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Heliorhodopsins (HeRs) are a new category of rhodopsins. They exist as a dimer and exhibit a characteristic
inverted topology. HeRs bind all-trans-retinal as a chromophore in the dark, and its isomerization to the 13-cis
form by light illumination leads to a photocyclic reaction involving several photo-intermediates: K, L, M, and O.
In this study, the kinetics of conformational changes of HeR from Thermoplasmatales archaeon SG8-52-1
(TaHeR) were studied by the transient grating (TG) and circular dichroism (CD) methods. The TG method
reveals that the diffusion coefficient (D) does not change until the O formation suggesting no significant
conformation change at the surface of the protein during the early steps of the reaction. Subsequently, D
decreases upon the O formation. Although two time constants (202 ps and 2.6 ms) are observed for the
conversion from the M to O by the absorption detection, D decreases only at the first step (202 ps). Light-
induced unfolding of helical structure is detected by the CD method. To examine the contribution of a
characteristic helix in the intracellular loop 1 (ICL1 helix), Tyr93 on the ICL1 helix was replaced by Gly (Y93G),
and the reaction of this mutant was also investigated. It was found that this replacement partially suppresses
the D-change, although the CD-change is almost the same as that of the wild type. These results are
interpreted in terms of different sensitivities of TG and CD methods, that is, D is sensitive to the structure of
the solvent-exposed surface and selectively observes the conformational change in the ICL1 region. It is
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Introduction

Rhodopsin is a ubiquitous family of photoreceptive membrane
proteins. Two distinctive types of rhodopsins, microbial (type 1)
and animal (type 2) rhodopsins, are known.'™ Both microbial
and animal rhodopsins consist of seven transmembrane helical
architecture (TM1-7), in which a retinylidene Schiff base (retinal
chromophore) is covalently bound to a lysine residue in TM7.
Microbial rhodopsins exhibit a wide variety of functions, light-
driven ion pumps, light-gated ion channels, light-dependent
enzymes, and so on,"® whereas most animal rhodopsins activate
heterotrimeric G proteins in a light-dependent manner as a sub-
group of the G protein-coupled receptor (GPCR) superfamily.®
In 2018, the third class of rhodopsin, heliorhodopsin (HeR),
was discovered by the functional metagenome analysis.”
Although the biological function of most HeRs is not known
except for a few members,®° they exhibit a characteristic
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suggested that the structure of hydrophilic residues in the ICL1 helix is changed during this process.

inverted orientation relative to the canonical microbial and
animal rhodopsins with the N- and C-termini facing the intra-
cellular and extracellular sides, respectively.”'! HeR 48C12 and
HeR from Thermoplasmatales archaeon SG8-52-1 (TaHeR) were
revealed to form dimers by X-ray crystallography in which
protomers are bridged to each other by their long extracellular
loops between TM1 and 2 (Fig. 1(a))."*™*

HeRs bind an all-trans-retinal chromophore in the dark, and
it isomerized to the 13-cis form upon light illumination leading
to a photocyclic reaction involving several photo-intermediates:
K, L, M, and O. The K and O intermediates exhibit red-shifted
visible absorption spectra compared to the dark state, while the
absorption spectrum of the M intermediate, in which the Schiff-
base linkage of the retinal chromophore is deprotonated, is highly
blue-shifted. The turnover rate of HeRs is relatively longer (0.6-11 s)
compared with most abundant H'-pumping type 1 rhodopsins.
Because the presence of the long-lived photo-intermediate without
ion transport is a common feature of sensory and enzyme
rhodopsins,”>™® HeR is thought to be involved in unidentified
signal transduction or cellular metabolic process.””**'® In addition,
the putative function of HeR transporting amphiphilic molecules
was suggested based on the absence of HeRs in diderm (Gram-
negative) bacteria.'® A study using the HPLC analysis and the
Fourier transform infrared (FTIR) spectroscopy revealed a large
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Fig. 1 (a) The X-ray crystallographic structure of TaHeR dimer (PDB ID:
61S6)." The area shown in b is indicated by an orange rectangle. (b) The
extracellular hydrogen bonding network of TaHeR connecting the retinal
Schiff base (RSB) region and ICL1.

change in the backbone of HeR in the last O intermediate having
13-cis-retinal chromophore.” Although this conformational change
may represent the formation of functionally active state, the
reaction kinetics of the change have not been elucidated.

