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ABSTRACT: Sensory rhodopsin II (SRII) is a negative phototaxis
receptor containing retinal as its chromophore, which mediates the
avoidance of blue light. The signal transduction is initiated by the
photoisomerization of the retinal chromophore, resulting in confor-
mational changes of the protein which are transmitted to a transducer
protein. To gain insight into the SRII sensing mechanism, we
employed time-resolved ultraviolet resonance Raman spectroscopy
monitoring changes in the protein structure in the picosecond time
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range following photoisomerization. We used a 450 nm pump pulse to

initiate the SRII photocycle and two kinds of probe pulses with wavelengths of 225 and 238 nm to detect spectral changes in the
tryptophan and tyrosine bands, respectively. The observed spectral changes of the Raman bands are most likely due to tryptophan
and tyrosine residues located in the vicinity of the retinal chromophore, i.e., Trp76, Trp171, TyrS1, or Tyr174. The 225 nm UVRR
spectra exhibited bleaching of the intensity for all the tryptophan bands within the instrumental response time, followed by a partial
recovery with a time constant of 30 ps and no further changes up to 1 ns. In the 238 nm UVRR spectra, a fast recovering component
was observed in addition to the 30 ps time constant component. A comparison between the spectra of the WT and Y174F mutant of
SRII indicates that Tyr174 changes its structure and/or environment upon chromophore photoisomerization. These data represent
the first real-time observation of the structural change of Tyr174, of which functional importance was pointed out previously.

S ensory rhodopsin II (SRI, also called phoborhodopsin, pR)*
is a member of an archaeal rhodopsin family and serves as a
negative phototaxis receptor in archaea such as Natronomonas
pharaonis and Halobacterium salinarum. SRII can be activated by
blue light (~500 nm) and positively regulates the phosphoryla-
tion of a kinase CheA during the photocycle, which induces the
rotation change of the flagellar motor through the phosphory-
lated response regulator CheY, resulting in negative phototaxis
from harmful near-UV light. SRII has seven transmembrane o
helices and forms the signaling complex with its cognate trans-
ducer protein, Htrll, in the membrane. The chromophore, all-
trans-retinal, binds to a lysine residue through a protonated Schift
base and is surrounded by the helices. This feature is commonly
found among microbial rhodopsins such as the outwardly light-
driven proton pump bacteriorhodopsin (BR), the inwardly light-
driven CI~ pump halorhodopsin (HR), and sensory rhodopsin I
(SR, also called sensory rhodopsin, sR), which is a sensor of both
negative and positive phototaxis.”* Light absorption of microbial
rhodopsins triggers trans—cis photoisomerization of retinal chro-
mophores, leading to protein conformational changes that are
essential to their functions. The conformational changes are
followed by cyclic chemical reactions consisting of several sequen-
tial intermediate states (J, K, L, M, N, and O). The structure and
function of BR have been extensively studied, and as a result, BR is
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one of the best understood membrane proteins. However, con-
siderably less is known about the structure and function of other

microbial rhodopsins.

The structures of SRII and its complex with HtrII have been
studied by X-ray crystallography®® and various other spectro-
scopic methods.">® With regard to the primary process of the
photocycle, structural differences between the original state and
the cryogenically trapped photointermediates have been de-
duced from FTIR studies’'® and X-ray diffraction on protein
crystals."" The primary chromophore reaction dynamics of SRII
are quite similar to those of BR.">"? The early photointermedi-
ates, J, K, and KL, which exhibit red-shifted absorption bands
relative to the original state, have been defined by time-resolved
measurements. The formation time constants of the J and K
states are approximately 0.5 and 3 ps, respectively.'” However,
little is known about the temporal evolution of the SRII protein
structure.

Determining the structural dynamics of protein moiety asso-
ciated with its chromophore at ambient temperature is key to
elucidating the signal transduction mechanism. Although the
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signaling state of SRII is believed to be the long-lived M state,
which appears in the microsecond time range, ultrafast protein
responses must be studied in order to understand the coupling
between retinal isomerization and protein conformational
changes as well as how the M state evolves following photo-
isomerization. Gross et al.'* recently succeeded in measuring
femtosecond infrared spectra of SRII, but they were unable to
assign the observed spectral changes to specific amino acid
residues or specific peptide units.

Time-resolved ultraviolet resonance Raman (UVRR) spec-
troscopy probes protein structural dynamics at specific sites by
selectively enhancing the vibrational bands attributable to trypto-
phan and tyrosine residues.'>'® The pump—probe method using
pulses in the picosecond range is preferable for the study of
ultrafast protein dynamics. We constructed a picosecond time-
resolved UVRR system and used it to elucidate the structural
dynamics of the ligand photodissociation of carbonmonoxy
myoglobin,'”'® the primary protein response of photoactive
yellow protein,'” and the photoinduced electron transfer of
glucose oxidase.”® Most recently, we reported picosecond time-
resolved UVRR spectra of the J, K, and KL states of BR.*'

