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Natronomonas pharaonis halorhodopsin (NpHR) is a light-driven Cl~ inward pump that is widely used as an
optogenetic tool. Although NpHR is previously extensively studied, its CI~ uptake process is not well understood
from the protein structure perspective, mainly because in crystalline lattice, it has been difficult to analyze the
structural changes associated with the Cl™ uptake process. In this study, we used solid-state NMR to analyze
NpHR both in the Cl™-bound and -free states under near-physiological transmembrane condition. Chemical shift
perturbation analysis suggested that while the structural change caused by the CI™ depletion is widespread over
the NpHR molecule, residues in the extracellular (EC) part of helix D exhibited significant conformational
changes that may be related to the Cl~ uptake process. By combining photochemical analysis and dynamic
nuclear polarization (DNP)-enhanced solid-state NMR measurement on NpHR point mutants for the suggested
residues, we confirmed their importance in the Cl™ uptake process. In particular, we found the mutation at
Alal65 position, located at the trimer interface, to an amino acid with bulky sidechain (A165V) significantly
perturbs the late photocycle and disrupts its trimeric assembly in the Cl™ -free state as well as during the ion-
pumping cycle under the photo-irradiated condition. This strongly suggested an outward movement of helix D
at EC part, disrupting the trimer integrity. Together with the spectroscopic data and known NpHR crystal
structures, we proposed a model that this helix movement is required for creating the Cl~ entrance path on the
extracellular surface of the protein and is crucial to the ClI™ uptake process.

1. Introduction Natronomonas pharaonis HR (NpHR) is one of the most extensively
studied HRs because it can be functionally expressed with large amount
in E. coli membrane [6] and is widely used as an optogenetics tool for

silencing neurons [7]. The most adopted photocycle scheme for NpHR

Halorhodopsin (HR) is a member of the retinylidene protein family,
which utilizes light energy to transport halide ions into cells [1]. This

light-induced halide ion influx is known to be necessary for energy
generation and/or for maintaining osmotic pressure balance [2]. Since
HR was first discovered and recognized as light-driven Cl~ pump in
1980s from halophilic archaea [1,3,4], many other HRs were found in
archaea and marine microorganisms that share similar structural char-
acteristics [5]. HRs consists of a seven-transmembrane helical region
and an all-trans retinal chromophore bound to the only lysine residue in
helix G. The retinal and the lysine sidechain form a protonated Schiff
base (pSB) as the primary binding site for the Cl™ ion. The inward Cl~
pumping function of HR is achieved with a cyclic conformational change
called the photocycle which begins with the light-induced isomerization
of retinal from all-trans to 13-cis conformation.

involves a series of kinetically distinguishable intermediates: NpHR +
hv - K - L; - Ly » N < O — NpHR' — NpHR, where N and O in-
termediates are in a quasi-equilibrium state, and absorption spectra of
NpHR' and NpHR are reported to be similar [8]. The two sub-
intermediates for L, L; and Ly, also exhibit similar absorption spectra
while the Cl” ion location is different [9]. Subsequent studies have
revealed that the Cl™ release takes place in the N - O step and Cl™ ion
uptake from the extracellular medium takes place in the O — NpHR' step
[10,11]. Further spectroscopic studies on wild-type (WT) NpHR and its
mutants have identified several key residues for the Cl~ transport pro-
cess [11-21]. Numerous studies are reported for the earlier part of the
photocycle, i.e., NpHR to the O intermediate based on the time-resolved
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crystallography experiments [9]. Together with the knowledge of the
key residues, the Cl~ releasing mechanism and associated structural
changes were elucidated. However, the Cl™ recapture process in the late
photocycle remains unclear. The structural change from the O inter-
mediate to the ground state was poorly characterized in crystal because
the crystalline lattice packing prevented tracing the whole photocycle in
crystal [9]. Even though crystal structures are available for NpHR both
in the C1™-bound ground state and an O-like anion-free state (referred to
as the Cl -bound and Cl™ -free state, respectively) [22,23], where the
latter C1™-free state is assumed to represent the O intermediate because
of their structural similarity [24,25]. Directly tracing the changes from
the Cl™-free state to the Cl”-bound state failed because of the difficulty
in achieving the CI™ removal and recapture in crystal, where an M-like
yellow form was required as an intermediate [23]. Also, although the
photochemical studies under a high-pressure condition clearly sug-
gested that there is a large molecular volume change between the O-
intermediate and ground state [10,13], crystal structures showed
changes only in the extracellular part of the helix C [23]. These results
suggest that the physiological conformational change in the late pho-
tocycle is difficult to observe in crystal, leading to the paucity of direct
structural insights into the Cl™ recapture process. For a better under-
standing of the Cl™ uptake process of NpHR and the associated structural
changes between the Cl~-bound and -free states, atomic resolution study
under a near-physiological condition is necessary.

Magic-angle spinning (MAS) solid-state nuclear magnetic resonance
(ssNMR) spectroscopy is a promising method to this end, allowing
atomic resolution molecular structural and dynamic studies of mem-
brane proteins in near-physiological lipid bilayer conditions and
ambient temperatures [26,27]. MAS ssNMR has been previously applied
to opsin structural analysis of microbial rhodopsins [28-30] as well as
for the high-precision structural studies on the Schiff bases [31-35].

In this study, we employed 3D '3C-detection ssNMR spectroscopy to
study structural differences of NpHR reconstituted in DMPC liposome
between its Cl -bound and -free states at ambient temperature. The
structural differences were identified from the chemical shift perturba-
tions (CSPs) in the ssNMR spectra. The identified key residues were
mutated, and photochemical properties were analyzed further. We also
used dynamic nuclear polarization (DNP) sensitivity-enhanced ssNMR
technique for elucidating conformational distribution around pSB.
Overall, the data suggested the large structural changes in the late
photocycle, and allowed us to propose a model describing the Cl™ uptake
process.