The transient grating (TG) method measures a diffraction of a
probe beam (TG signal) by a periodic refractive index change in a
protein solution associated with the photoreaction in the time
domain.?*** The decay rate of the TG signal due to chemical
species reflects the translational diffusion coefficient (D) of a
protein, and time-dependent D can be determined by changing
the grating wavenumber (g). If there is a structural change
affecting the interaction between the protein and solvent, D of
the product can be different from that of the reactant and even
can alter over time during the photoreaction. Here, to reveal the
dynamics of the formation of the active state of HeR, we studied
the global conformational change of TaHeR by monitoring
D-change dynamics in the time domain using the TG method.
In particular, the contribution of a characteristic helix for HeR
(ICL1 helix in Fig. 1(b)) was investigated using a mutant of Y93G.

Experimental
Cloning of TaHeR wild type (WT) and Y93G

The gene encoding TaHeR with codons optimized for Escherichia
coli expression was synthesized (Genscript, NJ, USA) and cloned
into NdeI-Xhol site of pET21a (+) vector (Novagen, Merck KGaA,
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Germany). The plasmid was transformed into E. coli C43 (DE3)
strain (Lucigen, WI, USA). For mutagenesis to construct TaHeR
Y93G, the QuikChange site-directed mutagenesis method (Agilent
Technologies, CA, USA) was used according to a standard proto-
col. The sequences of the primers used in mutagenesis are listed
in Table S1 (ESIt).

Purification of TaHeR WT and Y93G

E. coli cells harboring the TaHeR WT or Y93G-cloned plasmids
were cultured in 2x YT medium containing 50 pg mL ™'
ampicillin. The expression of C-terminal 6x His-tagged proteins
was induced by 0.1 mM isopropyl-p-p-thiogalactopyranoside
(IPTG) in the presence of 10 uM all-trans-retinal (Toronto Research
Chemicals, Canada) for 4.5 h at 37 °C. The harvested cells were
sonicated (Ultrasonic Homogeniser VP-300N; TAITEC, Japan) for
disruption in a buffer containing 50 mM Tris-HCl (pH 8.0) and
5 mM MgCl,. The membrane fraction was collected by ultracen-
trifugation (CP8ONX; Eppendorf Himac Technologies, Japan) at
142000 x g for 1 h. The proteins were solubilized in a buffer
containing 50 mM MES-NaOH (pH 6.5), 300 mM NaCl, 5 mM
imidazole, 5 mM MgCl,, and 1% n-dodecyl-B-p-maltopyranoside
(DDM). The solubilized proteins were separated from the insolu-
ble fractions by ultracentrifugation at 142000 x g for 1 h. The
proteins were purified using a Co-NTA affinity column (HiTrap
TALON"™ crude; Cytiva, MA, USA). The resin was washed with
buffer containing 50 mM MES-NaOH (pH 6.5), 300 mM NacCl,
50 mM imidazole, 5 mM MgCl,, and 0.1% DDM. The proteins
were eluted in a buffer containing 50 mM MES-NaOH (pH 6.0),
300 mM NacCl, 500 mM imidazole, 5 mM MgCl,, and 0.1% DDM.
The eluted proteins were dialyzed in a buffer containing 20 mM
Tris-HCl (pH 8.0), 100 mM NaCl, 0.05% DDM to remove
imidazole.

Transient absorption measurement

The detail of transient absorption measurement was previously
reported.”® TaHeR WT and Y93G were solubilized in 20 mM
Tris-HCI (pH 8.0), 100 mM NacCl, 0.05% DDM. The absorption
of the protein solution was adjusted to O.D.; = 0.5 (protein
concentration = 0.25 mg mL ). The sample was illuminated
with a beam of second harmonics of a nanosecond-pulsed
Nd:YAG laser (4 = 532 nm, 5.7 mJ cm %, 0.06-0.1 Hz) (INDI40,
Spectra-Physics, CA, USA). Light from a Xe arc lamp (L9289-01,
Hamamatsu Photonics, Japan) monochromated by a mono-
chrometer (S-10, SOMA OPTICS, Japan) was used for probe
light. The time evolution of the transient absorption change
was monitored by a photomultiplier tube (R10699, Hamamatsu
Photonics, Japan) equipped with a notch filter (532 nm, band-
width = 17 nm) (Semrock, NY, USA) to remove scattered excitation
light. To increase the signal-to-noise (S/N) ratio, 3-20 signals were
averaged. The signals were global-fitted with a multi-exponential
function to determine the lifetimes of photo-intermediates.