In the present study, we investigated the primary protein
response to retinal isomerization of SRII in the early intermedi-
ates on the basis of picosecond time-resolved UVRR spectra. We
chose two probe wavelengths to observe the vibrational bands
due to each tryptophan and tyrosine residue. The time-resolved
UVRR spectra clarified the structural changes that occur around
the tryptophan and tyrosine residues located in the vicinity of the
retinal chromophore. Most importantly, we succeeded in detect-
ing structural and/or environmental changes of Tyr174, of which
functional importance was pointed out previously,*** taking the
advantage that Raman band intensities of tyrosine residues in
proteins are greatly enhanced in UV excitation.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Wild type and Y174F
mutant Natronomonas pharaonis SRII expression plasmids were
constructed as previously described.”® Cells were grown in LB
medium supplemented with ampicillin (final concentration of
S0 ug/mL). E. coli BL21(DE3) harboring each plasmid was
grown to an ODggo of 0.3—0.4 in a 30 °C incubator, after which
cells were induced by addition of 0.5 mM IPTG and 5 uM all-
trans-retinal. Cells were harvested at 8 h postinduction at 18 °C
by centrifugation at 4 °C, resuspended in buffer (50 mM MES,
pH 6.5) containing 1 M NaCl, and disrupted by French press as
previously described.** Cell debris was removed by low-speed
centrifugation (5000g, 10 min, 4 °C). Crude membranes were
collected by ultracentrifugation (100000g, 30 min, 4 °C) and
washed with S0 mM MES, pH 6.5, containing 1 M NaCl.
Membranes were solubilized by addition of 2% (w/v) n-dode-
cyl-f5-p-maltoside (DDM) and incubation for 30 min at 4 °C. The
solubilized membranes were isolated by ultracentrifugation
(100000g, 30 min, 4 °C), and the supernatant was applied to a
Ni-affinity column (HisTrap, GE Healthcare, Uppsala, Sweden) at
4 °C in the dark. The column was washed extensively with S0 mM
MES, pH 6.5, containing 1 M NaCl, 20 mM imidazole, and 0.05%
(w/v) DDM to remove nonspecifically bound proteins. The
histidine-tagged proteins were then eluted using a linear gradient
of up to 100% elution buffer (0.05% DDM, 1 M NaCl, 50 mM
Tris-Cl, pH 7.0, and 500 mM imidazole). Eluted protein was then
further purified by ion-exchange chromatography on a HiTrapQ_

column (GE Healthcare, Uppsala, Sweden) equilibrated with
50 mM Tris-Cl, pH 7.5, containing 30 mM NaCl and 0.05%
DDM. The column was washed extensively with the buffer to
remove nonspecifically bound proteins, and target proteins were
eluted using a linear gradient of up to 100% elution buffer (0.05%
DDM, 1 M NaCl, S0 mM Tris-Cl, pH 7.5). The sample medium
was exchanged by Amicon Ultra (Millipore, Bedford, MA) filtra-
tion, and the samples were finally suspended in a buffer solution
containing 150 mM NaCl, SO0 mM Tris-HCI (pH 7.0), and
0.1% DDM.

Picosecond Time-Resolved UVRR Measurements. The
experimental setup for picosecond time-resolved UVRR mea-
surements has been described elsewhere.'®'® Briefly, the light
source for our apparatus was a picosecond-Ti:sapphire oscillator
(Tsunami pumped by Millennia-Vs, Spectra-Physics) and am-
plifier (Spitfire pumped by Evolution-15, Spectra-Physics) sys-
tem operating at 1 kHz. The wavelength and energy of the laser
output were 796 nm and 800 xt], respectively. Probe pulses of 225
and 238 nm were the second harmonic of the first Stokes line
generated from CH, and H, Raman shifters, respectively, and
were introduced into an etalon to reduce the spectral width.
Another Raman shifter with compressed CH,4 gas generated
pump pulses at 450 nm. The pump and probe pulses were
collinearly overlapped and focused onto a flowing thin film of the
sample solution by a planoconvex lens. Typical pulse energies
were 8 uJ] (pump) and 0.5 uJ (probe) at the sample point.
Chromophore absorption was bleached by a maximum of 26%
and 15% after 150 min time-resolved measurements of 40 and
100 uM samples, respectively. We calculated difference spectra
to discuss spectral changes associated with the chromophore
photoisomerization. Contribution of the bleached component to
the raw spectra is canceled out in the difference spectra because
the bleached component is not photoactive for 450 nm light.
The zero-delay time was precisely determined by measuring the
intensity of the difference frequency generation between the
pump and probe pulses. The cross-correlation times between the
pump and probe pulses were 3.5 ps (225 nm probe) and 3.4 ps
(238 nm probe). The Raman scattering light was collected and
focused onto the entrance slit of a Czerny-Turner configurated
Littrow prism prefilter™ coupled to a 50 cm single spectrograph
(500M, SPEX) by two achromatic doublet lenses. The dispersed
light was detected with a liquid nitrogen cooled CCD detector
(SPEC-10:400B/LN, Roper Scientific). Raman shifts were cali-
brated with Raman bands of cyclohexane. The spectral disper-
sion was 3.0—3.5 cm™ ' /pixel on the CCD detector. In the scan
of delay time, the sequence of delay times was determined to be
random. At each delay time, Raman signals were collected for
three 20 s exposures with both pump and probe beams present in
the sample. This was followed by equivalent exposures for pump-
only, probe-only, and dark measurements. The transient Raman
spectra were obtained by averaging the data for the repeated
cycles. The sample bleaching is so slow that depletion of the
intact component is negligible during one scan of delay time.
Thus, this method enabled us to avoid errors caused by sample
bleaching as well as slowly drifting laser power.

