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Sensory Rhodopsin-l as a Bidirectional Switch: Opposite Conformational
Changes from the Same Photoisomerization
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ABSTRACT The phototaxis receptor sensory rhodopsin | (SRI) exists in two protein conformations, each of which is converted
to the other by light absorption by the protein’s retinylidene chromophore. One conformer inhibits a histidine-kinase attached to
its bound transducer Htrl and its formation induces attractant motility responses, whereas the other conformer activates the
kinase and its formation induces repellent responses. We performed Fourier transform infrared spectroscopy with temperature,
pH, and mutation-induced shifts in the conformer equilibrium, and found that both conformers when present in the unphotolyzed
dark state contain an all-trans retinal configuration that is photoisomerized to 13-cis, i.e., the same photoisomerization causes
the opposite conformational change in the photointerconvertible pair of conformers depending on which conformer is present in
the dark. Therefore, switching between the protein global conformations that define the two conformers is independent of the
direction of isomerization. Insights into this phenomenon are gained from analysis of the evolution of the receptor from light-
driven proton pumps, which use similar conformers for transport. The versatility of the conformational changes of microbial
rhodopsins, including conformer interexchangeability in the photocycle as shown here, is likely a significant factor in the evolu-

tion of the diverse functionality of this protein family.

INTRODUCTION

Sensory rhodopsin I (SRI) has two conformers that respec-
tively activate and inhibit a histidine-kinase attached to its
tightly-bound transducer protein Htrl (1-3). Light absorp-
tion by the attractant receptor (AR) conformer produces
an attractant signal, i.e., light-induced kinase inhibition.
The AR is characterized by connection of the protonated
Schiff base of the retinylidene chromophore to a cytoplasmic
channel in the protein, and therefore photoactivation of the
AR results in inward release of the Schiff base proton. The
repellent receptor (RR) conformer, in which the Schiff base
proton is photoreleased to anionic Asp-76 on the extracel-
lular side of the protein, mediates photorepellent responses
(light-induced kinase activation). In the wild-type (WT)
SRI-Htrl complex (A,.x = 587 nm), the inwardly connected
AR conformer predominates and the cells are attracted to
orange light. During the photocycle, the outwardly con-
nected RR conformer accumulates in the M intermediate
(Amax = 373 nm), sensitizing the orange-light-illuminated
cells to react to near-UV light as a repellent. Hence, the cells
are attracted to orange light only if it is not accompanied by
near-UV wavelengths, resulting in the well-known color-
discriminating phototaxis behavior mediated by SRI (4).
Several single mutations in the SRI-Htrl-complex (e.g.,
D201IN in SRI, and E56Q in Htrl) invert the phototaxis
response to orange-light excitation of the dark-adapted
SRI-HtrI complex, i.e., cells expressing SRI-HtrI*>*? react
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to orange light as a repellent. The inverted signaling is
attributable to the mutation shifting the conformer equilib-
rium in the dark from the inwardly connected AR conformer
that dominates in the WT to the outwardly connected RR
conformer that normally becomes dominant only during
the photocycle. Investigators have most thoroughly demon-
strated this altered conformational equilibrium in the
complex SRI-HtT®®Q, first by electrophysiologically
measuring the direction of photorelease of the Schiff base
proton (1), and then by confirming the alteration of the
pKa of Asp-76 caused by its hydrogen bonding to the Schiff
base proton (2).

Photoisomerization from the all-frans to the 13-cis
configuration is the major cause of microbial rhodopsin
protein conformational changes (5-8), and has been shown
specifically to be responsible for attractant signaling by the
SRI-Htrl complex (9,10). Titration data indicate that in the
absence of ionized Asp-76, the WT and inverted (ES6Q)
mutant SRI-Htrl complexes exhibit indistinguishable
absorption spectra, despite their greatly different propor-
tions of attractant and repellent conformers (2). This result
suggests that the two conformers do not differ in the
isomeric configuration of the retinal around the C,3 double
bond, and that both therefore undergo all-frans to 13-cis
photoisomerization. If this holds true, it would mean that
the SRI-Htrl complex is, in terms of its global conforma-
tional changes, a protein analog of an electronic, two-state
flip-flop, i.e., the same stimulus (all-trans to 13-cis photoi-
somerization) interconverts two states (the AR and RR
protein conformers), producing the AR conformer from
the RR, or the RR conformer from the AR, depending on
which is present in the dark.