Transient grating measurement

The experimental setup for the TG measurement was similar to
that reported previously.?** A laser pulse from the second
harmonic of an Nd:YAG laser (GCR-170-10, Spectra-Physics, CA,
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USA) was used as an excitation beam. A diode laser (785 nm,
L785P090, Thorlabs, NJ, USA) was used as the probe beam. The
TG signal was detected by a photomultiplier tube (R1477,
Hamamatsu Photonics, Japan) and recorded with a digital
oscilloscope (DSOS054A, Agilent technologies, CA, USA). The
g-value was determined from the decay rate of the thermal
grating signal of a calorimetric reference sample, bromocresol
purple in aqueous solution. More than 50 signals were averaged
to improve the S/N ratio. The repetition rate of the excitation
pulse was set to be 0.02 Hz to avoid photoexcitation of the
photo-product. All measurements were carried out at 23 °C.

CD spectroscopy

Circular dichroism (CD) spectra were recorded with a spectro-
polarimeter (J-720WS, JASCO, Japan) with flowing N, gas. The
background signal from the spectrum of the buffer solution was
subtracted from all other measurements. An optical path length
of a sample cell was 1.0 cm and the protein concentration was
0.5 uM. It took about 30 s for recording one CD spectrum. To
improve the signal-to-noise ratio (S/N), 20 spectra were averaged.
To measure the CD spectrum of the light-adapted state, blue
light from a LED (480 nm) was illuminated during the CD
measurement. Since the detector used for the CD measurement
was sensitive to light only in far UV region, blue light illumina-
tion did not disturb the measurement. The CD measurements
were performed at 4 °C to slow down the thermal recovery
process for efficient accumulation of the light-adapted state. In
the case of Y93G mutant, the CD spectrum of the light-adapted
state could not be recorded due to light-induced denaturation.
However, probing thermal recovery curve after blue light irradia-
tion of a short period (6 s) by a CD signal was possible at one
probe wavelength. The sample solution was exchanged to fresh
one to minimize possible photodamage. The thermal recovery
measurements were performed at 23 °C and over the time-
profiles of 10 signals were averaged to improve the S/N ratio.

Results

Transient absorption measurement of TaHeR

To determine the kinetics of the photocycle of TaHeR in DDM by
absorption method, transient absorption signals were measured
upon pulsed photoexcitation (Fig. S1(a), ESIT). We observed four
photo intermediates, K, L, M, and O, which are similar to those
observed in lipids, by probing at 409, 549, and 605 nm."" All
traces are reproduced by the global fitting with a five-exponential
function leading the photocycle model (Fig. S1(a), right, ESIT).
Although the recovery of the initial state from the O intermediate
was slightly slower than that of the protein in lipids (23.6 + 0.8 s
vs. 11.1 + 0.1 s°), the overall photocycle of TaHeR WT in DDM is
the same as that in lipids.

TG measurement of TaHeR

The TG signal of TaHeR (6 uM) was measured at ¢° = 1.1 x
10"" m~? and shown in Fig. 2(a). The signal rose quickly within
the response time of our system and showed a rise-decay signal

This journal is © the Owner Societies 2023

View Article Online

Paper

in the time range of 10 ps to 500 ps. Subsequently, the signal
exhibited a rise-decay profile after once reaching the baseline.
The initial rise and the subsequent decay components (<1 ms
of Fig. 2a) are expressed by a tri-exponential function with rate
constants of ky, k, (k; > k;), and Dyq?,

Itg(t) = o{dny exp(—kyt) + On, exp(—kyt) + dne, eXp(—DthQZt)
+ dngpe(t)} (1)

where « is a constant representing the system sensitivity, Dy, is
the thermal diffusivity of the solution, and 8#; (j =1, 2, th) is the
pre-exponential factor. The fourth term of eqn (1), dngpe(t),
represents the TG signal in the slower time range, 1 ms-1 s.
By the fitting based on eqn (1), k; and k, are determined to be
1.3 x 10° s ' and 5.0 x 10® s, respectively. These values are
identical to the decay rates of the L and M intermediates
obtained from the transient absorption signals (Fig. Si(a),
ESIt). Because dng, is negative at this temperature, the signs
of the pre-exponential factors were determined as 6n; > 0 and
dn, < 0, which are consistent with the blue-shift (decay of L)
and red-shift (decay of M) of the absorption spectrum. Hence,
the rise and decay components are attributed to the absorption
changes due to the decays of the L and M states, respectively.