B RESULTS

Time-Resolved 225 nm UVRR Spectra. The UVRR spectrum
of SRII probed at 225 nm is shown in Figure 1. The top trace
represents the UVRR spectrum of SRII in the original state. This
spectrum contains all the Raman bands for the six tryptophan and
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Figure 1. Picosecond time-resolved UVRR spectra of SRII Probe and
pump wavelengths are 225 and 450 nm, respectively. The top trace
shows the probe-only spectrum divided by a factor of 30, representing
the UVRR spectrum of SRII in the original state. The spectrum of the
buffer has been subtracted. The remaining time-resolved difference
spectra were generated by subtracting the probe-only spectrum from
the pump—probe spectrum at each delay time shown. The accumulation
time for obtaining each spectrum was 80 min. Vibrational normal modes
and their descriptions of tryptophan and tyrosine are listed in Table S1 of
the Supporting Information.

ten tyrosine residues in SRIL Vibrational bands of tryptophan
and tyrosine side chains are noted as W and Y, respectively. The
mode assignments made by Harada and Takeuchi'® were
adopted, and vibrational normal modes and their descriptions
of observed tryptophan and tyrosine modes are listed in Table S1
of the Supporting Information. Tryptophan Raman bands dom-
inate the spectrum probed at 225 nm because of the large Raman
cross section arising from the strong electronic transitions to the
B, and B, states.” Figure 1 also shows time-resolved UVRR
difference spectra, obtained by subtracting the SRII spectrum in
the original state from the spectrum measured at each delay time,
ranging from —$ to 1000 ps. After photoexcitation, negative
bands due to tryptophan residues were clearly observed with-
in the instrument response time. The negative bands represent
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Figure 2. Temporal intensity changes of bands in time-resolved UVRR
spectra taken with a 225 nm probe pulse: (a) 1614 cm ™" (the sum of W1
and Y8a); (b) 1555 em™ ' (W3); (c) 1353 em™' (W7); (d) 1011 em™"
(W16); (e) 762 cm™' (W18). Markers indicate the band intensity
measured at each delay time relative to the intensity in the probe-only
spectrum. Solid lines are the best fits of the function [A; X d(t) + A, X
exp(—t/7) + A;] convoluted with the instrument response function.
The resulting parameter, 7, is indicated for each trace.

depletion of the Raman intensity resulting from the change in
protein structure upon photoisomerization. At 3 ps, the intensity
of the tryptophan bands decreased by about 1—2%. The negative
bands decayed from 10 to 50 ps. This indicates that the
tryptophan band intensity recovers due to further structural
changes following the intensity depletion associated with photo-
isomerization. In the 100—1000 ps region the difference spectra
did not change. No UVRR band for retinal was observed in the
spectra; thus, the spectral change of the retinal chromophore did
not contribute to the UVRR difference spectra. This is because
the all-trans-retinal UVRR band intensity is much smaller than
that of tryptophan under the resonance condition at 225 nm.*'

The temporal intensity changes of five remarkable bands are
shown in Figure 2. The 1614 cm ' band can be attributed to the
sum of the vibrational modes of tryptophan (W1) and tyro-
sine (Y8a). The bands at 1555, 1353, 1011, and 762 cm ! were
assigned to the vibrational modes of tryptophan residues W3,
W7, W16, and W18, respectively. The temporal change of each
band was well expressed by a curve with a function of [A; X
O(t) + A, X exp(—t/T) + A;], convoluted with the instrument
response function. We found that the intensity of all bands
instantaneously bleached within the instrumental response time
and recovered with a time constant (7) of ~30 ps. The retinal
chromophore isomerizes from the all-trans to the 13-cis form in
300—400 fs upon the formation of the primary photoproduct
of the J state."* The initial UVRR intensity depletion can be
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Figure 3. Picosecond time-resolved UVRR spectra of SRIIL Probe and
pump wavelengths are 238 and 450 nm, respectively. The top trace
shows the probe-only spectrum divided by a factor of 30, representing
the UVRR spectrum of SRII in the original state. The spectrum of the
buffer has been subtracted. The remaining time-resolved difference
spectra were generated by subtracting the probe-only spectrum from
the pump—probe spectrum at each delay time shown. The accumulation
time for obtaining each spectrum was 139 min. Vibrational normal
modes and their descriptions of tryptophan and tyrosine are listed in
Table S1 of the Supporting Information.

attributed to the protein’s response to chromophore isomeriza-
tion. The subsequent intensity recovery likely reflects protein
response to the relaxation of the chromophore in SRIL. Our
results indicate that changes of protein structure in the SRII
photocycle take place with a time constant of 30 ps, which is
comparable to the time constant reported for the BR protein
response.