doi: 10.1016/5.bpj.2011.03.026


mailto:john.l.spudich@uth.tmc.edu
http://dx.doi.org/10.1016/j.bpj.2011.03.026
http://dx.doi.org/10.1016/j.bpj.2011.03.026

SRI as a Bidirectional Switch

MATERIALS AND METHODS
Plasmids and strains

SRI and HtrI protein fusion constructs were joined with a flexible peptide
linker (ASASNGASA) between the C-terminal receptor and N-terminal
transducer residues, and expressed under the bop promoter in the halobac-
terial plasmid vector pXP6 (11). Halobacterium salinarum strain
Pho8IWr~ (BR™ HR™ SRI" Htrl™ SRII"™ HtrII™, carotenoid- and restric-
tion-deficient) was used for transformation (11).

SRI that had been joined through the peptide linker to HtrI truncated at
residue 147 (SRI-Htrl,47) was cloned into an Escherichia coli expression
vector pET21d (Novagen, Merck KgaA, Darmstadt, Germany) between
Ncol and BamHI sites under the control of the 77 promoter, and introduced
into BL21(DE3) as previously described (1). Expression in BL21(DE3) was
induced by the addition of 1 mM isopropyl-3-D-thiogalactopyranoside and
5 uM all-trans-retinal.

Single-residue mutations were introduced by means of QuickChange
site-directed mutagenesis kits with PfuTurbo polymerase (Stratagene, La
Jolla, CA).

Cell motility measurements

Transformed H. salinarum cells were grown in complex medium (CM) con-
taining 1 mg ml~" mevinolin as previously described (11). Cultures at the
end of their exponential growth phase were diluted 1:10 in fresh CM and
incubated for 1 h at 37°C with agitation. For motility defined as in the
dark, cell trajectories in nonactinic light at wavelengths >720 nm were
captured as real-time AVI files with the use of a Flashbus Spectrim Lite
Video Capture PCI Card on a Dell Dimension 8300 running VirtualDub
1.6.19.0 AVI encoder software for video capture (http://www.virtualdub.
org). VirtualDub was set to record 10 frames per second during 30 s of
cell swimming. We measured reversals of the cells by tracking each cell
captured in the AVI files for 10 s. Illumination was delivered from a Nikon
100-W He/Xe short-arc lamp beam passed through a 590 + 20 nm (orange-
red light) interference filter.

Sample preparations for Fourier transform
infrared spectroscopy

For Fourier transform infrared (FTIR) spectroscopy, we prepared
membranes by sonicating E. coli cells expressing SRI with its C-terminus
joined through a flexible peptide linker to Htrl truncated at position 147
(SRI-Htrl;47) as previously described (12). After low-speed centrifugation
to remove unbroken cells and cell debris, the membranes were pelleted for
1 hat 147,000 x g in an Optima L-100 XP ultracentrifuge (Beckman, Brea,
CA) and suspended in loading buffer (4 M NaCl, 25 mM Tris (pH 6.8)). The
membrane sample was solubilized with 1.0% n-dodecyl-3-D-maltoside
(DDM), and SRI-Htrl complexes purified by Ni-NTA chromatography.
We then reconstituted the samples into L-a-phosphatidylglycerol (PG)
liposomes (SRI/PG) in a 1:50 molar ratio by removing the DDM with
Bio-Beads SM-2 (Bio-Rad, Hercules, CA).

Light-induced attenuated total reflectance FTIR
difference spectroscopy

The proteoliposome sample was placed on the surface of a diamond ATR
crystal with nine effective internal reflections (DuraSamplIR II; Smiths
Detection, Watford, UK). The sample was dried in a gentle stream of N,
and then immersed in buffer solutions containing 4 M NaCl at pH 5.5
(5 mM citrate) or pH 7.0 (5 mM phosphate) adjusted by addition of 1 M
NaOH. Light-induced attenuated total reflectance (ATR)-FTIR difference
spectra were recorded at 15, 32, and 42°C, and 2 cm™! spectral resolution
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with a FTS-6000 spectrometer (Bio-Rad, Philadelphia, PA) equipped with
a liquid-nitrogen-cooled MCT detector (13) The sample was illuminated by
a 150 W halogen lamp (PHL-150; Sigma Koki, Japan) through an optical
fiber, focusing lenses, and an optical filter cutting <480 nm wavelength.
Four to eight spectra were averaged for each condition.