2. Materials and methods
2.1. Genes construction

A truncated wild-type NpHR (WT NpHR) with amino acids with the
residue number from 18 to 277 was used for the measurement. The
truncated NpHR gene was amplified from a NpHR gene coded in pET-21c
(+) vector [19] with primers containing the Ndel or Sall recognition
sequences through the standard PCR method. The PCR products were
digested using these restriction enzymes and then the fragments were
ligated into Ndel and Xhol digested pET-22b(+) vector. Consequently,
the WT NpHR with 6-His-tag at the C terminus was constructed, the final
sequence was ME'®VTQR...VVSGS?””VEHHHHHH. All NpHR mutants in
this study were provided from this constructed vector through Quik-
Change™ method (Agilent).

2.2. Protein expression and purification

The NpHR was overexpressed in E. coli BL21(DE3) cells. For photo-
chemical experiments, the natural abundance proteins were prepared
using the LB media. For ssNMR experiments, the isotope-labeled pro-
teins were prepared using the M9 minimal media. The uniformly '3C-
and °N-labeled WT NpHR sample, referred to as [U-'3C, '°N]-NpHR,
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was prepared using [U-'3C] glucose and '>NH,4Cl as the sole carbon and
nitrogen sources, respectively. Sparsely 3C-labeled and uniformly *°N-
labeled WT NpHR samples, referred to as [1,3-13c, U-'°N]- and [2-13C,
U-!5N]-NpHR, were prepared using [1,3-13C]- or [2-13C]-labeled glyc-
erol and °NH,CI, respectively.lsNg—Lysine—labeled NpHR, referred to as
[15NQ-Lys]-NpHR, was prepared by adding 15Ng-Lys to natural abun-
dance glucose and NH,4Cl based media. For [U—l?’C, 15N -NpHR, 2 g of
[U-13C] glucose was used per liter culture, while for the sparsely '3C-
labeled samples, 3 g of the 13C-labeled glycerol was used. For [lsNg—Lys]—
NpHR, 100 mg of 15N;—Lysine was added when the optical density of
culture at 660 nm (ODggg) reached 0.8. For these isotope-labeled NpHR
samples, 1 g of either natural abundant or 15N enriched NH4Cl was used
per liter culture.

The E. coli cells were grown at 37 °C by monitoring the growth by
measuring the ODggo. The NpHR expression was induced by an addition
of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) when ODggo
reached 1.4. Simultaneously, 10 pM all-trans retinal was added to
exogenously regenerate the expressed opsins. After 4 h of induction, the
cells were harvested by centrifugation (4000 xg, 10 min, 4 °C), then
washed by 50 mM Tris-HCl (pH 8.0) with 5 mM MgCl, once and pelleted
via centrifugation (4000 xg, 10 min, 4 °C), stored at —20 °C.

The purification procedure was essentially the same as previously
reported [36] with a slight modification. Briefly, the cells were resus-
pended using 50 mM Tris-HCI (pH 8.0) with 5 mM MgCl, and disrupted
by ultrasonication. Then, the crude membranes were collected by ul-
tracentrifugation (120,000 xg, 60 min, 4 °C) and suspended using 50
mM Tris-HCI (pH 8.0) with 100 mM NaCl and 5 mM imidazole. The
suspended membrane fraction was solubilized by an addition of 1.5 % n-
dodecyl-B-D-maltoside (DDM) with stirring overnight at 4 °C. After
solubilization, the insoluble part was removed by ultracentrifugation
(120,000 xg, 30 min, 4 °C). The supernatant containing NpHR was
incubated with Ni-NTA resin (Qiagen) for 1 h at 4 °C, and then the resin
was transferred to an empty chromatography column. Then the resin
was washed by 50 mM Tris-HCI (pH 8.0) with 100 mM NaCl, 50 mM
imidazole and 0.1 % DDM of 5-fold the resin volume to eliminate
nonspecifically bound components. The purple fraction containing
NpHR was collected by elution using 50 mM Tris-HCI (pH 8.0) with 100
mM NaCl, 500 mM imidazole and 0.1 % DDM.

2.3. Proteoliposome preparation

A PD-10 desalting column filled with Sephadex™ G-25 (Cytiva,
referred to as PD-10 column) was used to remove the imidazole from the
purified samples through exchanging against 50 mM Tris-HCl (pH 7.0)
with 100 mM NaCl and 0.1 % DDM. After the buffer exchange, NpHR
concentration was determined by the absorbance of opsin-bound retinal
at 580 nm using the extinction coefficient, emax of 54,000 M lem™!
[37] for which we used an UV-vis spectrophotometer (SHIMADZU
UV1280). 14:0 PC (DMPC) was dissolved with chloroform in a glass
bottle then formed lipid film under dry N5 or Ar gas flow by evaporating
chloroform. The DMPC film was rehydrated with the NpHR solution and
incubated for 1 h at 30 °C under gentle shake. The DDM was removed by
incubating with bio-beads (Bio-Rad, 50 mg bio-beads for 1 mg DDM)
overnight at 4 °C to form NpHR-DMPC proteoliposome. The proteoli-
posome was collected by centrifugation (18,000 xg, 10 min, 4 °C) and
annealed by a heat-chill cycle (7 min 30 °C water bath and 8 min ice
bath) for 10 times then washed by 1 mL of 50 mM sodium acetate (pH
5.0) with 100 mM NaCl or 67 mM NaSOy4 for 5 times and resuspended in
the same buffer to prepare Cl -bound or Cl -free NpHR samples,
respectively. The C1~ depletion for the Cl™-free NpHR ssNMR samples
was checked with the change in the opsin bound retinal absorbance
wavelength (Amax) using the visible absorption spectra. The proteolipo-
some suspension was directly measured with the UV-vis spectrometer
and the Apax changes were analyzed.
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2.4. 13C detection MAS ssNMR spectroscopy and spectra analysis

The prepared proteoliposomes were packed into 3.2 mm Varian-style
rotors with a home-made rotor packing tool via ultracentrifugation
(100,000 xg, 20 min, 4 °C) [38].