Time-Resolved 238 nm UVRR Spectra. Figure 3 shows
picosecond time-resolved UVRR spectra of SRII probed at
238 nm. The top trace represents the UVRR spectrum of SRIL
The intensity of the tyrosine bands increase relative to the
intensity of tryptophan bands probed at 238 nm because the
Raman cross sections of the totally symmetric modes of trypto-
phan are 51gn1ﬁcantly reduced under the resonance condit-
ion at this wavelength. %6 In the time-resolved difference spectra,
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Figure 4. Temporal intensity changes of the (a) 1618 cm ™" (the sum of
Y8a and W1) and (b) 763 cm ™' (W18) bands in time-resolved UVRR
spectra taken with a 238 nm probe pulse over the —5 to 100 ps range.
Markers indicate the band intensity measured at each delay time relative
to the intensity in the probe-only spectrum. Broken line in trace (a)
represents the simulated curves of the function [A; X O(f) + A, X
exp(—t/7) + As] (the value of 7 is fixed at 30 ps).

spectral changes in both the tryptophan and tyrosine bands were
observed. Immediately after photoexcitation of the chromo-
phore, the W3 band exhibited a sigmoidal form, indicating a
wavenumber shift. The sigmoid form was observed up to 30 ps.
The negative bands appeared at the position of the W16 and W18
bands, and the decrease in intensity is indicative of structural
changes around the tryptophan residues. The pattern of the W16
and W18 bands in the difference spectra changed to the sigmoid
form in 3—10 ps, indicating that the bands underwent a down-
shift. With regard to tyrosine, the negative Y8a band appeared
within the instrument response time and decayed up to 30 ps.
Similar to the 225 nm spectra, the contribution of the retinal
chromophore to the spectral change was negligible in the
difference spectra.”!

Figure 4 shows the temporal behavior of the 1618 and
763 cm~ ' bands. A broken line for the former indicates the
curve with a function of [A; X O(t) + A, X exp(—t/T) + A3, in
which 7 is fixed at 30 ps. The observed data points for the
1618 cm ™ ' band are well represented by the curves. The intensity
of the band at 1618 cm ™, assignable to the sum of the Y8a and
W1 bands, decreased within the instrument response time and
recovered with a time constant of 30 ps. This suggests that the
30 ps process detected under the 238 nm probe condition results
from the protein response of SRII to chromophore isomeriza-
tion, as was observed in the spectra probed at 225 nm. On the
other hand, the temporal behavior of the W18 band in Figure 2e
is different from that in Figure 4b, as it lost intensity faster than
the 1618 cm™ ' band. This suggests that the tryptophan residues
responsible for the change observed between Figures 2 and 4 are
different and also suggests that there is an additional process
involved in the protein response of SRII to chromophore
relaxation from that observed in the spectra probed at 225 nm.
The observed spectral changes may therefore be attributable to at
least two tryptophan residues. Such a fast recovery of UVRR
band intensity was not observed for BR.>'
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Figure S. Picosecond time-resolved UVRR spectra of WT SRII and the
Y174F mutant in the 1400—1800 cm ' region. Probe and pump
wavelengths were 238 and 450 nm, respectively. The accumulation
times for obtaining WT and Y174F mutant spectra were 79 and 76 min,
respectively. (a) Time-resolved difference spectra were generated by
subtracting the probe-only spectrum from the pump—probe spectrum at
each delay time shown. Solid and broken curves represent Y174F mutant
and WT SRII spectra, respectively. (b) Time-resolved difference spectra
between the time-resolved difference spectra of WT SRII and the Y174F
mutant.

Time-Resolved UVRR Spectra of the Y174F Mutant. A
comparison of the picosecond time-resolved UVRR spectra of
WT SRII and the Y174F mutant probed at 238 nm is shown in
Figure Sa. Solid and dotted curves in Figure Sa show the spectra
of WT SRII and the W174F mutant, respectively. Spectral
intensities were normalized to the band intensities of the W16
mode. In the time-resolved spectra, with regard to tryptophan
bands, similar difference spectra were observed for the Y174F
mutant and WT SRIL Immediately after photoexcitation of the
chromophore, the W3 band exhibited a sigmoidal form because
of a wavenumber shift, and this sigmoidal form was observed up

to 30 ps. Negative bands appeared in positions corresponding to
the W16 and W18 bands at 0 and 1 ps, and the decrease in
intensity indicated structural changes had occurred around the
tryptophan residues (see Supporting Information Figure S1 for
wider wavenumber region spectra). The pattern of the two bands
in the difference spectra changed to a sigmoid form in 3—20 ps,
indicating that the bands underwent a downshift. It should be
noted that the spectral features of all the tryptophan bands
observed in the difference spectra were consistently close to
those of WT SRII, indicating that the mutation does not
significantly perturb the tryptophan residues. With regard to
tyrosine bands, the negative Y8a band of the Y174F mutant
appeared within the instrument response time and diminished in
1000 ps, similar to that of WT SRIL However, the negative
bands of the Y8a mode in the Tyr174 spectra were much weaker
than the corresponding bands in the WT spectra. This is
strong evidence that Tyrl74 is responsible for the intensity
change of the Y8a band and that the structure and/or environ-
ment of Tyrl74 changes in SRII following chromophore
photoisomerization.

Figure 5b shows difference spectra between the time-resolved
difference spectra of WT SRII and the Y174F mutant. These
difference spectra correspond to the time-resolved spectra of the
Tyr174 residue. The Y8a band bleached within the instrument
response time and nearly recovered within 10 ps. The temporal
behavior of the Y8a band shown in Figure Sb is similar to that of
the fast recovering component of the 763 cm ™' band shown in
Figure 4b.

