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Abstract

Membrane proteins, which account for 20-30% of genomically encoded proteomes, are
fundamental to a variety of important life activities. Despite their important roles in life science
and extensive research interest, understanding of membrane proteins' structure-function
relationship remains insufficient, as evidenced by their underrepresentation in the structural
database. For example, less than 2% of the protein structures deposited in the Protein Data
Bank (PDB) are membrane proteins. The difficulty of structural study for membrane proteins
stems from their physicochemical properties, particularly their integration within lipid bilayers.
Solid-state NMR with magic-angle spinning (MAS ssNMR) emerges as a promising alternative
technique for the structural analysis of membrane proteins assembled in lipid bilayers at atomic
resolution under near-physiological conditions. Although MAS ssNMR offers unprecedented
access to structural and dynamic information, it is still a new method and faces challenges
related to sensitivity and resolution, necessitating advanced sensitivity enhancement strategies
and new sample preparation protocols.

In this study, I worked on the structural analysis of Natronomonas pharaonis
halorhodopsin (NpHR) an archetypical Cl” ion inward pump derived from thermophilic archaea.
NpHR inwardly pumps CI  into cells for regulating osmotic pressure with light irradiation and
has been widely used as an optogenetic tool. Natively, NpHR forms a homotrimer in cell
membrane and each monomer contains seven transmembrane helices (namely helix A-G) with
a retinal chromophore binding to the sidechain of the Lys256 residue through Schiff base.

The light driven CI" transport function of NpHR is coupled with a cyclic conformational
change which is called photocycle. The photocycle is generated by the light-induced
isomerization of the retinal, leading to a series of structural changes in the whole protein that
facilitate Cl™ transport and ended by the restoration of the ground state. Despite extensive X-
ray crystallographic studies having been performed and revealed the molecular details of the
ion release step in the early photocycle, the Cl- uptake mechanism involved in the late
photocycle remains unclear.

The mechanistic uncertainty becomes apparent when examining the crystal structures of
NpHR both in the ground Cl-bound state and the Cl -free state, the latter representing an
established mimic of the photocycle's O intermediate. Both structures display a similar closed
conformation, contradicting the anticipated open conformation preceding the CI~ uptake.
Moreover, the extracellular side of this O-mimic state is entirely obstructed by the large
extracellular loop region (B-C loop), making it difficult to identify any Cl~ uptake pathway.
Crystal packing, which restricts large molecular motion, may contribute to the observed limited
structural differences. This situation highlights the uniqueness of ssNMR analysis under near
physiological lipid bilayer conditions for elucidating the Cl~ uptake process in the late
photocycle in debate.

In the first part of this study (Section 2). I first developed a refined unfolding and refolding
protocol for preparing the perdeuterated NpHR with enhanced amide proton ('H) back
exchange in its native trimeric state for 'H detection ssNMR. While this perdeuteration and
'Hn back exchange step proved essential for obtaining high resolution 'H detection ssNMR

data, achieving sufficient "Hx back exchange represents a challenge in membrane proteins due
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to limited solvent accessibility, resulting in severe signal losses. My protocol, although
retaining some signal losses, significantly improved the 'Hn back exchange efficiency. This
enabled me to obtain 3D CANH spectra with enhanced information content using
approximately 1 mg sample. I observeed numerous peak shifts in the spectra between the Cl -
bound and -free states, which indicated significant structural modifications between the two
states widely distributing in the molecule.

In the second part of this study (Section 3), I performed signal assignments for NpHR
using 1*C detection ssNMR and successfully assigned residues in major part of helix D, the C-
D and E-F loop and some residues in other helices. Through chemical shift perturbation (CSP)
analysis, which reflects local environment changes, I have revealed that one of the significant
structural changes was located at the extracellular (EC) part of helix D between the Cl-bound
and -free states.

Based on the above data, I examined in the final part of this study (Section 4) the
functional implications on the identified structural change to the CI~ uptake process through
targeted mutations. I prepared point mutants of NpHR for residues in the EC part of Helix D
and analyzed their molecular properties. Notably, the Ala to Val mutant at position 165 (A165V)
exhibited distinct Cl- uptake characteristics, including lower CI- binding affinity and a
significantly accelerated late photocycle kinetics compared to the wild type. This mutation
induced trimer dissociation both in the Cl -free state and following photocycle activation.
These results suggest that an open conformation, which pushes adjacent monomers apart, exists
in the Cl-free state or during the O intermediate. DNP-enhanced "N detection ssNMR
measurement confirmed that the A165V mutant retains protein folding through preserved
Schiff base >N chemical shift, supporting a model where the EC part of helix D undergoes
outward movement during O intermediate formation. This movement may be critical for the
CI" uptake process, facilitating the opening of the Cl~ entrance on the extracellular side, which
was not observed in X-ray structures.

This study significantly advances understanding of the CI” uptake mechanism of NpHR in
the late photocycle, while demonstrating the utility of ssNMR for examining structural changes
of membrane proteins under near-physiological lipid bilayer conditions.



Abbreviations

Abbreviations Definition

PDB Protein Data Bank

MAS magic-angle spinning

ssNMR solid-state NMR

NpHR Natronomonas pharaonis halorhodopsin
pSB protonated Schiff Base

bR bacteriorhodopsin

CP cytoplasmic

EC extracellular

ASR Anabaena Sensory Rhodopsin
DNP dynamic nuclear polarization
CD circular dichroism

P/L ratio protein to lipid molar ratio

SEC size-exclusion chromatography
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1 General introduction

Membrane proteins account for 20-30% of the total proteins encoded by the genome, play
critical roles in various functions essential for life, including molecule transport, signal
transduction, and enzymatic reactions. The molecular basis of these functions is often
associated with the conformational changes of membrane proteins, which modify their
molecular properties. Thus, understanding the structural dynamics of membrane proteins is
crucial for elucidating their functions and represents an important area of life sciences. For
example, ~50 % of modern pharmaceutical drugs target on membrane proteins'. Despite their
critical roles in life activities and substantial study interest of them, the understanding for
membrane proteins in their structures and functions remains insufficient.

The most widely employed X-ray crystallography contributed a lot in membrane protein
research, over 80 % of the membrane protein structures deposited in Protein Data Bank (PDB)?
were solved by X-ray crystallography, including many key proteins such as aquaporin’, the
water channel and ATP-synthase*. However, membrane proteins only account for less than 2 %
of the total protein structures deposited in PDB?, highlighting the challenges for membrane
protein structural study using X-ray crystallography. The unique molecular properties of
membrane proteins contribute to this insufficient understanding of their structural information.
They contain the highly hydrophobic lipid bilayer inserted regions as well as hydrophilic
regions exposed to extracellular fluid or cytoplasm. Such structural complexity makes
membrane proteins hard to be purified and crystallized for X-ray crystallography structural
analysis. Besides the difficulty in membrane protein sample preparation, crystallization itself
can introduce structural artifacts to due to crystal packing effect, which can pose a challenge in
detailed structural analysis of membrane proteins™>®.

Cryo-EM, the repaid developing protein structural analysis method, achieved significant
breakthroughs in structural study of membrane proteins’. However, the resolution of cryo-EM
is still limited to sub-atomic level®, which restricts its ability to analyze subtle conformational
changes of membrane proteins, while such kind of fine structural changes are important to
understand the molecular properties of membrane protein. In addition, although some protein
with small molecular weight has been analyzed by cryo-EM, the lower limitation remains
around 40 kDa’, constraining its applicability within larger membrane proteins.

Solution NMR spectroscopy, on the other hand, is effective for analyzing small membrane
proteins solubilized in detergent micelle with high resolution'®. Solution NMR also provides
important molecular dynamic information'! which is critical for understanding the movement
of membrane protein in relation to their function. However, solution NMR cannot be applied
for large proteins or insoluble membrane protein samples. It also needs discussions on
structural information obtained in the non-native micelle environment, rather than the
physiological lipid bilayer.

Solid-state NMR with magic-angle spinning (MAS ssNMR) is a promising alternative for
structural analysis of membrane proteins'>'4. It allows direct measurement for membrane
proteins assembled in lipid bilayer at atomic level under near physiological conditions!'>* or
even direct analysis native cell membrane®® (in-cell ssNMR) and provides molecular dynamic
information together with structural information. In addition, ssNMR is particularly suited for

investigating tiny structural behaviors in specific regions of membrane proteins. For example,
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ssNMR has been widely used to analyze the Schiff base conformation in microbial
rhodopsins®*2°. ssNMR allows to reveal sub-angstrom conformational difference of the Schiff
base which is critical to their function®®. However, ssNMR is still a developing method in the
field of protein structural analysis and facing technique challenges related to sensitivity and
resolution.

In this study, I worked on the structural analysis of the halorhodopsin form Natronomonas
pharaonis (NpHR), a CI" pump with ssNMR method to elucidate the uncleared structural
mechanistic details for the C1” uptake process.