All 13C detection ssNMR experiments were carried out on a 600 MHz
(Bo = 14.1 T) JEOL ECAII spectrometer with a Varian T3-HXY triple
resonance probe. The MAS rate was set to 12.5 kHz or 14 kHz. A cooling
gas was used to maintain the sample temperature to ~20 °C under MAS,
as estimated using the temperature-dependent K’°Br longitudinal
relaxation time [39]. NCA [40], NCACX [41], NCOCX [41], CANCO
[42], CANcoCA [43] and NcoCACX [44] spectra were recorded for
[U-13C, 15N]-NpHR in the Cl~-bound state, while NCACX and CANCO
spectra were also performed for [U-13c, °N] -NpHR in the Cl™ -free state.
For [1,3-13C, 1°N] and [2-'3C, >N]-NpHR, NCACX, NCOCX and CANCO
experiments were recorded in the Cl™-bound state. The 3C chemical
shift was referenced to sodium 2,2-dimethyl- 2-silapentane-5-sulfonate
(DSS) using the adamantane CH; peak at 40.48 ppm [45]. 14 and 1°N
chemical shift was indirectly referenced to DSS and liquid ammonia,
respectively [46].

The NMR data were processed with NMRPipe [47]. NMRFAM-
Sparky [48] and CcpNmr [49] were used for spectra visualization and
analysis. The FLYA algorithm in CYANA software was used for the
automated resonance assignment [50,51] to aid manual assignment
procedure. The CYANA library file was adapted for the sparsely 13C-
labeled samples. The detailed parameters of the pulse sequences and
data processing are given in supporting information.

2.5. Photochemical properties analysis

The purified NpHR was passed through the PD-10 column equili-
brated with the buffer corresponding measuring conditions.

For the measurements of the C1~ dependent absorbance change, Cl" -
free NpHR samples were prepared in 50 mM PIPES (pH 7.0) and 0.1 %
DDM. Then the UV-vis spectra were measured under various concen-
trations of NaCl from 0 to 1 M by adding 5 M NaCl. The Cl~ dependent
absorption changes were analyzed using the Hill equation:
[y

AAre.zi—n'
'Ky [Cl]

@

where AA, is the normalized reduced absorbance at the wavelength
where the difference spectra between Cl™-bound and -free state reached
maximum, and n is the Hill-coefficient.

Circular dichroism (CD) spectra were measured using a JASCO J-
1500 circular dichroism spectrophotometer at 25 °C. The NpHR samples
were suspended first to 50 mM PIPES buffer (pH 7.0) and 0.1 % DDM
with 100 mM NaCl. Then, the ClI™ concentration was reduced by mixing
with appropriate volume of Cl™-free buffer 50 mM PIPES (pH 7.0) and
0.1 % DDM with 67 mM NaySO4 and the protein was concentrated using
ultrafiltration devices (Amicon® Ultra centrifugal filter 10 kDa cutoff,
Sigma). All spectra were recorded in the region of 400-700 nm with a
scanning speed of 20 nm/min 4 times. For the effect of the light-
irradiation, samples were illuminated with a home-made LED array
(12 x LEDs, 590 nm, total outpower ~10 W, OptoSupply) at 4 °C
maintained by circulating water before the CD measurements.

For flash-photolysis measurement, the measuring medium was 50
mM PIPES (pH 7.0), 1 M NaCl and 0.1 % DDM, while the NpHR con-
centration was adjusted to Abspax ~ 0.5 by concentration using ultra-
filtration devices (Amicon® Ultra centrifugal filter 10 kDa cutoff,
Sigma). The flash photolysis apparatus was described previously [52]. A
Nd-YAG laser (532 nm, 7 ns) was used for exciting NpHRs, for each
measured wavelength (400-700 nm, at 10 nm intervals) 60 laser pulses
were used to improve the S/N ratio. The data were analyzed with a 4-
pigments irreversible sequential model [18,53]:
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71 () 73 74
P0—>P1 d P2 - P3 - P4 d Po.

where, Py is the ground state before the light irradiation. P; is the
kinetically defined intermediates in the photocycle and 7; is the corre-
sponding time constant (i = 0 — 4). The observed photolysis data were
globally fitted to calculate the time constants and absorption spectrum
of each intermediate using scripts in Python3 written in-house with
NumPy and SciPy packages.

2.6. Size-exclusion chromatography (SEC)

SEC was conducted using a Superdex™ 200 Increase 10/300 GL
column with AKTA pure™ 25 M1 system (Cytiva). The NpHR samples
for SEC were suspended to 10 mM PIPES buffer (pH 7.0) with 0.1 %
DDM and 100 mM NacCl or 67 mM NaySO4 for Cl™-bound or -free sam-
ples, respectively. 200 pL samples containing ~27 pM NpHR (Abssgg =
1.5) were applied to the column pre-equilibrated with the same buffer.
The flow rate was 0.75 mL/min and the eluted NpHRs were detected by
the absorption at 580 nm.