l DISCUSSION

Primary Photochemistry of SRIl. Our time-resolved UVRR
analysis of SRII provides structural information regarding the
primary protein response associated with the photoreaction of
the retinal chromophore. The primary chromophore reaction
dynamics of SRII have been reported to be quite similar to the
dynamics of BR.">"® Transient absorption data for SRII sug-
gested that the excited electronic state decayed rapidly over
300—400 fs, initially to a red-shifted product state with subse-
quent formation of a second, less red-shifted product state over
4—5 ps.'” The former and latter red-shifted states are designated
as the J and K states, respectively. For BR, ultrafast vibrational
spectroscopy”’ >° demonstrated that the retinal chromophore
undergoes all-trans to 13-cis isomerization during relaxation
from the electronic excited state to the J state in the hot ground
state and that the chromophore is highly twisted about the C—C
and C=C bonds of the polyene chain. The structural differences
between the original and the K state of SRII have also been
studied by static FTIR spectroscopy and X-ray diffraction of
cryogenically trapped K state.””'"** Moreover, the K state of
SRII at low temperature is composed of two species whose
absorption maxima are located at different wavelengths.”’ The
presence of a KL-like state was suggested based on nanosecond
photolysis measurements. Similarly to BR, the KL state appears
only at room temperature. A time constant of the formation was
found to be less than 50 ns."* The subsequent L state from the KL
state is formed in about 0.99 us."

All the tryptophan bands probed at 225 nm (Figure 2), as well
as the Y8a band in the 238 nm spectra (Figure 4), bleached within
the instrumental response time. If the observed spectral change is
brought about by structural changes induced by the K state
formation, the time constant for which is 4—3 ps, the initial
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Figure 6. Details of the crystallographic structure of the SRII—HtrII
complex in the original state (PDB ID: 1H2S") in the vicinity of the
chromophore, Tyr174, and Thr204. Black dashed lines indicate hydro-
gen bonds. The all-trans-retinal is bound to Lys20S via the protonated
Schiff base linkage (magenta side chain). The helices of HtrII are in
contact with the transmembrane helices F and G of SRIL* in which
Tyr174 and Thr204 are involved, respectively. SRII Tyr199 is hydrogen-
bonded to HtrII Asn74. The HtrII helix involving Asn74 is displayed by a
yellow helix.

decrease in the intensity of these bands would be delayed
compared to the instrumental response time. Accordingly, the
initial intensity bleach most likely arises from the formation of the
J state, which occurs over 300—400 fs. In addition, the negative
bands in the UVRR difference spectrum at 10 ps can be attributed
to bands of the K state spectrum because the J state is supposed to
convert to the K state within 10 ps. The UVRR difference spectra
due to the product of the 30 ps relaxation process from the K
state can be assigned to the protein structure of the “post-K” state
of SRIL The “post-K” state is presumably the KL state analogous
to the case of BR photocycle.”’ The protein moiety does not
necessarily instantaneously respond to the chromophore dy-
namics. The time constants of structural changes of the protein
moiety observed by our UVRR spectroscopy can be different
from those of retinal chromophore.

Structural Change of a Functionally Important Residue
Tyr174. Assay measurements of SRII mutants showed that
Tyr174 and Thr204 are key residues in the SRII signal transduc-
tion pathway.”” Figure 6 shows the X-ray crystallographic
structure of the SRII—HtrII complex around the two residues,
which are located close to the retinal chromophore and form a
hydrogen bond with each other.”* The all-trans-retinal molecule
binds to Lys20S via a protonated Schiff base linkage (magenta
side chain). The Htrll helices are in contact with the SRII
transmembrane helices F and G,* in which Tyr174 and
Thr204, respectively, are located. One of the HtrII helices is
displayed by a yellow helix. On the basis of the observation that
phototaxis function was lost in Thr204 or Tyr174 mutants, Sudo
et al. claimed that these residues are functionally important.®
They also demonstrated the presence of steric constraint be-
tween the C;4H group and Thr204 using FTIR spectroscopy.>
Furthermore, the extent of the steric constraint correlated with
the physiological phototaxis response.® Sudo et al. therefore
proposed that the light signal is transmitted to HtrII from the
energized interhelical hydrogen bond between Thr204 and
Tyr174. The energized hydrogen bond is located both in the
retinal chromophore pocket and in helices F and G that form
the membrane-embedded interaction surface and is transmitted
to the signal-bearing second transmembrane helix (TM2)
of HtrIL** Thus, while the roles of SRII Thr204 in structural

Trp171

0

Asp75 %.0’402
Trp178

Figure 7. Crystallographic structure in the vicinity of the chromophore
of SRII in the original state (PDB ID: 1JGJ°). Nitrogen and oxygen
atoms are shown in blue and red, respectively. The magenta side chain
represents the retinal chromophore and Lys20S, which are linked
through a protonated Schiff base. Green and cyan side chains represent
tryptophans and tyrosines, respectively. Black dashed lines indicate
hydrogen bonds. Italicized residues are located in the region 3.6 A from
the chromophore. Numerals 401, 402, 404, 40S, and 411 indicate
internal water molecules.

changes and in negative phototaxis are clearly understood, the
role of Tyr174 in these processes is not.

To date, there has been no direct evidence indicating that the
structure and/or environment of Tyrl74 changes following
chromophore photoisomerization. However, our data clearly
show that the structure and/or environment of Tyr174 does
change following chromophore photoisomerization. If the steric
constraint between the C;4H group and Thr204 is present, its
effect would be exerted on Tyr174 simultaneously with photo-
isomerization. In fact, as Figure Sb shows, the contribution of
Tyrl74 to the Y8a band intensity was observed immediately
upon photoisomerization. Thus, the present data are consistent
with the model described above. We cannot rule out the
possibility that the UVRR difference spectra of the Y174F mutant
contain contribution of the protein structure of the O-like state,
which was observed in the low-temperature FTIR spectra of
Y185F mutant of BR.>* However, it is highly likely that there is no
difference between reactions of WT and Y174F SRII in the
picosecond region because the temporal evolutions of spectral
changes in the other tyrosine and tryptophan bands are almost
the same in the WT and Y174F spectra.