1.1 Natronomonas pharaonis halorhodopsin

NpHR is a purple-colored membrane protein, belongs to microbial rhodopsin (type I
rhodopsin) family, found in Natronomonas pharaonis, a thermophilic archaeon in 1986°°.
Microbial rhodopsin comprises a large protein family with similar structural properties.®! They
have seven-transmembrane helices (namely Helix A to G) with a retinal binding inside the
protein through a Schiff base.*!** Microbial rhodopsins are widely distributed across all kinds
of microbes and serve diverse functions in signaling, ion transport, enzyme activity.3!**3
Although they are involved in completely different life activities, all microbial rhodopsins
share the same unique light triggered activity, which means they generate light energy to drive
their function.

As for NpHR, it is a light-induced CI" inward pump.®®> This light induced transport
function is critical for regulating the osmotic pressure of Natronomonas pharaonis which
naturally lives in salt lakes. This light-activated transport function has led to the widespread
use of NpHR as an optogenetic tool for silencing neurons.*®3” The retinal chromophore of
NpHR binds to the side chain amino group of Lys256 in the seventh helix (helix G) via a
protonated Schiff base (pSB) (Fig. 1) and serves as the active center. In its native state, NpHR
forms a homotrimer associated with bacterioruberin, a C50 carotenoid red-colored pigment
synthesized by archaea on the cell membrane®®, while adopts a twisted trimer without
bacterioruberin when heterologous expressed in other species®**.
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Fig. 1 The crystal structure of NpHR in the C1 bound state (PDB entry 3A7K>®). Structural
visualization is performed using PyMOL.

The CI' transport mechanism of NpHR is characterized by a photocycle, which is a
common structural and photochemical feature shared for all microbial rhodopsins. The
photocycle of microbial rhodopsins was first described for bacteriorhodopsin (bR), the first
identified*! and most extensively studied microbial rhodopsin*?. The photocycle begins with
the photoexcitation of the retinal by the light induced all-trans to 13-cis isomerization leading
to several photochemically distinguishable intermediates and ends by the protein returning to
its ground state. In the photocycle of bR, it contains several photo intermediates namely from
K to O which distinguished by the retinal absorption changes after photoexcitation (Fig. 2a)*.
For NpHR, the photocycle is described following this manner with several modifications (Fig.
2b)* In the photocycle of NpHR, it leaks the M intermediate, which contains a deprotonated
Schiff base. Additionally, two spectrally silent transients, L, and NpHR' states are included,
these two intermediates show similar absorption with L; and ground states, respectively.
However, they are crucial for achieving accurate kinetic analyses for the photocycle of NpHR.
In this photocycle, the isomerization of retinal and the corresponding structural changes in the
whole protein allow the CI” ion, which initially binding at the primary binding site near the
Schiff base, diffusing from the extracellular (EC) side of the protein to the cytoplasmic (CP)
side. Then, the retinal molecule relaxes back into all-tarns form and the CI- ion diffuses into
cytoplasm. Finally, a new Cl ion is recaptured into the primary binding site and the whole
protein structure returns to the ground state.
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Fig. 2 The photocycle scheme of bR and NpHR, the number with each state is the
absorption maxima (Amax) of the corresponding state.

In this photocycle, the O intermediate is a Cl'-free intermediate characterized by a red-
shifted absorption, while NpHR' is a CI"-bound state with similar absorption to the ground state.
Consequently, the CI” uptake process is supposed to occur during the O to NpHR' transition.*
The N and O intermediates appear and decay simultaneously, that is under a quasi-equilibrium;
and the equilibrium of these two states is known Cl" dependent which means the CI” release
process happens during the N to O transition.***

Numerous studies on wild-type (WT) NpHR and its mutants have been published and
identified key residues for the CI transport process in the photocycle.***”>® Time-resolved X-
ray crystallography has provided valuable insights into the early stage of photocycle®, that is
related to the CI release process. The detailed structural changes in the whole protein and key
residues for Cl release process with the CI” ion movement from the primary binding site around
pSB to the cytoplasmatic side were traced in crystal®® and agreed well with the photochemical
4851 showed that the Cl- ion position is different between L; and L, intermediate™®.
However, the structural details remain still unclear in the late photocycle.

Crystal structures of NpHR are available for both the ground state*® (referred to as the CI--

bound state) and an O-like chloride-free state® (referred to as the Cl--free state). Although the
6061 jt

studies

latter one is known to represent the O intermediate due to their structural similarities
appears to be functionally impaired in the crystal from following observations (Fig. 3). Flrst,
the large B-C loop region on the extracellular side (EC side) obscures the CI~ entrance in both
the ClI"-bound and Cl -free states, complicating the identification of the Cl~ uptake pathway.
Second, the processes of Cl- removal and recapture between the Cl -free state and the ground
state were not observed in the crystal. An M-like yellow form, which serves as an intermediate
for CI- removal and recapture, is necessary for this transition®. Third, the transition from the
O intermediate back to NpHR was not traced in the crystal due to lattice packing forces>®,
resulting in a lack of direct structural insights into the Cl™ recapture process.

Additionally, photochemical studies on NpHR showed that the photocycle is slowed down
under a high-pressure condition***, suggesting large molecular volume changes between the
O-intermediate and ground state. The crystal structures between CI-bound and -free states only
showed structural change in the extracellular part of the helix C. These results suggest that the
physiological conformational change between the O-intermediate and ground state is difficult
to observe under crystal packing conditions.

For a better understanding of the CI™ recapture process of NpHR and the associated
structural changes between the Cl-bound and CI'-free state, an analysis at atomic level under
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a near-physiological condition is necessary. To this end, I used ssNMR to analyze the structural
differences of NpHR in its Cl-bound and Cl-free state in a near physiological lipid bilayer
condition.

Cl-bound Cl--free

Fig. 3 The crystal structures of NpHR in the Cl-bound (PDB entry: 3A7K*, purple) and
-free (PDB entry 3QBG, cyan®) state. The structure visualization is performed using
PyMOL.

1.2 Solid-state NMR spectroscopy and its application in membrane

protein structural analysis

Nuclear magnetic resonance (NMR) is the phenomenon of nuclei with non-zero nuclear
spin quantum number under an applied magnetic field absorb electromagnetic wave at a certain
radio frequency (RF) and produce a resonance signal. In most cases, nuclei with 1/2 nuclear
spin quantum number are utilized for biomolecular NMR spectroscopy because nuclei with
larger nuclear spin quantum number provide much more complex NMR spectra which are
difficult to analysis.

Fig. 4 shows a scheme for the generation of NMR signal. The absorption of RF power is
generated by the nuclear energy level splits under magnetic field which is called Zeeman split,
and the frequency of the resonance signal corresponding to the energy difference between the
energy levels. The Zeeman split for the nuclei with 1/2 nuclear spin quantum number is given
by AE=hyBy. Therefore, it is sensitive to the local magnetic field. The local magnetic field is
not only determined with the applied magnetic field but also affected by the local chemical and
structural environment through the magnetic effect of surrounding nuclei and electrons.
Therefore, the resonance signal of nuclei under different chemical environment shows in
different frequency and makes NMR spectroscopy a powerful tool for molecular structure
analysis. However, the frequency of NMR signal is dependent on magnetic field strength,
which makes it difficult to direct analysis NMR data obtained under different magnetic fields.

. . .. . . . v le— Vstandard
Chemical shift, §, therefore, is introduced, which is described as § = Sa;”p ¢ SRt x 106,
SpeCtTOmeteT

a standard chemical is used as the zero point of the NMR signal and erases the influence of
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magnetic field strength.

RF power
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Fig. 4 A scheme for NMR signal generation.

As mentioned above, NMR signal is sensitive to the local magnetic field, while the main
nuclear magnetic interactions have orientational dependence as showed in eq. 1%

. TN %
Hes = ((Uoo'iso + % [(Bcos?6 — 1) — n(,sinzecoqu’)]) 1,

q = V@
¢ 4](2I -1h

_ HOYIVSh (360529 - 1) . {[STIZTSZ - (T[ . TS)] iflI=S§
4mrs 2 21,15, if1 # S

[(3cos?8 — 1) — n,sin?Bcos2¢] - (312 — 1?)

I:Ig) = eq.1
where 6 and ¢ define characteristic orientation of each spin interaction with respect to the
external field direction.

In solution, such anisotropy is largely averaged out by the rapid Brownian motion (Fig. 5,
left) allowing high resolution NMR measurement, however it remains in solid state because
Brownian motion in solid condition is limited. Therefore, magic-angle spinning (MAS)
technique is introduced (Fig. 5, right). MAS is rotating the ssNMR tube against the applied
magnetic field at the magic angle (54.7°, the diagonal of cube where 3cos’0-1 = 0) with high
frequency (usually > 10 kHz). This rotation averages the anisotropic terms, irrespective of their
alignment along the X, y, or z axes, thereby enabling high-resolution solid-state NMR
measurements. Since the MAS ssNMR method does not rely on rapid Brownian motion to
achieve signal narrowing, it significantly broadens the application range of NMR
measurements beyond solubilized samples to include various systems, such as protein
microcrystals'®, protein fibers®, proteoliposome!*!®!7 and whole cells*.
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Fig. 5 the scheme of solution NMR and MAS ssNMR difference in averaging orientational
dependent anisotropy

Comparing with the other two widely used protein structural analysis method, X-ray
crystallography and cryo-EM. ssNMR is unique in its ability to directly measure reconstituted
membrane proteins in lipid bilayers after purification or even directly on cell membrane
without purification (in-cell NMR). In addition, ssNMR in most cases can be performed under
physiological temperature that further minimizes the artificial influences on membrane protein
structure. ssSNMR also provides molecular dynamic information® ¢, which is valuable for
membrane proteins because membrane proteins often perform their function through molecular
movements.