Since the time ranges of the rise-decay signals observed on a
slower time scale (1 ms-1 s) are dependent on ¢° (Fig. 2(b)), the
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Fig. 2 (a) The TG signal of TaHeR (6 uM) obtained at g% = 1.1 x 10" m=2.
The black broken line is the best-fitted curve based on egn (1) and (2).
(b) Granting wavenumber dependence on the molecular diffusion signal of
TaHeR. g7 are 180, 85, 23, 4.4, 1.1, 0.29 x 10 m~2 from left to right. The
black broken lines are the best-fitted curves based on eqgn (3).
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signal is attributed to the molecular diffusion (diffusion
signal). As described previously,”*”>* if D is a constant within
the observation time range, the diffusion signal should be
expressed by the following bi-exponential function:

3pe(t) = dnp exp(—Dpg’t) — dng exp(—Drg’t) (2)

where Dy and D, are the diffusion coefficients of the reactant
and product, respectively. Below, we confirm that D is almost
time-independent in a slow time region, >10 ms. According to
this equation, if D does not change by the reaction, the signal
should decay single-exponentially. The rise-decay profile in
Fig. 2(a) clearly indicates that Dy is significantly different from
Dg. Because the refractive index change of the thermal grating
signal (dny,) is negative under the present experimental condi-
tions, we found that the signs of the rise and decay components
are negative and positive, respectively. Hence, the rise and
decay components are assigned to the diffusion of the reactant
and product, respectively, ie., the photo-product diffuses
slower than the reactant. The diffusion signal obtained at
¢ = 1.1 x 10" m™? is reproduced well by eqn (2), and Dg
and Dy are determined to be (5.4 + 0.2) x 10" m> s ' and
(4.5 £ 0.2) x 10" m” s, respectively.

In general, D depends on the molecular size. The above
observed D is close to those of proteins such as lactoperoxidase
(6.0 x 107" m* s, 93 kDa)** and aldolase (4.3 x 10" "' m*s ™,
158 kDa).>* TaHeR is reported to exist as a dimer, and its
molecular mass (60 kDa as a dimer) is smaller than those
proteins. However, since TaHeR is solubilized by DDM, the
bound DDM must be included in the molecular size. According
to a previous study using several types of chromatography, it
has been calculated that about 100-200 surfactants are bound
around one rhodopsin molecule.”® Using these numbers with
the molecular mass of DDM (510 Da), the molecular mass of
the protein-detergent complex is calculated to be around 160-
260 kDa. Indeed, the molecular mass of the protein-detergent
complex has been previously estimated to be 193 kDa by size
exclusion chromatography combined with multi-angle laser
light scattering (SEC-MALLS) for TaHeR,'" which is in the range
of the above estimation. Hence, D from the diffusion signal is
reasonable for the molecular size, suggesting that the reactant
is the dimer.

When the concentration of TaHeR is increased from 6 pM to
500 uM, the shape of the diffusion signal is significantly altered
(Fig. S2(a), ESIt). This concentration dependence suggests that
TaHeR forms larger oligomers at high concentrations, and the
oligomers also undergo a reaction which is different from that
of the dimer. We speculate that the concentration of TaHeR in
living cells would be lower than 10 pM. Hence, the higher
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oligomers might be non-physiological forms. Since the signal
does not depend on the concentration below 12 pM, the
contribution of the higher oligomers should be negligible at
<12 uM. We do not discuss further the reaction observed at
high concentrations and we performed all TG experiments at
6 uM.