Tyr174 is located in the extracellular portion of helix F. It is
thought that the photoreaction of SRII in complex with HtrII
induces an outward movement of the cytoplasmic portion of
helix F,** which in turn triggers a rotation of Htrll TM2.%
Interestingly, the functional importance of the light-induced
outward tilting of helix F has been reported for also BR*"*® as
well as SRIL*>*° The sequence of Tyr174 and Pro175 in SRII is
conserved in all microbial rhodopsin in the tilting of helix F in
response to retinal isomerization. In BR, it is conserved as the
sequence of Tyr185 and Pro186.*” The structural change in
Tyr174 may act as a trigger for the movement of helix F.

Tryptophan and Tyrosine Residues Responsible for the
Spectral Changes. Tryptophan and tyrosine residues change
their structures in the vicinity of retinal during the early picose-
cond time frame. Figure 7 shows the amino acid residues and
internal water molecules included in the hydrogen-bond network

3175 dx.doi.org/10.1021/bi101817y |Biochemistry 2011, 50, 3170-3180



Biochemistry

around the retinal-binding pocket.” The hydrogen bonds are
displayed by black dashes. The side chains of several residues are
located in a region that lies close to (within 3.6 A) the polyene
chain or the -ionone ring of retinal. Among the six tryptophan
residues in SRII, Trp76, Trpl71, and Trpl78 are close to the
chromophore. Trp76 and Trp171 sandwich the polyene chain of
the retinal molecule, and Trp171 is oriented toward the 9- and
13-methyl groups of retinal, indicating that there is strong steric
repulsion between the side chain of Trp171 and retinal. Trp178 is
positioned near the f3-ionone ring. Trpl71 is also hydrogen-
bonded to the main-chain oxygen atom of Thr204 via water
molecule 411, while Trp76 is close to the pentagonal cluster near
the Schiff base region. The cluster is generally believed to play an
important role in the pumping mechanism of BR. The pentago-
nal cluster structure, together with two deprotonated aspartic
acids (Asp75 and Asp201) and three internal water molecules
(401, 402, and 404), is preserved in the Schiff base region of SRIL.

Three of ten tyrosine residues (TyrS1, Tyr73, and Tyr174)
exist in the retinal-binding pocket. Tyr174 is oriented parallel to
and in close proximity to the polyene chain of retinal as described
earlier. Both TyrS1 and Tyr174 are hydrogen-bonded to the
deprotonated Asp201 residue involved in the hydrogen-bond
network in the active site. All other tryptophan (Trp9, Trp24,
and Trp60) and tyrosine (Tyr36, Tyr37, Tyr8S, Tyr124, Tyr139,
Tyr140, and Tyrl99) residues are located very far from the
polyene chain of the chromophore (>10 A). With the exception
of Tyr36 and Tyr37, these residues are located at the surface of
the protein. It is reasonable to assume that the three tryptophan
(Trp76, Trpl71, and Trp178) and three tyrosine (TyrS1, Tyr73,
and Tyr174) residues are responsible for the spectral change
demonstrated in the present study.

For the early intermediates of BR, the structural changes
occurring in the chromophore and in its vicinity have been studied
by ultrafast time-resolved Raman®”***~** and infrared®*~*°
spectroscopic measurements taken at room temperature and by
cryospectroscopic™' % and crystallographic®”®> measurements as
well as molecular dynamics calculations.®*** These studies sug-
gested that, in the intermediate states appearing in the picosecond
time frame at ambient temperature, photoisomerization and the
twist about the skeletal bonds of the polyene chain lead to
significant changes in protein structure in the Schiff base region
rather than in the area surrounding the 3-ionone ring. This may
also be the case with SRIL Therefore, Trp76 and Trp171, which
are located close to the retinal polyene chain, are the residues most
likely responsible for the spectral change we observed. TyrS1 and
Tyr174 are the most likely residues to exhibit the spectral change
because these residues participate in the hydrogen-bond network
that includes the protonated Schiff base.

We previously reported spectral changes in tryptophan and
tyrosine residues following chromophore isomerization in pico-
second time-resolved UVRR spectra of BR.>' The spectral
changes were tentatively assigned to Trp86, Trp182, TyrS7,
and Tyrl85, all of which are located in the vicinity of the
chromophore. Interestingly, all of these BR residues are con-
served in SRIL The respective SRII counterparts are Trp76,
Trpl71, TyrS1, and Tyrl74. Especially, it is reasonable that
Tyr174 undergoes the structural change during the early stages of
the photocycle because low-temperature FTIR studies of BR
mutants of Y185F reported that structural changes of Tyr18S
directly couple with retinal isomerization.*>®