These advantages make ssNMR, a powerful candidate, as a tool for membrane protein
structural analysis. ssNMR now has been used for various structural studies of membrane
proteins and revealed plenty of important features for membrane proteins. For example, the de
novo structural determination of Anabaena Sensory Rhodopsin (ASR) was achieved in lipid
bilayer based on accumulatio of sufficient amount of inter-nuclear distance information.!® It
showed that ASR forms a homotrimer in lipid bilayers!®, while in crystal ASR forms a dimer®’.
ssNMR also showed its irreplaceability in many other membrane protein structural studies on
the near physiological measurement condition which provides additional structural information
and more molecular flexibility compared with X-ray crystallography. Therefore, in this study I
used ssNMR method to reveal the uncleared ion uptake mechanism of NpHR.

However, ssNMR still has its challenge. The Zeeman split AE=/AyBy is relatively small,
while under thermal equilibrium, the population of each energy level follows Boltzmann
distribution. Therefore, the population difference between the two energy levels, P= (N¢-Np)/
(NotNp) = tanh(hyB,/2kT) is also very small. Generally, it is about one of ten thousand
nuclei under room temperature under > 10 T magnetic field. Therefore, NMR signals are very
weak and need a large amount of samples with long measurement time to obtain high quality
data. In addition, for proteins the commonly exist nuclei are H, N and C and only 'H is the
major isotope for H (99.985%) with 1/2 nuclear spin quantum number and can be detected by
commonly used NMR spectroscopy. While 2C (98.89% of C) and N (99.64% of N) have
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nuclear spin quantum number of 0 and 1, respectively, which are undetectable or not the
commonly used nuclei for biomolecular NMR spectroscopy. These further reduce the
sensitivity of NMR spectroscopy and made it necessary to use *C (1.11% of C) and '°N (0.36%
of N), which have 1/2 nuclear spin quantum number, enriched protein sample for NMR
measurement. Advanced techniques have been developed to cope with this low sensitivity. The
Zeeman split is proportional to the strength of applied magnetic field By and gyromagnetic ratio
v, while the larger energy level split means the stronger NMR signal. Therefore, much stronger
superconductive magnets are designed to provide stable magnetic field for NMR measurement,
nowadays 28.2 T magnetic field was achieved and applied to protein structural studies of
ssNMR.% The other method is to utilize nucleus with larger y, however, 'H is the nucleus with
largest y. Then, hyperpolarization by electrons was introduced. Electron has a much large v,
which is about 660 times larger than 'H, therefore by transfer the polarization of electron to
nuclei, much higher polarization can be generated on nuclei which means more nuclei can be
excited in NMR measurement thus give higher sensitivity. Such technique is called dynamic
nuclear polarization (DNP)®, for protein studies DNP is usually performed under ultra-low
temperature to obtain the best sensitivity enhance ratio.”® "

1.3 Scope of this study

In this study I aimed to use ssSNMR method to reveal the missed structural details of the
ion uptake mechanism of NpHR in its late photocycle by analyzing the ClI-bound and Cl™-free
state NpHR directly in lipid bilayer.

Two conclusions related to NpHR CI uptake mechanism are obtained: (1) Structural
changes between the Cl-bound and Cl'-free state NpHR were confirmed, which was unclear
before. And a major structural change, the outward movement of helix D in the extracellular
(EC) part was revealed. (2) This newly identified movement contributed to the CI™ uptake
process of NpHR. It helped to form the CI” uptake pathway in the EC region, while this pathway
was not observed in NpHR crystal structures due to crystal packing.

In addition to these biological insights regarding NpHR, I also overcame a technical
challenge related to sample preparation for 'H detection ssNMR measurement. I developed a
novel sample preparation procedure that employs folding and refolding techniques. This
method was crucial for achieving a higher 'H back-exchange ratio for perdeuterated NpHR
samples. Only through this approach were high-quality 'H detection ssNMR spectra obtained,
which are essential for structural analysis.

2 'H detection MAS ssNMR method development and

application on NpHR structural analysis

2.1 Introduction

'H detection MAS ssNMR is a highly sensitive NMR method because of the large y ratio

8



of 'H. Therefore 'H detection MAS ssNMR measurement requires small sample amount (sub
milligram scale), while the commonly used '*C detection MAS ssNMR measurement requires
~10 mg sample.

'H detection MAS ssNMR measurement has been used for membrane protein structural
analysis from different sides. For example, the 7' relaxation time analysis, which represents
the flexibility for residues, is widely used to find the structural hotspot because the highly
flexible region undergoes more conformational changes and may be important to protein
function®. Titration measurement, which measures a serial of spectra under different
conditions and analyzes the chemical shift changes and the peak intensity changes provides
valuable information for protein-protein/ligand interaction’®. 'H detection MAS ssNMR
measurement also was applied for membrane protein structural determination. For example,
the structure of CXCR1, a GPCR involves immunologic process was solved by 'H detection
ssNMR directly in liposome!”.

However, 'H detection MAS ssNMR has a significant limitation: the MAS frequency is
often insufficient. MAS can completely average the anisotropic interactions when MAS
frequency exceeds the magnitude of the interaction. While for 'H, typical 'H-'H dipolar

: . . . 2 .
interaction in proteins which defined as % (c.a. 20 kHz"") is too strong to be completely

removed and resulting in severe line broadening in 'H detection MAS ssNMR spectra, make
the spectral analysis difficult.

Further increasing the MAS frequency is a potential solution for this problem. However,
as the MAS frequency increases, the size of the ssNMR sample rotor must decrease. For
example, a 1 mm rotor can be used at 70 kHz MAS, but to achieve 111 kHz MAS, a 0.7 mm
rotor is required, which only has half the volume of the 1 mm rotor. Even with such ultra-fast
MAS frequencies, line broadening due to 'H-'H dipolar interactions still observed’®. Therefore,
alternative methods need to be explored to address this challenge.

Reducing 'H content is a good idea, as the dipolar interaction decreases with the cube of
the inter-nuclear distance. Perdeuteration and 'Hn back-exchange at amide site is a commonly
employed method to remove all 'H from proteins, while regenerating 'H at the amide sites for
'H detection”. However, protein folded structure often prevents the Hy to be exchanged with
solvent 'H, resulting in heavy signal losses. This incomplete 'Hn back-exchange becomes a
severe problem for membrane proteins because of their hydrophobic transmembrane core.

In this study, I first developed a novel NpHR sample preparation method that introduced
an unfolding and refolding step to prepare perdeuterated NpHR with improved 'Hx back-
exchange. The unfolding step enhanced water accessibility facilitating a higher 'H back-
exchange ratio. Subsequently, the refolding step allowed the ssSNMR measurements for that
'Hn back-exchanged NpHR in its native state. I successfully obtained native-state NpHR
samples using this method and measured 'H detection ssNMR spectra for both the Cl"-bound
and Cl -free states. The results indicated that conformational changes were widely dispersed
throughout the entire protein.



2.2 Materials and methods

2.2.1NpHR expression method

In this study, a truncated wild type NpHR at position from 18 to 277 in residue number
was used. The truncated NpHR gene was amplified from a NpHR gene coded in pET-21c(+)
vector>® with primers that have Ndel or Sall recognition sequences through the standard PCR
method. Then the fragments were ligated into the Ndel/Xhol site of pET-22b(+) vector.
Consequently, a truncated wild type NpHR with 6-His-tag at the C terminus was constructed,
the final sequence was ME!'®VTQR...VVSGS?’’"VEHHHHHH.

All NpHRs were overexpressed in E. coli BL21(DE3) cells. The isotope labeled NpHRs
for NMR measurements were expressed using M9 minimal media with proper isotope enriched
chemicals, and those for unfolding and refolding method development were expressed using
LB media without isotope labeling.

For 'H detection ssNMR, all the proteins were uniformly labeled by '*C and *N. As for
hydrogen atoms, 'H labeling with light water-based media (referred to as [U-'H]-NpHR) and
perdeuterated with Hn back-exchanged NpHR expressed in heavy water-based media (referred
to as [°H with 'Hn]-NpHR) were used. The uniform >N labeling was performed by using 1 g
SNH4Clin 1 L media (or 1 kg heavy water-based media) as the sole nitrogen source for protein
expression. While for 13C labeling, when preparing [*H with 'Hx back-exchanged]-NpHR, 2 g
[U-13Cs, D7]-glucose in 1 kg heavy water-based media was used as the sole carbon source; and
2 g [U-13Cg]-glucose in 1 L media was used as sole carbon source for preparing [U-'H]-NpHR

The E. coli cells were grown at 37 °C by monitoring of the growth by measuring the ODego0.
The NpHR expression was induced by addition of 1 mM isopropyl pB-D-1-
thiogalactopyranoside (IPTG) when ODgeo reached 1.4 (for E. coli grew in M9 minimal media)
or 1.6 (for E. coli grew in LB media). Simultaneously, 10 pM all-trans retinal was added
exogenously to regenerate the expressed opsins. After 4 h (6 h when using heavy water-based
M9 minimal media) of induction, the cells were harvested by centrifugation (4,000 xg, 10 min,
4 °C), then washed by 50 mM Tris-HCI (pH 8.0) with 5 mM MgCl; once and pelleted via
centrifugation (4,000 xg, 10 min, 4 °C), stored at -20 °C.