The diffusion signals normalized by the signal intensity due
to the absorption changes of the L and M states were sensitively
dependent on ¢* (Fig. 2(b)). The peak intensity was weak in a
fast time range (large ¢°) and became stronger in the slower
time range. This ¢> dependence indicates that D of the photo-
excited protein gradually changed in the observed time range.
The time development became negligible after 10 ms, indicat-
ing that the D-change was almost completed within 10 ms.
According to the transient absorption measurement, there are
two steps in the time range of the diffusion signal appears
(100 ps-1 s). Hence, the time development of the diffusion
signal was analyzed based on the following reaction scheme:

hv k> k3
R—L—=L—=P

where R, I, I,, P represent the reactant, the first intermediate,
the second intermediate, the final product, respectively, and k,
and k; represent the rate constants of each step. In this case,
the time dependence of 3ngp(?) is given by,

Sngpe(t) = —Bng exp(—Drg’t) + [8ny, — 81y {kal (ks — k3)} + Snp{kaks/

(ky — ka)H1/(D;, — Dp)g® + koflexp{(—Dy,g* + ko)t + [8n; {kx/(k, —

k)t — dnpikoks/(ky — ks)}{l/(DI2 —Dp)g* + ks}]exp{(—DIZq2 +k3)t} +
dnp{koks/(ky — k3)}{1/(Dr, — Dp)g* + ks} — {1/(D;, — Dp)g” +
ka}]exp(—Dyq°t) ®3)

where on; and D; (i = R, L1, I, and P) represent the refractive
index change and the diffusion coefficient of the i-species,
respectively. For reducing ambiguities of fitting parameters
during the analysis of the diffusion signal by this equation,
we fixed Dr and Dp to the values obtained by the analyses
described above. The rate constants (k, and k;) were also fixed to
the values obtained from the transient absorption measurement
(Fig. S1(a), ESIT). We found that the observed g°-dependence of
the diffusion signals were well reproduced, and D values are
determined (Table 1). A significant D-change occurs with a time
constant of 202 ps and it is minor at the final step (2.6 ms). It
should be noted that no D-change is detected before the for-
mation of O (I,). Since D reflects not only protein size but also
conformation change through the protein-water interaction, this
fact indicates no significant conformation change until the M
species. This observed D change after the M species is attributed
to the conformation changes of TaHeR and discussed below.

Table 1 Reaction rates, diffusion coefficients, and changes in CD intensities of WT and Y93G mutant of TaHeR

Diffusion coefficient (10" m? s™ 1) .
Amplitude of CD change
K/L - M (us) M — M'/O (us) M'/O — O’ (ms) Thermal recovery (s) Reactant I I, Product (10° deg cm® dmol™%)
WT 7.5+0.1 202 £1 2.6 £0.1 23.6 £ 0.2 54402 54+£03 45+03 45+0.2 85=+0.6

Y93G 6.2 + 0.3 167 £ 4 3.0£0.3 10.7 £ 0.1

12836 | Phys. Chem. Chem. Phys., 2023, 25, 12833-12840
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Since TaHeR exists as a dimer, the photoexcitation of one or
two protomers in the dimer may induce different conforma-
tional changes. This possibility was investigated by changing
the excitation light intensity. If two protomers can be excited by
strong pulsed light and the conformation change is different
from that upon one protomer excitation, the diffusion signal
should be light intensity dependent. However, the observed
time-profile of the TG signal was almost light-intensity inde-
pendent (SI-3, ESIt). This result might be explained by assum-
ing that the conformation change does not depend on the
number of photoexcited protomers in the dimer. However, we
found that this is not the case, because the relative diffusion
signal intensity against the signal intensity before the diffusion
signal, which represents amount of the reaction intermediates,
are almost light intensity independent (Fig. S3(c), ESIt). This
light intensity independence indicates that we cannot photo-
convert two protomers even at the strongest light intensity we
used. Possible reasons of the negligible photoconversion of two
protomers in the dimer is discussed in SI-3 (ESIT).

Nevertheless, D change was observed for the dimer having
one protomer in the light state, indicating that a conforma-
tional change of the protein moiety occurs when one protomer
in the dimer enters the photocycle. We consider that this
situation, photoconversion of one protomer, is important in
physiological environments, because the continuous sun-light
photons will be absorbed by the long-lived O intermediate, and
the 13-cis-retinal in the O intermediate of some rhodopsins is
known to be converted back to the all-trans form by absorbing
visible light.>” This behaviour was also confirmed for TaHeR;
i.e.,, the O decay is accelerated by increasing the probe light
intensity (SI-4, Fig. S4, ESIt). Hence, the activated state is not
fully accumulated even under steady-state light illumination
conditions in nature. Therefore, dimers containing one dark-
and one light-adapted protomers are likely to be functional
under physiological conditions.