Changes in Protein Structure around the Tryptophan
Residue. On the basis of the spectral changes in the structural

marker bands in the UVRR difference spectra, we now discuss
the primary protein structural changes occurring around the
tryptophan residues. On the basis of the spectral changes of some
marker bands, it has been suggested that there is a reduction in
hydrophobicity around tryptophan residues in the photointer-
mediates of BR.>" Similar spectral changes were observed in the
early picosecond time frames for SRIL In both the 225 nm
(Figure 1) and 238 nm (Figure 3) time-resolved UVRR differ-
ence spectra, negative bands appeared at the positions of the
W16 and W18 bands, implying that the intensities of these bands
bleached following photoisomerization. These bands are attri-
butable to the indole breathing modes."® The Raman intensity of
the W16 and W18 modes is enhanced in resonance with the B,
and By, states.’”®® The absorption band of the By, transition is
blue-shifted when the hydrophobicity around the tryptophan
residue is reduced.*””® The shift of the absorption band accom-
panies the shift of the Raman excitation profile and thus
influences resonance enhancement of the Raman bands. The
maximum of the tryptophan Raman excitation profile locates
around 225 nm. The blue shift in the excitation profile makes the
enhancement factor smaller at probe wavelengths of 225 and
238 nm. Therefore, the intensity loss of the W16 and W18 modes
is associated with a blue shift in the excitation profile due to a
reduction in hydrophobicity in the J and K states. The change in
the dipole moment of retinal responding to the photoreaction
would cause the changes in the transition dipole moment of
tryptophan due to excitonic coupling.”" This results in changes of
the excitation profile and, thus, changes in the band intensities.

The negative band at the position of the W7 mode in Figure 1
had an asymmetric form compared to the UVRR band in the
original state. The peak of this negative band was located around
1360 cm !, whereas the shoulder was detected at about
1340 cm ™. The W7 mode is known to show a doublet arising
from the Fermi resonance of the indole N;—Cg stretchinig with
the combination bands of out-of-plane bending vibrations. > The
intensity ratio of the two bands (I;360/I1340) is @ marker of
hydrophobicity around tryptophan. When the tryptophan resi-
due is located in a hzdrophobic environment, the intensity ratio
becomes larger.">'*”* The spectral width of our laser was as wide
as 20 cm™ , so the tryptophan doublet band could not be
resolved. The observation of a shoulder band at 1340 cm ™' on
the band at 1360 cm ™' in the difference spectra may indicate that
the I;360/11340 intensity ratio in the early photointermediate is
smaller compared to that in the original state. Thus, the changes
we observed in the intensities of W16 and W18 bands and the
ratio of the W7 doublet suggest that the hydrophobicity of a
tryptophan residue is reduced in the early picoseconds.

Under the 238 nm probe condition (Figure 3), the W3 mode
exhibited a sigmoidal form arising from a wavenumber shift in the
difference spectra at 5 ps. The W3 band is assigned to the C,—C;
stretching mode of the pyrrole ring,'® and the wavenumber of the
W3 mode is directly related to the side-chain conformation. The
W3 wavenumber is correlated with the torsion angle, Xz'l, which
is defined as the dihedral angle of the C, —C3—Cg—C linkage of
the indole side chain.'®”® The observed downshift implies a
change in the torsion angle " of the indole ring in the K state.

Changes in Protein Structure around the Tyrosine Resi-
due. In the UVRR difference spectra probed at 238 nm, a large
negative band instantaneously appeared at the position of the
Y8a mode upon photoexcitation. Figure 4b shows that the
bleached Y8a band partially recovered within the instrument
response time and substantially recovered with a time constant of
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30 ps. This indicated that the Y8a band intensity bleached in the
J and K states and subsequently recovered in the “post-K” state.
We extracted the contribution of Tyr174 to the band intensity in
Figure 5b, showing that the Y8a band of Tyr174 was weakened in
the J state and recovered in the K state. The Y8a mode is
attributed to the in-plane stretching vibration on the phenyl
ring."> The Raman intensity of this mode is resonantly enhanced
by the Franck—Condon A-term mechanism via the L, absorption
(peak wavelength 222 nm). The maximum of its Raman excita-
tion profile is around 225 nm.”* Under the probe condition used
in the present study, the intensity loss of the Y8a band arises from
a blue shift of the Raman excitation profile. It has been reported
that the L, absorption band systematically blue-shifts when the
tyrosine residue is in a more protic environment.® Therefore, the
data of Figure Sb show that there is an increase in the hydrogen-
bond strength of Tyr174 in the J state and a subsequent decrease
in the K state. This is consistent with the FTIR observation that
the hydrogen bond strength of Thr204 did not change between
the original and K states in the absence of HtrIL.**

Protein Response in the J and K States. The initial bleaching
observed in all the tryptophan bands in the 225 nm spectra, as
well as the bleaching observed in the Y8a band in the 238 nm
spectra, is associated with the J state formation. Bleaching of the
tryptophan bands is due to environmental changes occurring
around the tryptophan residues, while the bleaching around the
Y8a band can be attributed to a strengthening of the tyrosine
hydrogen bond.

The 5 ps UVRR difference spectrum is assigned to the spectral
change in the K state. In addition to the spectral changes
observed in the J state, a lower wavenumber shift of the W3
band was observed in the K state in the time-resolved difference
spectrum probed at 238 nm. Our data suggest that the orienta-
tion of the tryptophan side chain changes upon formation of the
K state. In the K state, the chromophore is in the 13-cis form. The
isomerization causes a significant structural change in the Schiff
base region. The Trpl71 side chain contacts the 9- and 13-
methyl groups of retinal. Upon chromophore isomerization, the
position of retinal’s 13-methyl group changes compared to that in
the all-trans configuration.” The displacement of the 13-methyl
group would change the orientation of the side chain of Trp171.
It is highly likely that the spectral change of the W3 band
described above results from relief of the steric repulsion between
retinal and Trp171.