2.2.2 Native state NpHR purification method

The purification procedure was essentially the same as the previously reported one®® with
modifications. In this study, NpHR was purified in its native state or in an unfolded state.

To solubilize and purify NpHR in its native state, n-dodecyl--D-maltoside (DDM) was
used. The cells were resuspended using 50 mM Tris-HCI (pH 8.0) with 5 mM MgCl, and
disrupted by ultrasonication. Then, the crude membranes were collected by ultracentrifugation
(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 addition of 1.5 %
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 into

an empty chromatography column. Then the resin was washed by 50 mM Tris-HCI (pH 8.0)
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with 100 mM NaCl, 50 mM imidazole and 0.1 % DDM of 5-fold the resin volume to eliminate
nonspecifically bound components. Finally, 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.

2.2.3 Unfolded NpHR purification method

To obtain the purified NpHR in unfolded state, sodium dodecyl sulfate (SDS) was used.
The cells were resuspended using 50 mM Tris-HCI (pH 8.0) with 5 mM MgCl and disrupted
by ultrasonication. Then, the crude membranes were collected by ultracentrifugation (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 and unfolded by addition of
0.5 % SDS with gentle shake at room temperature. After solubilization and unfolding, which
can be seen as the solution became clean with a yellow color in several minutes, the insoluble
part was removed by ultracentrifugation (120,000 xg, 30 min, 20 °C). The supernatant
containing unfolded NpHR was applied to in a chromatography column per-packed with Ni-
NTA resin. Then the resin was washed by 50 mM Tris-HCI (pH 8.0) with 100 mM NacCl, 5 mM
imidazole and 0.5 % SDS of 5-fold the resin volume to eliminate nonspecifically bound
components. Finally, the fraction with unfolded NpHR collected by elution using 50 mM Tris-
HCI (pH 8.0) with 100 mM NaCl, 50 mM imidazole and 0.5 % SDS.

2.2.4 NpHR refolding method

The NpHR refolding protocol was described as follows: First, a PD-10 column was used
to remove imidazole from the purified SDS unfolded NpHR sample through exchanging
against 50 mM Tris-HCI (pH 7.0) with 100 mM NaCl and 0.5 % SDS. Then, the SDS unfolded
NpHR was 1:1 mixed with a refolding buffer which contains 50 mM Tris-HCI (pH 7.0) with
100 mM NaCl, 20 pl all-trans retinal, 2 % DMPC and 2 % CHAPS, a mild detergent. Thus,
this sample contains 50 mM Tris-HCI (pH 7.0) with 100 mM NacCl, 10 pl all-trans retinal, 1 %
DMPC, 0.25 % SDS and 1 % CHAPS. Then, the sample was incubated in dark at 30 °C for 1
h under gentle shake to mix them thoroughly. After incubation, the sample was packed into a
dialysis bag with a 3.5 kDa cut-off membrane and dialysis against 10-fold of 50 mM Tris-HCl
(pH 7.0) with 500 mM KCl, 10 pl all-trans retinal under room temperature overnight in dark.
Then, a second dialysis step using 10 kDa cut-off membrane against 100-fold of 50 mM Tris-
HCI (pH 7.0) with 500 mM KCI in dark at 4 °C overnight was applied. This proteoliposome
was collected by ultracentrifugation (120,000 xg, 30 min, 4 °C), then annealed by a heat-chill
cycle (7 min 30 °C water bath and 8 min on ice, 10 cycles) for NpHR reconstitution into trimeric
form in DMPC liposome. Finally, the reconstituted NpHR was solubilized and purified in the
native state by DDM in the same manner as described previously in section 2.2.2. The
redundant DMPC was removed by this solubilization step and the purified trimeric native state
NpHR was obtained. The trimeric assembly was examined by visible Circular dichroism (CD)
spectroscopy.

The UV-visible spectra were measured with a UV-vis spectrophotometer (SHIMADZU

UV1280) at room temperature. The CD spectra were measured using a JASCO J-1500 circular
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dichroism spectrophotometer at 25 °C. All spectra were recorded in the region of 400-700 nm
with a scanning speed of 20 nm/min 4 times.

2.2.5 Solution NMR method for unfolding and refolding method

evaluation

A 400 MHz (Bo= 9.4 T) Bruker Avance IIIl NMR spectrometer was used to examine
whether SDS can be selectively removed by the first dialysis step in the refolding protocol.
Four samples were prepared: (1) 0.25 % SDS solved in 50 mM Tris-HCI (pH 7.0) with 100
mM NaCl; (2) 1 % CHAPS solved in 50 mM Tris-HCI (pH 7.0) with 100 mM NaCl; (3)

0.25 % SDS and 1 % CHAPS solved in 50 mM Tris-HCI (pH 7.0) with 100 mM NacCl; (4)
the dialysis product of (3) against 10-fold of 50 mM Tris-HCl (pH 7.0) with 500 mM KCl
using 3.5 kDa cut-off membrane overnight. (1) and (2) were used as the reference to obtain
the SDS and CHAPS 1D 'H spectra pattern, while (3) represented the buffer condition before
dialysis and (4) represented the buffer condition after dialysis. The samples were loaded into
standard 5 mm solution NMR sample tubes (~0.5 mL) for measurement.1D 'H spectra of
them were measured at 298 K to analyze the detergent concentration before and after dialysis.
The NMR data was processed and visualized by JEOL Delta software. The detailed
parameters are described in the appendix.

2.2.6 NpHR sample preparation for NMR analysis

A PD-10 column was used to remove the imidazole from the purified samples by
exchanging against 50 mM Tris-HCI (pH 7.0) with 100 mM NacCl and 0.1 % DDM. After the
buffer exchange, NpHR protein amount was determined by the absorbance of opsin-bound
retinal at 580 nm using the extinction coefficient, eémax of 54,000 M!-cm™ 8lusing an UV-vis
spectrophotometer (SHIMADZU UV1280).

To prepare denatured NpHR sample for solution NMR analysis. The buffer exchanged
samples were dehydrated by freeze-drying and resolubilized using the 1:1 mixture of CD3;0H
and CDClI3 (v/v) with 100 mM LiClOg4 to the final protein concentration of 100 uM.

To prepare NpHR-DMPC proteoliposome for 'H detection ssNMR measurement. 20-fold
of 14:0 PC (DMPC) compared to NpHR amount (P/L ratio, in molar ratio nypur:npmpec = 1:20),
was solved with chloroform in a glass bottle then formed lipid film under dried N> 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. Then, DDM was removed by incubating the
samples with bio-beads (Bio-Rad, 50 mg bio-beads for I mg DDM) overnight at 4 °C to form
NpHR-DMPC proteoliposome. The proteoliposome 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 NaxSOq for 5 times and resuspended in the same buffer to prepare Cl-bound or CI'-
free NpHR samples, respectively. The Cl” depletion of the CI-free NpHR ssNMR samples was
checked with the opsin bound retinal absorbance wavelength (Amax) change by visible

absorption spectra. The proteoliposome suspension was directly measured with the UV-vis
12



spectrometer and the Amax changes were analyzed.

2.2.7 Solution NMR method for evaluation 'Hy back-exchange ratio

A 600 MHz (Bo= 14.1 T) Bruker Avance III HD NMR spectrometer was used to analyze
the 'Hn back-exchange ratio of NpHRs in denatured condition. Three samples were prepared
for this measurement: (1) [U-'H]-NpHR (2) [*H with 'Hx back-exchanged in native state]-
NpHR and (3) [*H with 'Hx back-exchanged through unfolding and refolding]-NpHR. The
samples were loaded into standard 5 mm solution NMR sample tubes (~0.5 mL) for
measurement. 2D 'H-""N TROSY®?-HSQC spectra were measured for all the samples at 298 K
and the number of peaks were calculated. The NMR data was processed with NMRPipe and
visualized by NMRFAM-Sparky software. The detailed parameters are described in the
appendix.

2.2.8 H detection MAS ssNMR measurement method

All 'H detection MAS ssNMR measurements were carried out on a 700 MHz (By = 16.4
T) JEOL ECAII spectrometer with a triple resonance probe. Samples were packed into 1 mm
ZrO> ssNMR sample rotors for the measurements, which requires approximately 1 mg of
NpHR sample for each measurement with a homemade rotor packing tool via
ultracentrifugation® (135,000 xg, 20 min, 4 °C). The MAS frequency was set to 70 kHz and a
cooling gas was used to maintain the sample temperature to ~20 °C under MAS, which was
estimated from the temperature-dependent K’°Br longitudinal relaxation time3*. CANH®
experiment was performed for [U-'H]-NpHR and [*H with '"Hn]-NpHR back-exchanged in
native state in the Cl™-bound state. For [°H with 'Hx]-NpHR back-exchanged via unfolding and
refolding sample, the CANH spectra were collected both in the CI'-bound and -free state for
structural comparation. The *C chemical shift was referenced using the carbonyl carbon
chemical shift of L-alanine to 179.778 ppm in the sodium 2,2-dimethyl- 2-silapentane-5-
sulfonate (DSS) scale. 'H and >N chemical shift was indirectly referenced to DSS and liquid
ammonia, respectively®®. The NMR data was processed with NMRPipe®’ and visualized by
NMRFAM-Sparky® software. The detailed parameters of the pulse sequences and data
processing are described in the appendix.