To investigate the structural change further, we measured
the CD spectra in the dark- and light-adapted states (Fig. 3(a)).
Decrease in the CD intensity was observed upon light irradiation.
The difference spectrum is also shown in Fig. 3(a). Although the
difference is rather small, the difference spectrum seems to
resemble a typical spectrum of the helix.”® This observation
suggests unfolding of o-helices upon photoexcitation. Fig. 3(b)
shows the time course of the CD intensity at 222 nm during the
thermal recovery process. A refolding process was observed as an
increase in the negative CD intensity, and it was reproduced by a
single exponential function. The rate of the recovery of the CD
intensity (23 s) was the same as that of absorption change in the
visible region (Fig. S1, ESIt), representing that recovery of the
helical structure was synchronized with the recovery of the absorp-
tion change of the retinal chromophore. This confirms that the
observed CD change is related to the photocycle of TaHeR.

Photoreaction of Y93G mutant of TaHeR

The decrease in D by the photoreaction is a characteristic
feature. Previous studies have suggested that one molecular
origin of this decrease is the unfolding of a-helices, which has

This journal is © the Owner Societies 2023
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Fig. 3 (a) CD spectra of TaHeR (0.5 uM) at the dark- (blue) and light-adapted
(red) states. The light-minus-dark difference spectrum and its magnified (x10)
spectrum are shown in a black solid and black broken lines, respectively. (b) A
thermal recovery of CD intensity monitored at 222 nm. The black broken line
is the best-fitted curve based on a single exponential function.

been demonstrated in poly-L-glutamic acid and several light-
sensor proteins such as phototropin.?**° The friction for the
translational diffusion increases by the increase in the inter-
molecular interaction between the protein and water. On the
basis of this mechanism, we consider that the structural
changes in the transmembrane regions may not cause the
observed D-changes, because they are highly hydrophobic and
covered by detergent (DDM). Therefore, we consider that the
unfolding reaction in the helical region on the hydrophilic
surface is a cause of the D-change. According to the crystal
structure,* a characteristic helix exists in the solvent-exposed
region (ICL1 helix in Fig. 1(b)). This helix does not exist in other
rhodopsins and is unique to HeRs."»** Furthermore, the light-
induced conformational change on the cytoplasmic side is
relevant for the function of rhodopsins in many cases.”'%3°
Hence, we speculate that this helix is involved in the photo-
reaction of HeR. For examining conformation change in this
region, we prepared a mutant 7aHeR Y93G and investigated the
reaction, because Y93 locates in the ICL1 helix to be a part of a
hydrogen bonding network that extending from the retinal
(Fig. 1(a)), and it could be a key residue in signal transduction
from the chromophore to the ICL1 helix.

The absorption spectra in the dark and light states are very
similar to those of WT (Fig. S1(b), inset, ESIt), and the rates of
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M and O formations are close to those of WT. However, the
transient absorption signal is slightly different (Fig. S1(b),
ESIt); in particular, the amplitude of the absorption change
due to the formation of the M intermediate is smaller than that
of WT. The recovery rate of the initial state (10.7 & 0.1 s) was
approximately 2-fold faster compared to WT, indicating Y93
regulates the turnover rate of the photocycle of TaHeR. Even
after the full-decay of the O intermediate, a weak bleach signal
remained at 549 nm, suggesting a small proportion of the
excited proteins, which was estimated to be ~4% from its
intensity relative to the full-bleach signal, was denatured.