RESULTS AND DISCUSSION

To test the intriguing bidirectional conformational coupling,
we used FTIR spectroscopy, which produces well-estab-
lished spectral changes in response to photoconversions
between the all-trans and 13-cis retinal isomeric configura-
tions in microbial rhodopsins. Our objective was to compare
the WT SRI-Htrl complex, in which light produces attrac-
tant signals resulting from photoconversion from the AR
to RR conformer, with the mutant SRI-Htr[536Q complex,
in which photorepellent responses result from the net
RR-to-AR photoconversion. For the FTIR analysis, we
take advantage of two conditions in which the SRI-HtrI®¢?
inverted (repellent) signaling reverts to the WT-like attrac-
tant signaling, namely, low pH and low temperature
(14,15). H. salinarum cells containing SRI-HtrI**°? exhibit
repellent responses to orange light at neutral pH at 37°C, the
usual conditions of study, but at pH 5 the phototaxis
response is a robust attractant one (Fig. 1). Similarly, at
neutral pH at 25°C, the inverting effect of the E56Q muta-
tion is suppressed and cells containing the mutant complex
exhibit the WT attractant response (Fig. 1).
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FIGURE 1 Phototaxis behavior of Pho81Wr~ cells expressing SRI in

complex with either WT Htrl (white bars) or mutated HtrI®*? (hatched
bars). (a) Scheme of illumination delivered to the cells imaged with nonac-
tinic infrared light. A 10-s period of 590-nm light (white bar) was delivered
to the cells, followed by 30 s dark (black bar) and a 100-ms pulse of 590-nm
light. The fractions of cells that underwent a swimming reversal in the 4-s
time window immediately after the step-down of the 10-s 590-nm light and
after onset of the 100-ms light pulse (indicated by gray and white arrows,
respectively) were measured. The phototaxis index is defined by subtracting
the latter value from the former value; a positive index indicates an attrac-
tant response, and a negative index indicates a repellent response. The
indices for WT SRI-Htrl and SRI-HtrI®*? were measured at pH 5 and 7,
and at 37°C (b) and 25°C (¢).
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These effects are likely attributable to shifts in the AR-RR
dark equilibrium toward AR at low pH and low temperature.
Spectroscopic pH titrations revealed that WT SRI-HtrI is
dominated by the AR conformer with the pKa of Asp-76 at
~8.5, whereas the E56Q mutation in Htrl increases the
population of the RR conformer of SRI in which Asp-76,
the Schiff base counterion on the extracellular side, has
a pKa of ~7.0 (2). Therefore, as expected from the lower
dielectric of the environment of Asp-76 when the Schiff
base proton is connected to the cytoplasmic side of the
protein, its protonation is favored by the AR conformer.
Evidently, protonation of Asp-76 by low pH reciprocally
favors the AR conformer, since low pH restores the signal-
inverted mutant to normal attractant behavior. The effect of
temperature on the phototaxis responses is not unexpected,
because metastable conformer equilibria are generally
temperature-dependent. A priori, it may appear that the
temperature effect is due to postreceptor processes in the
phototaxis system, but the results provided below show
that the conformer equilibrium is indeed shifted toward the
AR conformer at low temperature.

In the RR conformer, the outwardly directed photocurrent
observed is attributable to the proton transfer from the Schiff
base to Asp-76 during the formation of M (also called S373),
whereas in the AR conformer an inwardly directed photo-
current results from transfer of the Schiff base proton toward
the cytoplasmic side (1) and does not result in protonation of
a carboxylate (16). Therefore, the light-induced protonation
of Asp-76, which is readily seen by light-minus-dark (L-D)
difference FTIR spectroscopy, provides an internal mea-
surement in the L-D spectrum of the presence of the AR
conformer.

We obtained FTIR spectral measurements of SRI-HtrI in
L-a-phosphatidylglycerol proteoliposomes on the surface of
a diamond ATR crystal soaked in perfusion buffer solution
at desired pH values with and without continuous illumina-
tion with >480 nm light. We then calculated the L-D differ-
ence ATR-FTIR spectra by subtracting the spectrum in the
dark from the spectrum of the illuminated sample.