2.3 Results

2.3.1 CI" depletion of NpHR in DMPC liposome

To make sure the DMPC liposome provided a near physiological condition for NpHR. I
first checked the Cl” depletion-related NpHR absorption change for NpHR reconstituted in
DMPC liposome. It has been reported that, in the crystal, Cl" removal of NpHR is hard to
achieve (and vice versa); an alkaline condition with a yellow form M-like NpHR intermediate
is needed to remove Cl- from the purple form Cl-bound state NpHR and form the O-like CI -
free blue form NpHR.> While such conformational changes can be easily achieved in solutions
or in native cell membranes under neutral or acidic condition by a simple buffer exchange.*
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Therefore, I measured the retinal absorption of NpHR in DMPC liposome by visible
spectroscopy using the NaOAc buffer (50 mM, pH 5.0) with 100 mM NaCl or 67 mM NaSO4
(Fig. 6). The data showed the Cl" removal was achieved in DMPC liposome and the retinal
absorption maxima (Amax) for the two states were identical with the previous reported values>’.
This result suggested the DMPC liposome provided a good mimic for the native lipid
membrane condition for NpHR and the ssNMR analysis based this proteoliposome can provide
structural information in a near physiological condition.
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Fig. 6 The UV-vis spectra of reconstituted native state NpHR in DMPC liposome in CI"-
bound sate (red) and CI'-free state (bule). The Amax of the two states are shown in the spectra
and the color change of NpHR proteoliposome after the C1” deletion is shown in the lower-left.

2.3.2 NpHR refolding by two-step dialysis

To improve 'Hx back-exchange. I developed an unfolding and refolding method to prepare
[°H with 'Hn]-NpHR (section 2.2.4). The unfolded NpHR preparation was described in section
2.2.3. Unfolded NpHR was successfully obtained with 0.5 % SDS which can be observed by
the complete disappearance of the NpHR bound retinal absorption peak (Fig. 7).
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Fig. 7 The UV-vis spectra of purified native state NpHR in 0.1 % DDM (black) and
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unfolded state NpHR in 0.5 % SDS (gray). The arrow indicates the NpHR bound retinal
absorption peak.

Then, the NpHR refolding was performed by the two-step dialysis method described in
section 2.2.4. The key step of this method was the 1% dialysis which allows SDS selective
removal and NpHR refolding. The concept of the dialysis was: The micelle molecular weight
of CHAPS (6.15 kDa) was larger than the cut-off range (3.5 kDa) therefore cannot be removed
by this dialysis. However, the solubility of potassium dodecyl sulfate (KDS, 415 mg/L) was
much lower than SDS (200 g/L) and the room temperature was lower than the Krafft
temperature of KDS (34 °C), dodecyl sulfate can be selectively precipitated as KDS and
removed from the sample by this dialysis (Fig. 8). CHAPS, as a mild detergent, allows NpHR
to keep its native fold, therefore, refolded NpHR can be generated after SDS removal in
CHAPS-DMPC micelle (Fig. 9).
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Fig. 8 'H detection solution NMR spectra for monitoring SDS removal efficiency with the
dialysis method. (a) and (b) the sample buffer [SO mM Tris-HCI (pH 7.0) with 100 mM NacCl]
only with 0.25% SDS or 1% CHAPS, respectively. (c) the sample buffer with 0.25% SDS and
1% CHAPS, which represented the detergent concentration before dialysis before dialysis. (d)
(c) after 1 day dialysis against the sample buffer with 0.5 M KCl with 3.5 kDa cut-off
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membrane. Arrows in (c) and (d) indicate the typical 'H peaks of SDS around 3.6 ppm and 1
ppm in (a). In each spectrum, the peak height was normalized with the highest peak.

Fig. 8 a and b show the solution NMR spectra of the sample buffer [SO mM Tris-HCI (pH
7.0) with 100 mM NacCl] with 0.25 % SDS or 1 % CHAPS as reference. In Fig. 8c, which
condition respect the sample condition before dialysis, peaks form SDS can be clearly observed,
suggests the existing of SDS. While in Fig. 8d, those peaks disappeared and the peak shape
pattern was similar with that in Fig. 8b, suggesting CHAPS was still remained in the sample.
These results clearly mean the dialysis works as designed and SDS can be selectively removed
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Fig. 9 The UV-vis spectra (a) and visible CD spectra (b) for refolded NpHR after 1%
dialysis. NpHR solubilized in 0.1% DDM (the native state, black) data was shown as reference.
(a) After dialysis, the retinal absorption peak was recovered (green) with an intensity of 95%
comparing with the native state, suggesting NpHR can be refolded into native fold with high
efficiency. (b) the refolded NpHR (green) showed the only positive peak at Anax in visible CD
spectra, suggesting the refolded NpHR was in the monomer state.

The NpHR folding condition was monitored by UV-vis spectroscopy using the peak
intensity ratio between NpHR bound retinal absorption (Asgo) and the protein absorption (A280)
(Fig. 9a). The peak intensity of the refolded NpHR was ~95 % compared with the native state,
suggesting the native fold of NpHR can be generated after SDS removal. However, in visible
CD spectra, the refolded sample only showed a positive absorption at Amax (Fig. 9b, green). For
the native trimeric NpHR, the retinal-retinal interaction in NpHR trimer resulting in a typical
bi-polar CD couplet®®, (Fig. 9b. black). These results suggested this refolded NpHR had a
correct tertiary structure but non-native quaternary structure (monomeric native form) in the
CHAPS-DMPC micelle.

Therefore, the 2™ dialysis step was applied. In this dialysis step, a large cut-off (10 kDa)
membrane and much more dialysis buffer was used to diluent the concentration of CHAPS
below its CMC value. Therefore, CHAPS was in monomer form and DMPC formed liposome
solely with NpHR assembled in the liposome. Then, a heat-chill cycle was applied for NpHR
reconstitution. Finally, the reconstituted NpHR was solubilized and purified by DDM again to
remove the redundant DMPC lipid. The visible CD spectrum of the reconstituted NpHR (Fig.
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10, red) showed a similar bi-polar pattern as the native state, suggesting the reconstituted NpHR
was in trimeric form.

The above results clearly showed that NpHR can be unfolded by 0.5 % SDS and then
refolded back into its native state through the refolding method described in this study with
high efficiency. This protocol should be useful for preparing [?H with 'Hx]-NpHR samples for
'H detection ssNMR because the SDS unfolded NpHR offers better 'Hx back exchange ratio
with higher water accessibility to the protein hydrophobic core.

g
6.
4
5
0 rareer—y

-2 -
-4
-6 -

© (10“*xdeg-cm?-dmol)

I I
400 500 600
Wavelength (nm)

Fig. 10 The visible CD spectra of re-purified NpHR form DMPC liposome obtained by
2™ dialysis after heat-chill cycle (red). NpHR solubilized in 0.1% DDM (the native state, black)

data was shown as reference.
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2.3.3'Hy back-exchange ratio analysis by solution NMR

To examine whether the unfolded and refolded sample provided better 'Hn back-exchange
ratio, | counted the number of amide peaks using solution NMR, which is suited to obtain very
sharp signals through rapid Brownian motion although in a non-native solubilized condition.
The proteins were solubilized in organic solvent (CD;OD and CDCl; mixture) under a
denatured state for solution NMR measurement. 2D TROSY-HSQC spectra were collected,
which provide one "H-!°N signal form each amide site with 'Hy labeled. The spectra of [U-
'H]-NpHR (blue); [?H with 'Hn]-NpHR back-exchanged in native state (red) and [?H with
'Hn]-NpHR back-exchanged via unfolding and refolding (green) are shown in Fig. 11. The
results clearly showed incomplete 'Hn back-exchange happened for [*H with 'Hn]-NpHR
which performed 'Hn back-exchange directly in native state Fig. 11b. Approximately 40 %
peaks disappeared comparing with the spectra form [U-'H]-NpHR. While, by applying the
unfolding and refolding method, significant improvement in peak numbers can be observed
(Fig. 11c). 50 % of missed peaks were recovered, showing the benefit of this novel NpHR
sample preparation method.
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Fig. 11 2D 'H-'>N TROSY-HSQC solution NMR spectra of non-native state NpHRs solubilized
in 1:1 CD3;0D:CDCl; (v/v) for counting the total peak numbers. (a-c) [U-'H]-NpHR (blue),
[’H with 'Hn]-NpHR back-exchanged in native state (red) and [°’H with 'Hx]-NpHR back-
exchanged via unfolding and refolding (green).