2.7. Ultra-low temperature DNP MAS ssNMR spectroscopy and spectral
analysis

The proteoliposomes that contain [ISNQ-Lys] -NpHR in the Cl™-bound
and -free states were washed once with 100 pL aliquot of deuterated
“DNP juice”, which is the mixture in 1:3:6 ratio of the buffer: D;O:
glycerol-dg (v/v/v). As a DNP polarizing agent, biradical compound
AMUPoL [54] was used. The buffer solution contained 200 mM AMU-
PoL, 500 mM sodium acetate with 1 M NaCl or 670 mM NaySO4 (pH
5.0), so that the final concentration becomes 20 mM AMUPoL, 50 mM
sodium acetate with 100 mM NaCl or 67 mM NaySO4 (pH 5.0) to ensure
the ion concentration in the sample. The suspended sample in the DNP
juice was well vortexed and centrifuged to remove extra DNP juice, then
packed into a JEOL SigN4 3.2 mm rotor using a home-made packing tool
under centrifugation (2000 xg, 15 min). One of the rotor spacers was
hollowed to contain K’°Br powder for the temperature measurement.

The DNP MAS ssNMR experiments were carried out on a 700 MHz
(Bp = 16.4 T) JEOL ECAII spectrometer, equipped with a dedicated
triple-resonance DNP MAS NMR probe, the custom-built closed-cycle
helium gas sample spinning system [55] and a 460 GHz gyrotron (output
power ~ 10 W) for generating microwaves. The probe was cooled with
helium gas to 30 K and MAS frequency was set to ~7.5 kHz, while the
sample temperature under MW irradiation was estimated to be 35 K
using K”°Br [39]. The data were processed and analyzed with the JEOL
Delta software. The detailed parameters of the pulse sequences and data
processing are described in supporting information.

3. Results
3.1. Liposome preparation

The protein-to-lipid (P/L) ratio for the proteoliposome sample was
optimized to obtain the best ssNMR spectral quality. The [U-'3C, 5N]-
NpHR to DMPC molar ratios (napr : pomec) of 1:15, 1:10 and 1:5 were
evaluated. These correspond to the weight ratios (Wnpur : Wowmec) of 3:1,
4:1 and 9:1, respectively. 2D-NCA correlation spectrum was measured
for each condition as shown in Fig. S1. Observed signal linewidths
(~100 Hz for 13¢ and ~150 Hz for 15N) were similar in all conditions.
Also, the chemical shifts were not affected by the P/L ratio. These results
suggest homogeneous NpHR-DMPC proteoliposome was formed even
with the highest P/L ratio. The sensitivity improvement observed for the
highest (9:1, w/w) versus the lowest (3:1) P/L ratio samples was 1.2-
fold, which was consistent with the corresponding fractional weight
ratio for protein (Wnpur : WapHr + Wpmpec) of 0.9 versus 0.75, respec-
tively, assuming the same density for protein and lipid bilayer portions.
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To confirm the high P/L ratio does not affect the Cl” binding affinity
of NpHR, visible absorption spectra were recorded for the reconstituted
samples with and without Cl™. Note that Cl™ ion can be easily removed
from NpHR in the native membrane by buffer exchange, while the C1~
depletion from NpHR crystal requires soaking in basic solution (pH 9.3)
because of the lattice force [23]. The Anax Values observed for the 1:5-P/
L ratio sample before and after washing with a Cl™-free buffer (50 mM
sodium acetate, pH 5.0 with 67 mM NaySO4) was 579 nm and 595 nm,
respectively (Fig. S2). These values were identical to the literature
values reported for NpHR in the Cl™-bound and -free states [15]. This
result shows the CI™ ions can be depleted completely from NpHR in
DMPC liposome and that the liposome with the 1:5 P/L ratio provides a
valid near-physiological condition suitable for the structural analysis.
Thus, we use the P/L ratio of 1:5 for all the following experiments.

3.2. Chemical shift assignment

MAS ssNMR measurements were performed first for the [U—13C, I5N7-
NpHR in the Cl -bound state. A CANCO spectrum, which virtually
provides one signal per residue, was used to evaluate the sample quality.
We found ~140 peaks in the CANCO spectrum, while the number of
residues for [U-13C, 15N] -NpHR is 269. The insufficient number of sig-
nals can be due to the signal overlap or poor magnetization transfer
efficiency for mobile molecular regions.

Chemical shift assignment was performed by combining the CANCO,
NCACX, NCOCX, CANcoCA and NcoCACX data. However, the complete/
unambiguous assignment was still difficult because of severe signal
overlaps and partly missing side chain signals. Thus, additional NCACX
and NCOCX spectra were recorded for [1,3-13C, U-15N]- and [2-13C,
U-°N] -NpHR, prepared using [1,3—13C]— and [2—13C]—glycerol as the sole
carbon source of E. coli culture. This sparse '3C labeling reduced the total
number of peaks while the specific labeling pattern helped to recognize
residue types [56]. The sparse '3C labeling also reduced the signal
linewidths by removing the homonuclear one-bond *3C scalar couplings
and mitigated the signal overlap [56,57]. This increased the number of
unambiguous assignments for NpHR (Fig. S3).

The obtained data were analyzed using automatic assignment algo-
rithm FLYA and results were used to aid the manual assignment. The
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data from sparsely 13C-labeled samples could not be analyzed well with
the FLYA assignment tool, and required modifications on the de-
scriptions of atoms and experiments in the library files. An example of
the sequential assignment using spectra of [U-'3C, 1°N]-NpHR are shown
in Fig. 1. Total 27 backbone nitrogen, 32 C, and 30 C' signals (25 Ny. Cq-
C intra-residue pairs) were assigned in a major part of helix D, C-D loop
and E-F loop on the cytoplasmic side and the nearby helical residues,
together with a few residues in the other helices. The assigned chemical
shifts are tabulated in Table S6. Other nuclei were not assigned without
ambiguity because of the amino acid type degeneration and signal losses
in the flexible regions.

