographic studies (30). In this
model, protonation of the SB counterion, Asp85, causes a
movement of Arg82 away from the counterion and toward
the cytoplasmic medium, thereby triggering proton ejection.
However, in the case of BPR, this movement of Arg94 is
caused by the disruption of its salt bridge with the secondary
counterion Glul42 after a proton is transferred from the
primary counterion Asp97. A similar conclusion of two
separate counterions has been observed in bovine rhodopsin.
There, Glul81 becomes the SB counterion only in the light
activated meta-I state, implying a counterion switch (317).

Consistent with this model, we find evidence for the near
simultaneous deprotonation of Asp97 and protonation of
Glul42 during the BPR photocycle. In particular, an unusu-
ally high-frequency band at 1768 cm™! appears in the late
photocycle of BPR, which can be assigned to protonation
of a carboxylate group. A simultaneous decrease in intensity
of a band at 1757 cm™' assigned to the protonated state of
Asp97 is observed, consistent with its deprotonation. How-
ever, the definitive assignment of the high-frequency 1768
cm ™! band to Glu142 requires additional studies combining
FTIR and site-directed mutagenesis.

Our results also show that BPR exhibits three distinctive
photocycles depending upon the pH. At high pH, the late
intermediates look similar to those of BR, with a distinct N
to O photocycle transition. It therefore is likely that, at a pH
above the pK, values of both Asp97 and Glul142, BPR acts
as an ion pump, ejecting a proton to the extracellular medium.
However, at an intermediate pH, between 7.5 and 6.5, when
some fraction of Glul42 is protonated but Asp97 is not, a
completely different photocycle is observed, characterized
by a slowed K-like intermediate decay and the formation of
late photocycle intermediates. Finally, at an even lower pH,
BPR has a very fast photocycle, characteristic of the acid-
induced red form of most microbial rhodopsins.

It is possible that under the intermediate pH conditions
between 6.5 and 7.5, where Glu142 is protonated but Asp97
is not, the function of BPR changes. For example, it has
previously been suggested that BPR may serve a regulatory
rather than energy-harvesting function (/3, 14). Possibly, it
serves both, with a sensory function occurring only if the
pH is sufficiently low in the marine environment. Because
species of proteobacteria containing BPR tend to be found
significantly offshore, away from high-nutrient areas (8),
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BPR may have evolved an ability to switch to a sensory
function in response to its low-nutrient environment.
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