2.3.4 'H detection MAS ssNMR spectra of NpHR

The previous solution NMR data suggested the advantage of the novel NpHR unfolding
and refolding protocol for maximizing the 'H exchange rate in the [°H with 'Hn]-NpHR sample
preparation with denatured NpHR samples. To examine its benefit in 'H detection ssNMR
measurement, the three kinds of samples were reconstituted in DMPC liposome and 3D CANH
'H detection ssNMR spectra of them were measured (Fig. 12). The spectra for perdeuterated
NpHR showed significantly increased the spectra resolution: 'H linewidth is much smaller
which provided well sparse signals compared with the spectrum from [U-'H]-NpHR. The 'H
linewidth in spectrum from [U-'H]-NpHR was ~ 220 Hz and was ~ 170 Hz in spectra from [?H
with 'Hn]-NpHR. While the spectrum form [*H with 'Hn]-NpHR back-exchanged in native
state (red) showed severe signal losses due to incomplete 'Hn back-exchange, only small
number of peaks can be observed and made this sample not ideal for subsequent analysis. In
the CANH spectra, ~ 100 peaks was observed in the spectrum from [U-'H]-NpHR, and the
number of peaks was ~60 and ~100 for the spectrum form [*H with 'Hn]-NpHR back-
exchanged in native state and [*H with 'Hn]-NpHR back-exchanged via unfolding and
refolding, respectively, indicated that by using unfolding and refolding, such signal losses are
significantly reduced. Still, the number of peaks was less than that counted in the solution NMR
data, which can be accounted for by the peak overlapping due to relatively broad linewidth in
ssNMR spectra. Notably, in the glycine region which marked by square in (Fig. 12a), the [*H
with "Hx]-NpHR back-exchanged via unfolding and refolding step even provided additional
peaks which was missed in in the fully protonated NpHR. Such improvement is related to the
longer transverse relaxion time (72) of perdeuterated sample than fully protonated sample.
Glycine, which contains two hydrogen atoms bound with Ca, suffers stronger effect on 7> form
H content than other amino acids. Therefore, perdeuteration allowed the observation of such
fast-relaxed glycine signals.
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Fig. 12 The 3D ssNMR CANH spectra of [U-'H]-NpHR (blue), [*H with '"Hx]-NpHR
back-exchanged in native state (red) and [?H with 'Hn]-NpHR back-exchanged via unfolding
and refolding (green). (a) 2D projection of 3D CANH ssNMR spectra in H-C, plane. (b and c)
2D slices of 3D CANH ssNMR spectra in H-C,, plane. The N chemical shift of each plane is
indicated in the top left corner.

The above results clearly showed better 'H detection ssNMR data can be obtained from
the [*H with '"Hn]-NpHR back-exchanged via unfolding and refolding. Therefore, this sample
was used for the structural comparation of NpHR between its Cl'-bound and -free state. Fig. 13
shows the CANH spectra of Cl™-bound state (red) and -free state (blue). CANH spectrum
provides the correlations between Ca with the amide site N and H, and the peak position reflects
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the local chemical environment of protein backbone. Peak shifts are widely dispersed among
the spectra and indicated by rectangles (peaks still can be seen in the same '°N plane) and
arrows (peak shifted to other '°N plane) in the spectra, which suggesting structural changes
between Cl-bound and -free state NpHR widely exist among the whole protein in liposome.
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Fig. 13 2D slices of 3D CANH ssNMR spectra in H-C, plane of NpHR in Cl’-bound sate
(red) and Cl'-free state (bule). The spectra were obtained from perdeuterated with 'Hy back-
exchanged via unfolding and refolding NpHR samples. The '°N chemical shift of each plane is
indicated in the top left corner.

2.4 Discussion

The above results indicated the novel NpHR unfolding and refolding protocol
significantly improved the 'H back-exchange ratio for perdeuterated NpHR, which is essential
for 'H detection ssNMR measurements. This allowed me to conclude there are relatively major
conformational changes of NpHR between its CI'-bound -free state from observed peak shifting
in the CANH spectra. However, even with NpHR unfolding step, 'Hn back-exchange was still
not perfect, ~20 % residues remained deuterated in amide site and resulting in signal losses in
Fig. 11 and showed signal losses in ssSNMR spectrum (Fig. 12). The total signal number of the
3D CANH spectra of [*’H with 'Hx]-NpHR back-exchanged via unfolding and refolding was
~100 while the residue number used in this study was 269. This disparity prevented further
signal assignment using 'H detection ssNMR spectra. Consequently, although structural
changes were evident through 'H detection ssNMR, it was not possible to identify which
specific regions of NpHR were undergoing these movements.

To address this challenge, *C detection ssNMR was considered, as it does not require
perdeuteration or 'Hn back-exchange, thus completely avoiding signal losses associated with

incomplete 'Hn back-exchange.
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3 BC detection MAS ssNMR based NpHR structural analysis

3.1 Introduction

BC detection MAS ssNMR is a more mature method than 'H detection MAS ssNMR.
Interactions of '*C are much smaller than those for 'H because of the low y ratio of '*C (~ 1/4
of 'H). Therefore, a moderate MAS frequency (~10 kHz) is enough to average the anisotropic
interactions. However, the low y ratio means low sensitivity and much more sample (~ 10 mg
protein) than 'H detection method is required to obtain '*C detection MAS ssNMR spectra
within reasonable time.

Essentially, '*C detection MAS ssNMR spectroscopy offers similar structural and
dynamic information as 'H detection, including distance restraints and insights into molecular
dynamics through analysis of peak positions and intensity changes. For instance, the de novo
structural determination of Anabaena Sensory Rhodopsin (ASR) was achieved using uniformly
13C and !°N labeled samples, as well as '*C sparse-labeled samples using 1,3-3C; glycerol and
2-3C glycerol.'®?1:% These studies on ASR serve as exemplary cases for employing *C
detection MAS ssNMR in membrane protein structural investigations.

In this study, I applied a similar approach for signal assignment of NpHR using *C
detection MAS ssNMR. Both sparse '*C labeled and uniformly '*C labeled NpHR samples
were prepared for this purpose. I successfully assigned several residues of NpHR and
conducted chemical shift perturbation analysis on the spectra from the ClI'-bound and CI'-free
states. The results indicated that the extracellular portion of helix D undergoes significant
conformational changes upon CI” depletion, suggesting that this region is involved in the CI°
uptake process.

3.2 Materials and methods

3.2.1 NpHR sample preparation method

The same NpHR protein was used for *C detection ssNMR measurement. For '°C
detection ssNMR, all the proteins were uniformly labeled by '°N and 'H using light water based
M9 media. 1 g "NH4Cl in 1 L media was still used for '°N labeling. While for '*C labeling,
uniformly 13C labeling (referred to as [U-!*C, >N]-NpHR) and sparse '*C labeling with 1,3-13C
glycerol or 2-13C glycerol (referred to as [1,3-1°C, U-'>’N]-NpHR and [2-'*C, U-'>'N]-NpHR,
respectively) were used. 3 g [1,3-°C,]-glycerol or [2-!*C]-glycerol in 1 L media was used as
sole carbon source for preparing [1,3-°C, U-'>N]-MpHR and [2-'°C, U-'N]-NpHR,
respectively and 2 g [U-13C¢]-glucose in 1 L media was used as sole carbon source for preparing
[U-13C, >N]-NpHR.

The culture condition was the same as previously described in section 2.2.1 and the
expressed protein was purified in the same manner as described in section 2.2.2 in the native
state. The NpHR-DMPC proteoliposome preparation method for '*C detection ssNMR
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measurement was essentially the same as it for 'H detection ssNMR (section 2.2.6). The only
modification for *C detection ssNMR measurement was the protein to lipid molar ratio (P/L
ratio) was increased from 1:20 to 1:5. 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).

3.2.2 13C detection ssNMR measurement method

All 3C detection ssNMR experiments were carried out on a 600 MHz (Bo=14.1 T) JEOL
ECAII spectrometer with a triple resonance probe. The MAS frequency was set to 12.5 kHz or
14 kHz and a cooling gas was used to maintain the sample temperature to ~20 °C under MAS
using the temperature-dependent K’Br longitudinal relaxation time 3. ~ 10 mg NpHR samples
were packed into 3.2 mm ZrO; ssNMR sample rotors for the measurements. NCA®, NCACX®°,
NCOCX?°, CANCO?®!, CANcoCA®? and NcoCACX?? spectra were recorded for [U-!°C, °NJ-
NpHR in the CI™-bound state, while NCACX and CANCO spectra were also performed for [U-
13C, I>NJ-NpHR in the CI'-free state. For [1,3-1*C, ’'N] and [2-'*C, "'N]-NpHR, NCACX,
NCOCX and CANCO experiments were recorded in the Cl'-bound state. The '*C chemical
shift was directly referenced using the adamantane CH» peak to 40.48 ppm in DSS scale.”* 'H
and "N chemical shift was indirectly referenced to DSS and liquid ammonia, respectively.®

The NMR data was processed with NMRPipe®’. NMRFAM-Sparky®® and CcpNmr” were
used for spectra visualization and analysis. The FLYA algorithm in CYANA software was used
for the automated resonance assignment to aid manual assignment procedure.’®” The CYANA
library file was modified for the automated assignment using data for the sparsely '*C-labeled
samples. The detailed parameters of the pulse sequences and data processing are described in
the appendix.