3.3. Structural changes by Cl~ depletion

Next, NCACX, NCOCX and CANCO spectra were recorded for [u-3c,
15N] -NpHR in the O-like Cl™ -free state to evaluate the structural changes
upon Cl™ depletion. Similar assignment strategy for the Cl -bound state
was used for the Cl™-free state NpHR as well. The assignment results of
the Cl -free state NpHR are tabulated in Table S7. Smaller number of
signals (~120 peaks) were found for the Cl™-free state NpHR than for the
Cl™-bound state, presumably due to the increased molecular mobility in
the Cl™ -free state. We have identified in the CANCO spectra ~100 peak
pairs between the Cl -bound and -free state (Fig. 2a-c). The chemical
shift perturbations (CSPs) for these peak pairs were calculated using the
backbone °Ny and 13C, shifts, 5Ny and 5C,, as:

Ad= \/ (6Ca , withct- —6Ca , withoutct )> +0.4(8Nu withcr- — 6Nu | withourcr )
2

The average CSP was A5 = 0.22 ppm for all the peak pairs, while only
30 % of them exhibited CSPs larger than 0.275 ppm, which we refer to as
the top 30th percentile threshold, Adsow, (Fig. 2d). This result suggests
that a major part of the protein experiences at least some conformational
perturbation upon Cl~ depletion, while a smaller subset of the amino
acid residues experiences much more significant conformational
change. Below, we examine CSPs for the assigned residues for more
residue-specific discussion.

CSPs for assigned residues are summarized in Fig. 2e. A few resides in
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the cytoplasmic side of the helix C and D (Gly139-Thr154) showed
significant CSPs, but the average CSP among this region (~0.19 ppm)
was lower than Ad3gw. These residues are close to the Cl™ releasing
channel in the cytoplasmic side [9]. Photochemical studies of the in-
termediates previously suggested structural changes arising for O for-
mation remained until NpHR' formation [11], and the N and O
intermediates are under a structural quasi-equilibrium [8,53,58].
Therefore, the observed CSPs in the cytoplasmic side may be related to
the C1™ release process. The extracellular (EC) side of the helix D showed
much larger CSPs: a stretch of five residues, Val161-Alal65, showed
CSPs very close to or greater than Ad3g (the average CSP was ~0.35
ppm). This suggested that at least one of the major structural changes in
NpHR occurred in the EC side of the helix D upon ion depletion.
Importantly, in the X-ray structures, conformational change around the
EC side of helix D was not observed, while finite changes were seen only
for a part of helix C and B-C loop on the EC side [23]. We also note the EC
part of helix D is adjacent to several residues important for C1~ uptake
such as His100, Argl76 and Glu234 [22]. Together, these data suggested

the possibility that the EC side of the helix D plays a role in the Cl~
uptake process. To test and discuss this working hypothesis, we set out to
the mutation study and additional spectroscopic analysis described
below.

3.4. Molecular properties of NpHR mutants in helix D at extracellular
part

We successfully expressed, purified and reconstituted the following
mutants of NpHR: V161A, G163A and Al65V (Fig. S4). The Cl™
dependent changes in absorption spectrum are shown for each mutant in
Fig. 3. Fig. 3e plots the Cl” concentration-dependent absorbance
changes (Fig. S5) and their fit using the Hill equation (Eq. (1)), evalu-
ating the C1™ dissociation constants (Kq). The wavelengths of the opsin-
bound retinal absorption peak (Apax), Kq and the Hill coefficient are
summarized in Table 1. For G163A mutant, we observed ~17 nm and
~20 nm blue-shift relative to WT for the Cl -bound and -free state,
respectively. For A165V mutant, no shift was observed for the Cl -
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Table 1
Absorption maxima (Myax), Cl~ dissociation constants (Ky), Hill coefficients (n)
for solubilized WT NpHR and the mutants in 0.1 % DDM at pH 7.0.

Opsin type Amax / DM K4/ mM n
Cl™ free 100 mM NaCl

WT 595 577 4.8 0.89

V161A 595 576 6.1 0.73

G163A 575 560 5.7 0.87

Al65V 584 576 28 0.75
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bound state, while ~10 nm blue-shift was observed for the Cl -free
state. This latter observation was also reported for F150A, F150W and
F150Y mutants that destabilized the physiological trimeric assembly of
NpHR [59]. It is also to be noted that A165V mutant was the only mutant
that exhibited a significant increase in Kq among the tested mutants.

Next, flash laser-induced transient absorption changes were
measured for WT and the mutants with 1 M NaCl (Fig. 4), and analyzed
using the model described in Materials and Methods. The extracted time
constants 7; (i =1 — 4) are summarized in Table 2. Calculated absorp-
tion spectrum for the intermediates P; are shown in Fig. S6. For P; and
Py, the retinal absorption peaks were both blue shifted to Apax ~520 nm.
Therefore, they are identified as the L; and Ly intermediates. Consis-
tently, P3 showed the typical double-peak absorption and is identified as
the N-O quasi-equilibrium. P4 exhibited similar absorption spectra to the
ground state and is identified as the NpHR' state. The photocycle of
V161A was almost identical to WT, while those for G163A and A165V
were distinct. The smaller peak of the differential absorption (A,ps) at
650 nm found in the late photocycle (~1 ms) for G163A and A165V
(Fig. 4c, d) suggests a reduced formation of the O intermediate; this was
consistent with the only minor peak seen around 600 nm in P3 absorp-
tion spectra (Fig. S6c, d). Moreover, G163A and A165V mutant showed,
respectively, much slower (Fig. 4c) and faster recovery of A,ps at 580 nm
(Fig. 4d), i.e., significantly longer or shorter (3, 74) than WT, respec-
tively. Altogether, these observations indicate the mutations in the EC
side of helix D perturb the late photocycle indeed, including the CI™
release/uptake steps. Interestingly, 74 of A165V was ~5 times shorter
than that for WT and close to that reported for the F150A mutant. The
F150A mutant was reported to have the unstable trimeric assembly,
which resulted in the faster photocycle while inefficient ion pumping
[591.