Thus, as a whole, the spectral changes of SRII in the J and K
states we observed are similar to those reported for BR.*'
However, the W16 and W18 bands probed at 238 nm exhibited
a distinct difference in temporal evolution. Negative bands
appeared within the instrument response time and became
weaker within 10 ps in the SRII difference spectra, while no
prominent band was observed during the first 10 ps for BR.*'
This difference indicates that the band intensity of the J state
relative to the original state is smaller for SRII than it is for BR
and suggests that the structure of Trp76 (Trp86 in BR) and/or
Trpl71 (Trp182 in BR) differs between the J states of the two
proteins.

As shown in Figure Sb, the Y8a band bleached within the
instrument response time and recovered within 10 ps, suggesting
that the negative feature of the Y8a band for the Tyr174 residue
derives from the J state of SRII. Together with the data for W16
and W18, it can be deduced that Tyr174, as well as Trp76 and/or
Trpl71, is perturbed upon the formation of the J state.

The maximum amplitude of the intensity change of the Y8a
band in the UVRR difference spectra of SRII (Figures 3 and 4)
was about 8 times larger than that of BR.>' SRII and BR possess
10 and 11 tyrosines, respectively. If the structural change which
gives rise to the same intensity change of the Y8a band took place
both in SRII and BR, the difference of the relative intensity
change would be as small as 10% between the two proteins. Thus,
the prominent change of the Y8a band intensity observed in the
present UVRR spectra of SRII suggests that the structural change
of the protein moiety around retinal in SRII is much larger than
that in BR. This is consistent with the previous FTIR study that
the structural changes of protein moiety surrounding retinal
chromophore in response to photoisomerization are spatially
more extended in SRII than in BR.”

In Figure Sa, about 1/3 of the Y8a band intensity in the
difference spectra at 1 ps consisted of the contribution of the
spectral change due to Tyr174. Tyrl8S in BR is conserved as
Tyr174 in SRIL Even if a whole spectral change of Y8a band for
BR s due to the structural change of Tyr185, the spectral change
of Tyrl74 in SRII is much larger than Tyrl8S in the early
picosecond time frame. As the Y8a band intensity is associated
with changes in the hydrogen-bond strength,69 the strengthening
of the hydrogen bond of Tyr174 in SRII in the J state is larger
than Tyr185 in BR. Y174F SRII does not function as a
photosensor,”> while YI85F BR pumps protons as well as WT
BR.” The difference of the spectral changes between Tyr174 in
SRII and Tyr18S in BR may correlate with the difference in the
contribution to physiological functions of the two proteins.

FTIR study suggested that Tyrl174 and Thr204, which are
hydrogen-bonded to each other, are essential to the signal
transduction and that a signal relay pathway starts with the steric
conflict between the retinal C;4H group and the side chain of
Thr204 following retinal isomerization.® The FTIR data sug-
gested that in this reaction the strength of hydrogen bond
between Tyr174 and Thr204 changes. Thr204 in SRII is replaced
as Ala215 at the same position in BR, which does not form a
hydrogen bond to Tyr185. In addition, the BR triple mutant,
P200T/V210Y/A215T, can activate HtrIl and greatly enhance
the phototaxis response.®® It is highly likely that Tyr185 is
hydrogen-bonded to Thr215 in this triple mutant and that the
hydrogen-bond strength changes in accordance with the retinal
isomerization. Actually, by using low-temperature FTIR spec-
troscopy, it has been reported that the hydrogen bond of the
introduced Thr residue (i.e.,, A215T) strengthens by formation of
the K intermediate due to the low-frequency shifts of the OH
stretchin% mode. The frequency change in BR-T (105, 128, or
150 cm 1) was similar to that in SRII (110 cm ™ *).”® Therefore, it
is suggested that the intensity changes of the Y8a band due to
Tyr174 in SRII and Tyr185 in BR can be correlated with the
extent of the contribution to their physiological functions.

Recent ultrafast infrared spectroscopic experiments reported
that protein backbone changes in the early picosecond time
frame: protein bands appear in the amide I region within 0.3 ps
and in the amide II region within 3 ps and decay partially in both
regions with a time constants of 8—18 ps.'* During the primary
stages of the photocycle, changes in the amide II band of other
microbial rhodopsins, blue and green proteorhodopsin, were also
pointed out by low-temperature FTIR study.”” The time con-
stants of spectral changes detected by our UVRR measurements
were different from those by these infrared studies. This is
presumably because we observed the structural changes of
different portion. Interestingly, the order of time constants of
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the structural changes observed by both spectroscopies is the
same. These studies revealed that the protein response to
photoisomerization of the chromophore occurs in the J state
and that the subsequent structural changes take place in a few
tens of picoseconds.

In conclusion, the present data demonstrated that Tyr174
changes its structure and/or environment upon retinal isomer-
ization. We also observed spectral changes associated with
tryptophan residues in contact with the chromophore, presum-
ably Trp76 and/or Trp171. Comparative studies of other retinal
proteins will lead to a better understanding of the coupling
between retinal isomerization and protein conformational
changes. Our near future work involves the time-resolved UVRR
measurements of the SRII—HtrIl complex to understand the
signal transduction of SRII in more detail.
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