3.3 Results

3.3.1 BBC detection ssNMR spectra of NpHR with different P/L ratio

Because *C detection ssNMR has relatively low sensitivity due to the small y of 1*C, it is
necessary to pack as many as possible NpHR sample into ssNMR rotor for higher signal to
noise ratio (S/N ratio). However, the total volume of the 3.2 mm rotor is limited, the only
possible way to increase NpHR amount in the sample was to use a higher protein to lipid (P/L)
ratio. In this study, I tried to prepare the NpHR-DMPC liposome with the P/L ratio of 1:15,
1:10 and 1:5, which corresponding with the weight ratio of NpHR in the total proteoliposome
increased from ~67 % (1:20 P/L ratio used for 'H detection ssNMR) to ~90 % (1:5 P/L ratio).
2D HCA spectra of these samples were measured (Fig. 14 a-c) to evaluate the influence of P/L
ratio to the sample condition.
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Fig. 14 2D double-CP based NCA spectra of [U-'*C,">N]-NpHR for protein-to-lipid (P/L)
ratio optimization. NpHR to DMPC mole ratio is 1:15, 1:10 and 1:5 for (a)-(c), respectively.
The same contour level is used for all panels. Slices of '°N chemical shift at 110 ppm are shown.
(d) The 1D projection generated from the NCA spectra of [U-'>C,'>N]-NpHR. The bulk signal
intensity was ~1.3 times higher for the sample with the P/L ratio 1:5 relative to that with 1:15.

The NCA spectra from different P/L ratio showed almost same patten with similar
linewidths. These results suggested that in these samples NpHR were in similar condition and
homogeneous NpHR sample can be obtained in a very high P/L ratio (1:5). While, in the
spectrum from the highest P/L ratio (Fig. 14c, P/L ratio = 1:5), more peaks were observed and
the bulk signal intensity was ~1.2 times of that in the spectrum of P/L ratio = 1:15 (Fig. 14d).
The bulk signal intensity improvement was consistent with the corresponding NpHR weight
ratio in the proteoliposome of 90 % (P/L ratio = 1:5) and 75 % (P/L ratio = 1:15), assuming the
same density for protein and lipid bilayer portions. Based on the above results, the P/L ratio of
1:5 was used for further 1*C detection ssNMR measurement.

23



3.3.2 Signal assignment based on backbone walk strategy

The backbone walk strategy was used for signal assignment of NpHR. The concept of
backbone walk is demonstrated in Fig. 15. This strategy utilizes a set of 3D spectra containing
intra-residue correlations (NCACX) and inter-residue correlations (NCOCX and CANCO). By
matching the peak pattern of those spectra, signal assignment can be performed along the
protein backbone, therefore called backbone walk. However, spectra signal overlapping results
in ambiguous peak matching and additional spectra with different correlations are usually
required for unambiguous signal assignment. In this study, chemical shift assignment was
performed by combining the CANCO, NCACX, NCOCX, CANcoCA and NcoCACX data,
while 13C sparse labeling with 1,3-'>C, glycerol or 2-'3C glycerol were also utilized for signal
assignment.
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Fig. 15 A schematic figure for backbone walking using 3D NCACX (red), CANCO (blue)
and NCOCX (green) spectra.

This sparse '3C labeling reduced the total peak number while the unique labeling pattern
helped to recognize residue types’®, as shown in Fig. 16. In addition, the sparse '*C labeling
reduced the signal linewidths by removing the homonuclear one-bond '*C scalar couplings and
mitigated the signal overlap.?>*® Such advantages made the sparse labeled NpHR samples
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benefit a lot in signal assignment.
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Fig. 16 Leul41 assignment assisted by spectra from sparsely '*C-labeled NpHR. NCACX
spectra from [1,3-°C, U-'>’N]-NpHR (orange) and [2-'3C, U-'>N]-NpHR (green); NCOCX
spectra from [1,3-1°C, U-'N]-NpHR (brown) and [2-'3C, U-'*N]-NpHR (blue) as well as these
two spectra from [U -!°C, ->'N]-NpHR (red and magenta, respectively) are showed. '°N
chemical shift of NCOCX spectra is at 119.0 ppm where is the Nu chemical shift of Alal142.
The labeling scheme of Leul41-Alal42 is showed in the top left corner, this labeling scheme
is adopted from Castellani et al. The sparse *C labeling allowed unambiguous assignments in
the crowd NCOCX plane of Alal42 that enabled the extending of “backbone walk”.

Examples of the sequential assignment stretches with spectra from [U-13C, >N]-NpHR are
shown in Fig. 17. Total 27 backbone nitrogen, 32 Ca and 30 C' signals (25 N- Ca-C’ intra-
residue pairs) were assigned to 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 position of these assigned residues is demonstrated in NpHR X-ray structure in Fig.
18 and assignment results are tabulated in Table S7. Other nuclei were not assigned without
ambiguity because of the amino acid type degeneration and signal losses in the flexible regions.
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Fig. 17 An example of the "backbone walk" from A205 to A208 with the set of 3D spectra,
shown for the CI"-bound state [U-!*C, "N]-NpHR. The experiment names and chemical shifts
for the 3™ axis are shown on the right of each plane.

Cytoplasm side
E-F loop™;

Extra cellular side

Fig. 18 The location of the assigned residues. Residues colored in green are the residues
with assignment in backbone, the other residues colored in gray are unassigned ones. This
structure is the crystal structure of Cl"-bound state NpHR (PDB entry: 3A7K?%), the structure
visualization is performed by PyMOL software.
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3.3.3 Chemical shift perturbation based structural analysis of Cl*-bound

and -free state NpHR

Next, NCACX, NCOCX and CANCO spectra were recorded for [U-!>C, "'N]-NpHR in
the O-like Cl'-free state to evaluate the structural changes because of the Cl” depletion. A similar
assignment strategy was applied for the signal assignment of the Cl-free state NpHR with
referenced by the previous results from the Cl™-bound state. The assignment results of the CI™-
free state NpHR are tabulated in Table S8. Compared with the spectra from Cl™-bound state, CI°
-free state NpHR provided a smaller number of signals. In CI-free state CANCO spectrum,
~120 peaks were observed. The decreased number of signals was related to the increased
molecular mobility of NpHR in Cl-free state. ~ 100 peaks in CANCO spectra were found both
in the CI-bound and -free state, and numerous peak shifting were observed. This result meant
the conformational changes still observed in '*C detection ssNMR spectra and I have obtained
assignments for several peaks therefore further structural analysis based on chemical shift
perturbation (CSP) was performed. The CSP value for the peak pairs in CANCO spectra were
calculated with:

CSP = v/ (6Ca, with ci- — 6Ca, without ci-)* + 048Ny, wien ci- — SNy, without ci-) >

where §C, and 8Ny is the chemical shift value of backbone '*Ca and °N, respectively. CSP
basically reflects how much the peak moved which corresponds to the local chemical/structural
change for the atom. Therefore, CSP is a very nice tool to sense and quantity structural changes.
Fig. 20 shows the Histogram of the number of peak pairs against their CSP value. The average
CSP for all the peak pairs detected with a finite peak shift (assigned or not assigned) was 0.22
ppm; among them, only 30% of peak pairs gave a CSP value larger than 0.275 ppm (1.25 times
of the mean value). This result suggested the conformational changes were widely distributed
among the whole protein and some regions showed relatively major conformational change
corresponding to the large CSP value. This result was consistent with previous 'H detection
ssNMR data.
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Fig. 19 The spectra comparation of [U-'*C,!°N]-NpHR in the Cl-bound state (red) and -
free state (blue) (a) The 2D projection of 3D CANCO ssNMR spectra recorded with [U-
13C,!>N]-NpHR in the Cl*-bound state (red) and -free state (blue). (b) A 2D C-C plane taken at
6Ny =110 ppm. (¢) 2D C'-N planes taken at §C, indicated in the upper conner. Assigned
peaks are labeled.
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Fig. 20 Histogram of the number of peak pairs in CANCO spectra against their CSP value.
Total 91 peak pairs were distinguished regardless of whether they were assigned or not and are
shown in the histogram. The average CSP value of the peak pairs was 0.22 ppm, and 30% of
them showed CSP value > 0.275 ppm (4830t), which is indicated by the dash line.

Then, I focused on the CSPs of assigned residues, which are illustrated in Fig. 21. Those

assigned residues in Helix A and B were not included for this CSP analysis because the assigned
residue chain was too short to discuss conformational changes.
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Fig. 21 The CSPs for the assigned residues in helix C, C-D loop, helix D and E-F loop
region. (a) CSPs plotting for those assigned residues, the dash line is at 0.275 ppm (4830m). (b)
the location for those residues. The trimer structure in left is a homologous model from AsHR
(PDB entry: 1E12%%) because the protein expressed in E. coli lacks bacterioruberin, which is
necessary for the trimeric assembling in the 3A7K trimeric form; and the monomer structure
is the CI-bound state NpHR (PDB entry: 3A7K>®). The assigned residues in helix A and B were
not included for this CSP analysis. The structure visualization is performed using PyMOL.