The TG signal of TaHeR Y93G (6 uM) was measured at ¢° =
1.1 x 10" m™> (Fig. 4(a)). Similar to the case of WT, the
concentration-dependent analysis confirmed that Y93G exists
as a dimer at 6 pM (Fig. S2(b), ESIt). The TG signal of WT
measured under the identical experimental conditions (excita-
tion pulse energy, protein concentration, experimental setup) is
also shown in Fig. 4(a). The time-profile of the TG signal of
Y93G is similar to that of WT and is reproduced well by the
same analytical equations (eqn (1) and (2)). The TG signal on a
fast time scale (10 us-500 ps) reflects changes in absorption due
to the decays of the L and M intermediates. The rate constants
are in good agreement with those obtained for transient
absorption signal (Fig. S1(b), ESIt), and their amplitudes are
smaller than those of WT, which also corresponds well with the
transient absorption measurements. The signal observed at a
slower time scale (10 ms-1 s) is attributed to be a molecular
diffusion signal, since the time scale varies with ¢° (Fig. S5, ESIT).
Interestingly, although the signal intensity before the diffusion
signal (1-10 ms in Fig. 4(a)), which represents the difference in
absorption spectrum between the ground state and the O inter-
mediate, is almost identical to that of WT, the diffusion signal
intensity was weaker than that of WT. This difference suggests that
the structural change observed as the D-change is partially sup-
pressed by the mutation. Global analysis of the diffusion signals
using the same analytical model (eqn (3)) reproduced the signal
well, and the determined parameters are summarized in Table 1.
Similar to WT, the D change mainly occurs at the k, step (167 ps),
but Dy is slightly larger in the mutant, representing that the D-
change is decreased by the mutation. Quantitatively, the change in
the friction (Af) was calculated by Af = kgT(1/Dp — 1/Dg), where kg is
the Boltzmann constant and T is the temperature, and the
enhanced frictions were determined to be 1.5 x 10~ " kg s~ " for
WT and 1.0 x 10" kg s~ " for Y93G. The smaller friction change
suggests that the conformational change is decreased in the Y93G
mutant. Hence, we consider that Y93 is involved in the conforma-
tional change and that movement in the ICL1 region contributes
to the D change.

Fig. 4(b) shows the CD spectra of WT and Y93G mutant in
the dark. Fig. 4(c) shows the thermal recovery of CD intensity at
222 nm. The recovery was observed as the case of WT and the
rate constant of the CD change (11 s) was again the same as that
of the recovery of the absorption spectrum (Fig. S1(b), ESIT).
Interestingly, the amplitude of the CD intensity change was
almost identical to that of WT. Since the CD spectrum of Y93G
in the light-adapted state could not be measured due to light
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Fig. 4 (a) The TG signal of Y93G mutant (green) and WT (red) of TaHeR
obtained at 6 uM and at g° = 1.1 x 10** m~2. The black broken lines are the
best-fitted curves based on egn (1) and (2). (b) CD spectra of Y93G (green)
and WT (red) of TaHeR (0.5 uM) at the dark state. (c) A thermal recovery of
CD intensity of Y93G monitored at 222 nm. The black broken line is the
best-fitted curve based on a single exponential function.

induced degradation, we could not conclude if the light induced
CD spectrum change of Y93G is the same as that of WT.
However, if the spectrum is the same, this observation indicates
that the light-induced unfolding of the helical structure is not
affected by the Y93G mutation. This point is discussed below.

Discussion

In this study, we observed two features on the conformation
changes: D-change and CD-change. The CD measurements
showed a decrease in the helical structure upon light irradiation,
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and the intensity does not change by the Y93G mutation,
whereas the D-change is sensitive to the mutation. This observa-
tion may indicate that the conformation changes detected by D
and CD are different. Since Y93 locates on the ICL1 helix, the
conformation change detected by D-change should represent the
change in the ICL1 helix. However, since this helix is short
(ca. 5% among the total helices of TaHeR), this change might be
difficult to be detected by CD. The secondary structure change
detected by CD should come from the conformation changes in
other parts of this protein. On the other hand, D is dependent on
the nature of surface-exposed residues, e.g., hydrophobicity.
Therefore, if the mutation alters surface properties such as a
change in the number of hydrophilic residues exposed to the
solvent, D-change is observed. Since the ICL1 helix (LgoYYR-
YVQNLKNy,) indeed contains both hydrophilic and hydrophobic
residues, and the binding site of ICL1 helix also contains
hydrophilic residues such as N16 and N102, the solvent exposed
residues might be changed by the mutation as well as the light
illumination, which is observed as changes in D. However, this
movement could be CD spectrally silent.

The TG method revealed the decrease in D at the formation
of the O intermediate. During the conversion from M to O, two
time constants (202 ps and 2.6 ms) are observed and the D
change occurs at the first step (202 ps). The two-step reaction
between specific intermediates is commonly observed for other
rhodopsins.'™*" In the M intermediate, the pK, of the retinal
Schiff base (RSB) (pK,rsg) is smaller than that of the proton
accepting group (PAG) (pKa pag), S0 that H' exists at PAG.”'"
During the M to O process, pK,’s change to pK, rsg > PKa pac tO
exhibit the spectral red shift. This pK, shift is caused by a
reorganization of hydrogen-bonding network on the hydrophi-
lic intracellular side. We consider that this reorganization
induces structural change around ICL1 to change D. At the
second step, the difference between pK,rsg and pK;pac
becomes larger by changes in the hydrogen bonding network
inside the protein, but this change does not affect the con-
formation of ICL1 so that D does not change.