In Fig. 2, L-D FTIR spectra between 1800 and 850 cm ™'
measured at 42°C of WT SRI-Htrl and SRI-HtrI**? are
compared. At pH 5.5, where both of the receptor-transducer
complexes elicit attractant responses, most of the spectral
changes between the dark state and the M state are superim-
posable in the two samples, as is evident from the double
difference spectrum (Fig. 2, upper trace). There are some
differences in the 1700-1500 cm™' region, where strong
absorption by water and peptide vibrations in the absolute
spectra can potentially cause spectral distortions, and
changes in interaction in the amide group of the substituted
Asn-56 upon M formation may contribute difference bands.
Overall, the extensive identity between the two L-D spectra
shows that the E56Q mutation in Htrl exerts almost no
change in the structure of SRI-Htrl at pH 5.5. Therefore,
the minimal spectral differences are in agreement with the
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FIGURE 2 L-D difference FTIR spectra recorded at 42°C of SRI-Htrl
(blue) and SRI-HtrT™°? (red) at pH 5.5 (a) and 7.0 (b). Upper traces in
each panel (black) are double difference spectra of the L-D difference
spectra of SRI-Htr[**®? minus SRI-HtrI of the same panel.

absence of phenotypic behavioral changes caused by
E56Q at low pH. Furthermore, there is no difference in
the two L-D spectra in the region between 1720 and
1760 cm™!, where carboxyl perturbations have been as-
signed (16,17). Each L-D spectrum shows small changes
that are typical of perturbations rather than carboxylate
protonation.

In contrast, at pH 7.0, more significant changes
throughout the L-D spectra are seen between SRI in
complex with E56Q Htrl as opposed to WT Htrl (Fig. 2,
lower trace). The appearance of the 1748-cm ™" band previ-
ously assigned to Asp-76 protonation in SRI (12,16) in the
mutant, but not in the WT, indicates the light-induced
appearance of the kinase-activating AR conformer in
a substantial amount in SRI in complex with HtrI®>®?, and
is consistent with the repellent signaling by SRI-Htr[***?
at pH 7.0 at 37°C (Fig. 1). In Fig. 3 (top panels), the
expanded 1800-1700 cm ™' regions of the L-D spectra of
SRI complexed with WT or HtrI®®? measured at 15, 32,
and 42°C are shown. SRI-HtrIP>%Q at pH 7.0, but not at
pH 5.5, shows temperature-dependent increases in the
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FIGURE 3 L-D difference FTIR spectra of SRI-Htrl (upper traces in
each panel) and SRI-HtrT®®? (lower traces in each panel). In each pair
of panels in a—c, the scale is magnified to show the particular spectral
region, and the scale is the same for all traces within the two panels. Abso-
lute amplitude changes across the full spectra for the 42°C case are shown
in Fig. 2. Frequency ranges: (a) 1780-1705 cm ™", (b) 1580-1460 cm ™!, and
(c) 1220-1140 cm ™. Samples were obtained at 15°C (blue), 32°C (green),
and 42°C (red).

fraction of Asp-76 protonation upon M formation, whereas
WT shows no such increases at either pH. This result
confirms a temperature-dependent increase in the fraction
of the deprotonated Asp-76 (a measure of the RR con-
former) in the dark state, in agreement with the tempera-
ture-dependent increase in repellent signaling of the
HtrT®%? mutant (14,15) observed at 37°C at pH 7.0 but
not at pH 5.5 (Fig. 1). We can assess the proportion of the
species with unprotonated Asp-76 (i.e., the RR conformer)
in the measured population by comparing the ratio of the
increased portion of the intensities of the 1748 wvs.
1197 cm ™! bands with that in SRI-HtrI with 100% unproto-
nated Asp-76 measured at pH 9.5, since the intensity of the
1197 cm™! band (assigned to the chromophore Ci4-Cs
stretching mode) is pH-independent (12). The proportion
of the deprotonated Asp-76 thus obtained is 52%, which is
larger than the estimated proportion of the deprotonated
species (28%) based on the population of RR in SRI-
HtrT®%? (~55% measured at 22-24°C) and pKa of Asp-76
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at 7.0 (2). The temperature-dependent trend of the Asp-76
protonation band upon M formation indicates a temperature
dependence of either the pKa of Asp-76 of RR, which would
be expected to increase the RR/AR ratio, or other tempera-
ture-dependent processes that would increase the RR/AR
ratio.