Intrigued by the similarity of the photochemical properties between
the A165V and F150A mutants, we tested the trimer integrity of the
A165V mutant using SEC (Fig. 5) and visible CD spectroscopy (Fig. S7)
[59]. The A165V mutant was found to be in the trimeric form in pres-
ence of 100 mM NaCl with 0.1 % DDM while the dissociation was
observed upon removal of Cl™ ion through buffer exchange. To check
whether this trimer dissociation is reversible, we collected the A165V
monomer fraction (elution volume of 12-15 mL), back-exchanged to the
Cl™-containing (100 mM) buffer and applied to SEC again after con-
centration (Fig. 5b, black line). The elution pattern remained identical, i.
e., the A165V trimer dissociation is irreversible. For WT NpHR as well as
the V161A and G163A mutants, the trimer formation was not affected by
the Cl™ depletion (Figs. 5a and S7a-c). This indicates that the bulky
valine sidechain in the A165V mutant located at the monomer-monomer
interface uniquely causes the trimer dissociation. We also confirmed
that the A165V trimer dissociates under the Cl™-existing, light illumi-
nation condition, i.e., during the photocycle, while WT NpHR trimer
does not (Fig. 6). The A165V mutant formed the same trimeric structure
as WT in the Cl™-bound state in dark, thus the dissociation is not simply
due to the bulky valine sidechain. From these results, we hypothesized
that the EC part of helix D significantly moves outward in the late
photocycle, which may be crucial for the CI™ uptake process. This pos-
sibility will be further discussed in Discussion section.

3.5. Environmental changes of protonated Schiff Base induced by the
mutations

The above spectroscopic data showed the chromophore absorption
wavelength is affected by the mutation in helix D. In general, the
chromophore absorption wavelength of microbial rhodopsins is sensi-
tive to the environment around the protonated Schiff base (pSB). To gain
more insight into the conformational states around pSB, we measured
the pSB '>N NMR for NpHRs (N; of Lys256) using the DNP-enhanced
ssNMR technique. The DNP-enhanced ssNMR was previously used for
structural analysis of retinal with a sub-angstrom resolution which are
impossible without DNP [60-62]. In our case, as shown below, the
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Fig. 4. Photocycle of NpHR in wild type and mutants. (a-d) Flash-induced transient absorption measured at indicated wavelengths is plotted as a function of time for

WT NpHR, V161A, G163A and A165V mutants, respectively.

Table 2
Time constants for the formation of each intermediate extracted from the flash
photolysis data using the sequential irreversible model.

Opsin type 71/ ms 7o / mS 73 / ms 74 / MS
L - Ly L, » N-O N-O — NpHR' NpHR' — NpHR
WT 0.228 0.307 0.792 34.283
V161A 0.167 0.395 0.866 30.169
G163A 0.043 0.324 1.085 64.500
Al165V 0.101 0.111 0.556 6.500

increased sensitivity allowed us to identify, for the first time, multiple
substates for the O-like Cl™ -free state NpHR.

One-dimensional DNP-enhanced '°N spectra of [15N§-Lys]-WT and
G163A and A165V mutants are shown in Fig. 7. The signal enhancement
factor ¢ was ~30 at T ~30 K for all samples. This corresponds to a
roughly 300-fold sensitivity gain together with the effect from the
sample cooling relative to the conventional room-temperature ssNMR.
This sensitivity allowed us to detect weak '°N signals from minor con-
formations within hours. The ultra-low temperature DNP condition
freeze-traps dynamical conformational ensembles thermally sampled by
NpHR. Therefore, metastable conformational substates around pSB can
be detected as °N peaks with distinct chemical shifts, where the line-
width and integral intensity of each peak reflects the degree of confor-
mation disorder and population of each substate, respectively. The pSBs
in C1™-bound WT and A165V exhibited a single '°N peak at ~162 ppm,
while that of G163A showed split peaks at ~160, ~168 and ~180 ppm
(indicated by dash lines in Fig. 7b), corresponding to three major
conformational substates around the chromophore. The peak at ~168

ppm was highest in intensity while that at ~160 ppm seen also for WT
and A165V mutant became much smaller. This data shows that the pSB
environment for G163A is significantly different from that for WT and
A165V mutant in the Cl™-bound state. Then, the same measurements
were carried out for NpHRs in the Cl™ -free state (Fig. 7c). The similar
three substates were observed for all three samples. Again, spectra of WT
and A165A were similar: the peak at ~162 ppm remained major with
additional minor peaks seen at ~168 ppm and ~180 ppm. For the
G163A mutant, the broad peak at ~180 ppm, corresponding to highly
disordered substate, became highest in intensity while that at ~160 ppm
much smaller. To summarize, we found for the first time that the O-like
Cl -free intermediate generally comprises three substates, and that the
conformational setting for WT and A165V mutant are similar to each
other, while G163A mutant is distinct with significantly more disordered
conformation, perhaps a destabilized opsin fold.