In this study, we analysed the reaction from M to O based on
sequential reaction scheme and the TG signals were repro-
duced well. However, even using a parallel reaction scheme
suggesting structural heterogeneity, a similar result of the
analysis was obtained. Hence, we could not distinguish which
scheme is appropriate. Nonetheless, it is interesting to note
that, although the absorption spectrum change is the same for
the first and second steps, the difference in the conformation
change is apparent as the D-change.

It should be noted that Y93G mutation accelerates the thermal
recovery, suggesting that Y93 contributes to the stabilization of
the active state. Since Y93 is involved in the hydrogen bonding
network from the retinal, the replacement may perturb this
network and destabilize the active form. The long-lived active
state is important for efficient signalling by TaHeR.”'* Since Y93
is highly (~80%) conserved in HeR family, it may contribute to
extend the lifetime of the active state. Furthermore, the partial
irreversible bleaching of Y93G upon light illumination indicates,
Y93 also critical to prevent photo degradation.
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Previously, photoreactions of octopus rhodopsin and a few
sensory rhodopsins have been studied by the TG
method.?>**273* In the case of octopus rhodopsin, a pronounced
D change was observed (Dg = 6.1 x 10 ' m*> s™*, Dp = 2.9 x
10~ m” s~ "), which was assigned to the opening movement of
the transmembrane helices.*>*® In the case of sensory rhodop-
sins, no detectable change in D was induced by photoexcitation.
In the presence of their downstream transducer proteins,
however, significant D changes were observed, and they
were attributed to conformational changes at the cytoplasmic
extension site (so called Histidine kinases, Adenylyl cyclases,
Methylaccepting chemotaxis proteins, and Phosphatases
(HAMP) domain) of the Halobacterial transducer protein II
(Htrl)) (D = 6.3 x 107" m* s7", Dp = 2.9 x 107" m*> s7)*°
or to changes in intermolecular interaction (dissociation) with
the soluble transducer (Dg = 2.5 x 10 "' m?® s™!, Dp = 7.5 x
10~ m? s7").>* Compared to these D changes, the amount of D
change for TaHeR was small, suggesting that it is activated by a
localized and minor conformational change on the intracellular
side where the signal transduction occur.” Also, previous struc-
tural analysis has reported a crystal structure of HeR 48C12 at
acidic pH mimicking the M intermediate with an acetate ion
incorporated inside the molecule, which is suggested to be
relevant for the putative enzymatic function of HeR for redox
reaction.”” If TaHeR has the ability to incorporate ions in a
light-dependent manner, the conformational change in the
ICL1 region may be responsible for the uptake of substrate
ions from the cytoplasmic side, since the binding site of acetate
(inner cavity) is on the cytoplasmic side and the ICL1 helix
locates on the presumed pathway connecting the inner cavity
and cytoplasmic side of the protein.

Conclusions

In this study, the photoreaction of TaHeR was investigated
mainly by TG and CD methods. The TG method revealed that
the D does not change until the O formation in spite of large
spectral shifts. Hence, the spectral shift is originated by rather
localized structural changes around the chromophore. D
decreases during the formation of the O intermediate and this
reaction occurs even when one protomer in the dimer reacts.
During the conversion from M to O, two time constants are
observed without spectral shape change, but the D-change
occurs at the first step. Since D is highly sensitive to conforma-
tional changes in the solvent-exposed region, we suggest that
the first step involves the reorganization of hydrogen-bonding
network on the hydrophilic intracellular side, whereas the
second step is minor change inside the protein. The CD
measurement showed that the helical structure is partially
unfolded in the light state. Interestingly, however, the muta-
tional effects on the D change and the CD change are different:
in Y93G, D change is significantly suppressed, but CD change is
not. This difference implies that the sensitivities of these
methods are different; the TG method is more sensitive to the
reactions on the hydrophilic surfaces, which may be important
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for the function of HeRs. For the O formation, the absorption
changes by pK, shift due to two step reorganization processes
of hydrogen-bonding network around the chromophore. The
observed D-change dynamics indicates that only the first step of
the reorganization induces structural change around ICL1 to
change D. We also found that Y93 contributes to the stabili-
zation of the active state.
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