The spectral differences between the L-D spectra of WT
and E56Q Htrl-complexed SRI at pH 7.0, 42°C, as shown in
the double difference FTIR spectra in Fig. 2 b should therefore
contain changes that differentiate between the opposite-
signaling AR and RR conformers. The changes in the chromo-
phore ethylenic stretching mode that appears near 1500 cm ™"
(Fig. 2) are due to the frequency upshift of the mode from
1512t0 1522 cm ™" in the dark state of SRI-HtrI**? compared
with that in WT, or to the measurement of SRI-HtrT®%9 at
lower temperature (15°C; see Fig. 3 b). This shift in the ethyl-
enic stretching mode is to be expected on the basis of the
empirical inverse-correlation of this vibrational mode and
the shift of the absorption maximum (A,,x) of the chromo-
phore, which is blue-shifted upon Asp-76 deprotonation
(2,11,18,19).

Another prominent change in the double difference spec-
trum is the 1164 cm ™' band due to the decrease in intensity
of the Cyy-Cy; stretching mode of the chromophore in the
dark state of SRI-HtrT®>®? at pH 7.0 and 42°C compared
with that in the WT, or with that obtained at lower temper-
ature or pH (Fig. 3 ¢). This intensity change at the C;o-Cy;
stretching mode has been observed in other microbial
rhodopsins with all-frans retinylidene chromophore upon
protonation changes of the counterion Asp (12). Therefore,
the changes in intensity of this mode are likely due to the
Asp-76 deprotonation as well. The proportion of the mole-
cules that underwent the intensity change in SRI-Htr[®*?
at pH 7.0 and 42°C (Fig. 2 b), as assessed by comparing
the ratio of the 1164 and 1197 cm™"' bands with those in
SRI with fully deprotonated or protonated Asp-76 (12), is
51%. The excellent match to the proportion of 52% obtained
from the intensity of the carboxyl stretching mode of
Asp-76 indicates that the intensity changes at 1164 cm™'
are fully explained as being caused by the deprotonation
of Asp-76, and are not a result of other changes such as
configurational differences of the chromophore.

The L-D difference spectra in the 1220-1140 cm™'
region are dominated by the C-C stretching modes of the
chromophore with a protonated Schiff base, which are sensi-
tive to the isomeric state. All-frans retinylidene chromo-
phores, such as those in WT SRI-Htrl complex (9,10), are
characterized by bands near 1164 and 1197 cm ! (C10-C11
and C4-C,5 stretching, respectively), whereas 13-cis chro-
mophores are characterized by the appearance of a strong
band near 1180 cm ™! assigned to the C;o-C;; stretching
in infrared and resonance Raman spectroscopy (20-22).
The absence of differences in the spectral intensity near
1180 cm ™' between the spectra of SRI-HtrI®>*? at pH 7.0
and WT SRI-Htrl at 42°C (Fig. 2 b), or between spectra
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of SRI-HtT*®? at pH 7.0 measured at different tempera-
tures (Fig. 3 ¢), rules out the possibility of different isomeric
conversions of the chromophore between the two con-
formers of SRI-HrIF>°<, Therefore, we conclude that both
the attractant- and repellent-signaling forms of the SRI-HtrI
complex, which are dominated by AR and RR conformers,
respectively, when present in unphotolysed dark states have
all-trans chromophores and like typical microbial rhodop-
sins undergo all-trans to 13-cis photoisomerization.