The 1°N chemical shifts of pSB of many microbial rhodopsins follow
an empirical linear relationship between 1/Apax and 1 /d>. Here, d is the
distance between the pSB 15N atom and the counterion [35,63-65]
which is CI~ for NpHR. In Fig. 7d, we plotted the pSB '°N chemical shifts
we observed for NpHRs versus 1/Amax. For WT (blue) and A165V (red),
the 5N shift closely followed the linear trend. The major °N peak (at
~168 ppm) observed for G163A mutant (green square) also followed the
trend. In contrast, the '°N peaks for the two minor substates (small green
squares) wildly deviated from the relationship, suggesting a lot looser
coordination of the counter ion. Overall, our data indicate that G163A
mutation increases the population of the hidden substates that were not
observed with WT, and that these highly disordered substates have
much looser ion coordination geometry. This presumably resulted into
the above observed long 73 and 74. For A165V, the structural environ-
ment around pSB was suggested to be similar to WT, and the abnormally
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short 73 and 74 should be attributed to some other determining factor,
maybe the trimer dissociation.

4. Discussion

In this study, we performed ssNMR analysis on NpHR reconstituted
in DMPC liposomes to study structural changes in the Cl™ release/uptake
process. Then, we extended the study with amino acid mutations to the
residues that exhibited large CSP. The photochemical properties and the
pSB geometry of these mutants were analyzed. The Cl™-free state is
known as the mimic of the O-intermediate that occurs just before the C1~
uptake step. Therefore, we performed these analyses both in the Cl™-
bound and -free state and compared. In the ssNMR analysis, structural
changes in the EC part of helix D were suggested in comparing '°N and
13C chemical shifts between the Cl™-bound and -free state. To test the
importance of this region in the ion uptake process, the photochemical
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properties and the pSB geometry were investigated using the point
mutants of NpHRs: G163A and A165V. We found these mutations indeed
significantly changes the molecular properties including the transition
rates, populations between/of the photocycle intermediates as well as
the pSB geometry.

Interestingly, we found that the A165V mutation destabilizes the
trimeric structure in a low Cl~ concentration condition, and also over
the course of the light-driven photocycles under a physiological Cl™
concentration. This trimer disruption may account for the observed
abnormally short 74, which was also observed in the previous report on
the trimer disrupted form of F150A mutant [59]. It should be noted that
A165V mutant exhibited the same Apax and pSB 15N chemical shift with
WT in the Cl™-bound trimeric state, which indicates that the whole opsin
structure and that around the chromophore is not perturbed in the
A165V mutant relative to WT in the ground state. Thus, the trimer
destabilization is not because of a loose packing of monomer in general
but related with some specific structural changes during O-intermediate
or O-like Cl -free state formation (Fig. 8a, b). The X-ray structural
studies showed the Tyr124 sidechain rotates toward the helix D by C1~
depletion, which is close to the 165th position. This rotation may push
the EC part of helix D toward the adjacent monomer. The A165V mutant,
which has a bulky sidechain at the monomer-monomer interface, may
have been particularly affected by such structural transition and
disturbed the trimer integrity (Fig. 8c, d). These observations strongly
suggestes an outward movement of the EC part of helix D in the late
photocycle including the O-intermediate.

The pSB chemical shift data were consistent with the hypothesized
outward movement of helix D. In WT and A165V, the pSB '°N peak was
split into broad multiple peaks in the Cl™-free O-like state, suggesting
coexistence of disordered substates with a looser packing around the
retinal. The G163A mutant showed the blue-shifted Apax and the similar
pSB peak splitting even in the Cl -bound state. This latter 1°N peak
splitting was very similar to that with WT and A165V mutant in Cl™ -free
state, suggesting such loosened structure exist for G163A even in the
Cl -bound state. Gly163, known as a colour tuner, is highly conserved
among rhodopsin family. Mutation in this residue was predicted to result
in a blue shift of Ayax [67] because of the bulky sidechain here pushes
the retinal f-ionone ring and distorts the polyene chain [68]. Therefore,
this steric crush may have loosened the retinal packing in G163A in the
Cl™-bound state. Importantly, in the Cl™-free state of G163A mutant, the
ion depletion further significantly increased the intensity of the most
downfield broad °N peak at ~180 ppm. This is consistent with the
hypothesized outward movement of helix D that further reduces the
retinal packing, exacerbating the disorder around pSB. Also, this loose
and disordered molecular packing may account for the particularly long
13 and 14 observed for G163A mutant.

Based on the above discussion, we propose a model for the Cl™ up-
take process comprising a movement of the EC side of the helix D as a
crucial step for the ion uptake (Fig. 9). It has been reported that His100
in B-C loop, Arg123 in helix C, Argl76 in D-E loop and Glu234 in F-G
loop together with the nearby water molecules forms a putative Cl™
uptake pathway [22]. Indeed, some open space between helices (colored
cyan in Fig. 9a) can be found around these residues in the crystal
structure of the O-like Cl™-free blue form. However, these residues are
covered by the B-C loop and there is no obvious ion entrance path to-
ward this space. The His100, Arg176 and Glu234 are clustered near the
EC part of helix D, meanwhile helix D is not tightly covered by B-C loop.
Therefore, an outward movement of helix D may be helpful to create a
path for the Cl™ entrance. The Glu234 [12] in F-G loop and Tyr124 [22]
in helix C are known as key residues for Cl~ transport and showed
sidechain rotation between Cl™-bound and -free state. These movements
together with the outward movement of the EC part of the helix D can
allow CI™ ion to enter the inner protein space and captured, which is
further transported to the pSB region.

Still, some major points remain to be clarified. Although the muta-
tions in helix D, such as A165V, F150A, F150 W etc. showed similar
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properties such as the trimer disruption and abnormally short 74, Kq for
the Cl™ binding observed for the A165V mutant was significantly larger
than that for the Phe150 mutants. Also, Amax for the A165V mutant red
shifted upon Cl™ ion release, while that for the Phe150 mutants blue-
shifted [59]. This suggests that A165V mutant in its O-like Cl -free
state has distinct conformation (distribution) to the that for Phel50
mutants, and more detailed structural analysis is in order to gain deeper

insights into the ClI™ uptake process. The origin of the less accumulated
O-intermediate in the N-O quasi-equilibrium observed for the G163A
and A165V mutants than WT also remains unclear. The A165V mutant
that shares some photochemical properties including the less accumu-
lated O-intermediate with the F150A mutant may have the branched
photocycle found previously for the F150A mutant [59]. On the other
hand, the G163A mutant does not share such properties with known
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Fig. 8. The trimer dissociation scheme proposed for NpHR A165V mutant. (a)
NpHR trimeric structure with the 165th position highlighted in red. (b) A lateral
blow-up view at the trimer interface, in which the 165th residue is mutated to
valine. The monomer structure is based on the Cl -bound state NpHR (PDB
entry 3A7K [22]). For the trimeric assembly, we used the homologous model
from HsHR (PDB entry 1E12 [66]) because the protein expressed in E. coli lacks
bacterioruberin, which is necessary for the trimeric assembling in the 3A7K
trimeric form [22,59]. (c and d) The proposed trimer dissociation mechanism
for the A165V mutant. The Cl -free O-like structure (green, PDB entry 3QBG
[23]) is presented. The sidechain of Tyr124 rotates toward the helix D by CI™
depletion or during the O intermediate formation in the photocycle, which may
push the helix D outward and lead to the trimer dissociation. The structure
visualization and the amino acid replacement for A165V were performed using
PyMOL. (For interpretation of the references to colour in this figure legend, the
l;eader is referred to the web version of this article.)

mutants. The structural instability suggested for the G163A mutant from
the broadly distribured pSB °N signals both in the Cl™-bound and -free
states may account for the less accumulated O-intermediate. Determi-
nation of the CI~ binding affinity for the O-intermediate will be bene-
ficial to improve this picture. Also, more details of the outward
movement of the helix D such as its direction, associated structural
events and its driving force should be clarified. As a possibility, the
sidechain of Tyrl24 is known to rotate toward the helix D by Cl™
depletion [23]. If this sidechain rotation were the driving force of the
movement, mutation of Tyr124 to an amino acids with small sidechain
would reduce the steric effect and may avoid the trimer disruption in the
A165V mutant. To corroborate the steric effect played by the bulky
valine sidechain at the 165th position it would be worth seeing if e.g.,
A165W mutant with even larger sidechain would disrupt the trimer
integrity even in the Cl™-bound states.

At present, the insufficient coverage of chemical shift assignment
humpers providing precise picture of the outward movement of helix D
and other part of the protein. The assignment is difficult due to the
nature of membrane proteins whose amino acid types are strongly
biased toward the hydrophobic residues. Reverse isotope labeling,
which was utilized in the assignment of proteorhodopsin [69] and so-
dium ion pump rhodopsin, KR2 [70] may be useful. Another solution
would include the combination of the 'H-detection fast-MAS ssNMR and
high-dimensional spectroscopy, which successfully applied recently to a
study on a large (>100 kDa) enzyme protein [71]. Development of
better signal assignment protocol/strategies [72] and its application to
membrane proteins is also to be made. Once the coverage of the signal
assignment is improved, distance measurements between the mono-
mers, angles measurements between helices and relative to the mem-
brane normal, etc. would become possible for more detailed structural
analysis. We would report on these efforts in the future publications.

Despite the remaining future works, we underline here that the an-
alyses using ssNMR shown in this work showcased an important step
forward in elucidating the function of NpHR, and is crucial, in general,
for a detailed understanding of microbial rhodopsins in near physio-
logical condition. We identified, for the first time, the importance of the
EC part of helix D (including the 163rd and 165th amino acids) in the
late photocycle. The amino acid mutation at these key residues both
drastically perturbed the late photocycle related to the Cl™ ion uptake,
which was attributed either to disordered protein conformation around
retinal, or to the disruption of the physiological trimer. By combining
(DNP-enhanced) ssNMR spectroscopy with mutation works, (transient)
visible spectroscopy and crystallographic data in the literatures, we
were able to propose a model for the Cl™ ion release/uptake step, that
forms a basis for the future investigation.

5. Conclusion

In this study, we combined ssNMR spectroscopy with photochemical
property analyses on WT and mutants of NpHR in lipid bilayer
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environment by focusing on the late photocycle, involving the Cl™ ion
release/uptake step. Our ssNMR results suggested a major structural
change in the EC part of the helix D between the Cl -bound and -free
states. Subsequent mutation works and spectroscopic analyses
confirmed its importance in the Cl- uptake process. The data revealed
the possibility of an outward movement in the EC part of the helix D and
provided insights into the relationship between this structural change
and the Cl~ uptake process. DNP-enhanced >N NMR spectroscopy
elucidated the geometry changes around the protonated Schiff Bases,
pointing out the existence of three principal substates in the O-inter-
mediate. Our results filled the gap between the limited structural
changes for NpHR observed by X-ray crystallography and the relatively
large molecular volume change during photocycle claimed by spectro-
scopic studies in the literatures. Through this work, we would underline
importance of ssNMR methods in the structural studies on membrane
proteins, providing site-specific structural information in the near
physiological conditions.
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