CONCLUSIONS

The data presented here show that in two SRI-Htrl
complexes (the WT and an inverted signaling mutant), the
same chemical event (all-trans to 13-cis photoisomerization
of a protonated retinylidene chromophore) interconverts two
conformationally distinct states of SRI (the AR and RR
protein conformers), producing the AR conformer from the
RR, or the RR conformer from the AR, depending on which
is present in the dark. In the WT SRI-Htrl complex, the AR
conformer is more thermally stable than the RR conformer,
and therefore dominates in the dark. All-trans to 13-cis pho-
toisomerization of its protonated retinylidene chromophore
by orange light produces a transient, near-UV-absorbing
intermediate state in which the proportion of RR conformer
increases and then thermally decays to the prestimulus dark
state, completing a photocycle. In the inverted mutant, the
RR rather than the AR conformer predominates in the
dark, and the all-trans to 13-cis photoisomerization produces
a transient photocycle state in which the AR intermediate
predominates. In other words, the photoisomerization is
coupled in the opposite way to the conformational change.
The mechanism by which the same light-induced isomeric
configuration change of the retinylidene chromophore
results in either-way conversions between two conformers
is intriguing as a unique example in a protein of a bidirec-
tional switch that is to some extent analogous to an electronic
flip-flop. The analogy is not complete, however, because the
conversion is expected to change the isomeric configuration
of the retinal and the structure of the photoactive site. This
means that switching between the protein global conforma-
tions that define the AR and RR conformers is independent
of the isomerization direction, but the photoactive site
change in atomic structure depends, at least in the immediate
environment of the retinylidene chromophore, on the isom-
erization direction.

Under normal physiological conditions of cells swimming
in light-intensity gradients, changes in light intensity result in
changes in the quasi-steady-state ratio of the AR/RR
conformer. This in turn results in changes in his-kinase
activity, which controls the probability that the cells will
reverse their swimming direction. Increases in orange light
result in an increased proportion of RR conformer, which
suppresses kinase activity and hence swimming reversals
(an attractant response). Note that in the WT complex and
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in natural conditions, the predominant form of the RR
conformer will be in the M state, i.e., a near-UV-absorbing
(deprotonated chromophore) 13-cis form. Photoactivation
of the M state, which normally consists predominantly of
this 13-cis RR conformer, results in a rapid photoconversion
back to the SRI-Htrl dark state dominated by the AR
conformer, resulting in increased kinase activity and conse-
quently causing swimming reversals (a repellent response).

Some clues to the nature of this mechanism may come
from evolutionary considerations, which also may explain
the existence of the novel bidirectional coupling of isomer-
ization to conformational changes in SRI. Phylogenetic
analysis strongly suggests that sensory rhodopsins evolved
from interactions of light-driven proton pumps with existing
signal transduction machinery in the cell (23). The biochem-
ical properties of the phototaxis receptors in haloarchaea,
the SRI and sensory rhodopsin II (SRII) proteins, fit this
notion very well because they closely resemble the light-
driven proton pump BR, and their Htr transducers have
extensive homology with chemotaxis receptors. Both SRI
and SRII exhibit light-driven proton pumping when they
are separated from their transducers (Htrl and HtrIl, respec-
tively) in the membrane (18,24,25). In addition to being
highly homologous to chemotaxis receptors, the Htr
proteins interact with the chemotaxis cytoplasmic compo-
nents, and in H. salinarum Htrll actually functions as both
a phototaxis transducer and a chemotaxis receptor for serine
(26). Finally, it requires only three mutations in BR to
convert the pump into a robust SRII-like repellent photo-
taxis receptor when complexed with HtrIl, and even a single
mutation confers detectable signaling activity (27).

The predominant dark conformer of WT SRII has a struc-
ture and outward Schiff base connectivity similar to those of
BR (28), and its light-induced M conformer has an outward
displaced helix F (29,30) and inward Schiff base connec-
tivity (24,25) as does BR M. Therefore, SRII and BR
mutants, which generate repellent signals when photoacti-
vated, each couple all-frans to 13-cis retinal to conversion
from a conformer that is closely similar to the RR of SRI
to a conformer that is closely similar to AR. Therefore,
the RR-to-AR photoconversion in the mutant SRI-HtrI®>%C,
which like SRII and the mutant BR produces a repellent
signal, simply reproduces the same photoisomerization/
conformer coupling generated by its presumably recent
BR-like (and SRII-like) ancestor. It remains to be explained
how this coupling was altered by evolution to allow the WT
SRI to operate in reverse, i.e., to couple the AR conforma-
tion to all-trans retinal in the dark. From our data, we can
conclude that the energy difference between the all-trans
retinal AR and all-trans retinal RR conformers is small,
and their equilibrium is readily shifted by temperature,
pH, and single mutations. However, the detailed mechanism
of the photoisomerization/conformer coupling is not clear,
and the atomic structures of both conformers may be needed
to resolve it.
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The versatility of the conformational changes of micro-
bial rhodopsins, which are now shown to include exchange-
ability of conformers in the photocycle, is likely a
significant factor in the evolution of the diverse functionality
of this protein family.
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