A few resides in helix C and D (Gly139-Thr154) on the cytoplasmic side showed
significant CSPs, but the average CSP among this region (~0.19 ppm) was lower than Ad3oth.
These residues are close to the CI” releasing channel in the cytoplasmic side*®. Photochemical
studies of the intermediates previously suggested structural changes arising for O formation
remained until NpHR' formation**, and the N and O intermediates are under a structural quasi-
equilibrium*>-"-8, Therefore, the observed CSPs may be related to CI releasing process. On
the other hand, a stretch of five residues in the extracellular (EC) part of helix D: from Vall61
to Alal65 showed large CSP values close to or greater than the threshold of 0.275 ppm, which
suggested relatively major conformation changes in the EC part of helix D. Importantly, in the
crystal structures, conformational differences around the EC side of helix D are not observed,
while only a part of helix C and B-C loop on the EC side showed finite changes>®. Considering
the location of these residues on the EC side, and the fact that EC part of helix D is adjacent to
several residues important for Cl" uptake such as His100, Argl176 and Glu234°3, we presume
the large CSPs observed were related to the CI” uptake process.
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3.4 Discussion

Through *C detection ssNMR measurements, I successfully assigned several residues for
NpHR and the CSP analysis indicated at least one of the major conformational changes
occurred at the EC part of helix D. The assigned number of assigned residues is still limited
because of the difficulty due to the nature of membrane proteins whose amino acid types are
strongly biased toward the hydrophobic residues. When counting the total peak numbers in
CANCO spectra, which provides one signal from each residue in most cases, ~140 peaks were
observed, and this number was larger than it from 'H detection CANH spectrum. The
discrepancy with respect to the total residue number 269 can be related to signal overlapping
due to relative wide signal linewidth and small distribution range of carbonyl carbon chemical
shift, while the unique structural characteristic of NpHR also contributed. NpHR contains the
large B-C loop region (~ 30 residues) in the extracellular side, which is highly flexible and was
not observed in ssSNMR measurements.

Some advanced ssNMR techniques may be beneficial for more assignments. For example,
reverse isotope labeling”®!%, which selectively made certain amino acids unlabeled, simplifies
the spectra with less overlapping should be helpful for the assignment. This method was already
utilized in the assignment of two different microbial rhodopsins: proteorhodopsin® and sodium
ion pump rhodopsin, KR2'%,

4 Functional analysis with point mutants for important

residues

The previous *C detection ssNMR data concluded that the EC part of helix D undergoes
some major conformational changes between NpHR CI-bound and -free state. To further
investigate what kind of conformational change occurred and the relationship of these
conformational changes with the Cl transport function, I tried to prepare point mutants for the
residues at EC part of helix D. I successfully obtained the following three mutants: the Vall61
toAla(V161A), Glyl163 to Ala (G163A) and Alal65 to Val (A165V). The molecular properties
of these mutants were measured and compared with WT to reveal the details of this
conformational change with the Cl transport function of NpHR.

4.1 Materials and methods

4.1.1 NpHR sample preparation method

The truncated NpHR at position from 18 to 277 in residue number was used as WT NpHR.
All the mutants were prepared based on it through the QuikChange method (Agilent). A N¢-
Lysine-labeled NpHR (referred to as ['°N¢-Lys]-NpHR) in wild type and mutants for DNP
enhanced '°N detection NMR measurements were expressed using M9 minimal media with
ISN¢-Lysine, and those for molecular property analyses were expressed using LB media without
isotope labeling.

30



To prepare ['°N¢-Lys]-NpHR, 100 mg/L of '>N¢-Lysine was added into the E. coli culture
using natural abundant NH4Cl (1 g/L) and glucose (3 g/L) as the nitrogen and carbon source
when the optical density of culture at 660 nm (ODeeo) reached 0.8. Then, the protein expression
was still induced by addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) when
ODseo reached 1.4 with 10 uM all-trans retinal and harvested after 4 h, which was described
in section 2.2.1. The expression method for NpHR mutants was the same as pervious described
in section 2.2.1

All NpHRs were purified in the native state with the same method as 2.2.2 and applied for
the following measurements.

4.1.2 CI affinity analysis method

The purified NpHR was passed through the PD-10 column and equilibrated with 50 mM
PIPES (pH 7.0) and 0.1 % DDM in Cl-free state. Then the UV-vis spectra were measured
under various concentrations of NaCl from 0 to 1 M by adding 5 M NaCl. The Cl" dependent
absorption changes were analyzed by Hill equation:

__lerm
Adrel, = Ki+[cl-]n
where AA,. was the normalized reduced absorbance at the wavelength where the difference

spectra between Cl™-bound and -free state reached maximum value, and n is the Hill-coefficient.

4.1.3 Transient absorption measurement method

For transient absorption measurement, the measuring medium exchanged to 50 mM
PIPES (pH 7.0), 1 M NaCl and 0.1 % DDM by PD-10 column, while the NpHR concentration
was adjusted to Absmax = 0.5 by concentration using ultrafiltration devices (Amicon® Ultra
centrifugal filter 10kDa cutoff, Sigma). The transient absorption measurement apparatus was
kindly provided by Demura group (Laboratory of Biological Information Analysis Science,
Hokkaido University) and described previously!®!. The transient absorption measurement
apparatus is essentially a time-resolved UV visible spectrometer equipped with an additional
Nd-YAG laser light source. This Nd-TAG laser (532 nm, 7 ns) was used for exciting NpHRs
and the and the absorbance changes (transient absorption) after this excitation was recorded.
For each measured wavelength (400-700 nm, at 10 nm intervals) 60 laser pulses were used to
improve the S/N ratio. The data then analyzed with an irreversible sequential model®*® by
global fitting:

hv T T2 T3 T
PO_)Pl_)PZ_)P3_)"'Pi_)P0.

In this model, the P; (i =1,2 ...) were the photo-excited kinetic distinguishable
intermediates and Py was the ground state. 7 (i =1,2 ...) are the corresponding time delay
constant for each intermediate transition. Therefore, the contents of them after light excitation
follows the following equation:
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P, -1/ T, 0 0 P,
d | P 1/7, P,
a@ = 0 : eq.2
i %]
: 0 HE
At to, just after photo excitation, the photo excited NpHR was all in P; state, therefore P,
=1 and other P; = 0. Then eq. 2 was solved as:

-1/1,
R VA TR R VA

P, R 0 rexp(=t/71)
P, azq Qg2 ™ exp(—t/73)
=1 s ., : eq.3
lPlJ Aip e Qi1 QG eXp(_'t/Ti)
ot : . :
Where a;; = { et Tm [lm=1,mej (i - %)} , defined the content for the intermediates as

the function of time.
While the measured transient absorption change, AA(4,t) can be described as:

AA(A,t) = F, Z B;(t) exp(—t/k;) eq. 4
i=1

where F. was the fraction of NpHR excited by the laser, B; (i=1,2 ...) was the absorption
difference of the i photochemically defined intermediate with the ground state and x; (i
=1,2 ...) was the corresponding delay time constant. The intermediates in eq. 4 were permitted
to be a mixture of the intermediate defined in eq. 3. Therefore, B;(t) (i=1,2 ...) can be
described by Ae;(1) (i = 1,2 ...), which was the absorption difference for the i intermediate
with ground state at the wavelength of A and the content of the i" intermediate, which
described in eq. 3 as:

n
B,(A,0) = F. Z a; 10 (2) eq.5
Jj=i
Which corresponding to a linear system:

11 Az1 Q31 AnaqrAe (A) B, (1)
0 azz azz - anz||Ae, (1) B,(1)
F| ¢ t Gsz v GosllAes (D)= [B3(D)
0 0 Ann Aen(’D Bn(/l)

Therefore A€;(1) = €;(1) —€,(1) (1 = 1,2 ...) can be determined. And the absolute
absorption for i intermediate, €; (i=1,2 ...) can be obtained by solving this equation under
different wavelength.

The analyses were performed as the following procedure:

The absorption spectra of the ground state €,(1) was per-measured with the UV-vis
spectrometer with the Rayleigh scattering component given by form of ¢y + ¢;/A* was
subtracted., then the laser was applied to excite NpHR and the absorption changes
AA(A, t) were recorded at each measured wavelength.
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The data was fitted by eq. 4 and eq. 5 to obtain k; and B;(4), and the fitting results was
selected by brute-forcing Fc€;(1) = 0 because the negative part only originated from the
depletion of Py by the flash excitation. The fitting result yielded the absolute absorption for i
intermediate €;(4) and the corresponding time delay constant t;. The number of intermediates,
n was determined was determined by y? test and the well fitted result with smallest n was
adopted as the model to describe NpHR photocycle kinetics.

The global fitting was performed using homemade scripts written in Python3 with NumPy
and SciPy packages.

4.1.4 Quaternary structure analysis method

Visible CD spectroscopy and size-exclusion chromatography (SEC) were used for
quaternary structure analysis of NpHR mutants.

The CD measurement condition was the same as described previously in section 2.2.4.
The samples after light illumination were prepared with a homemade LED array (12 < LEDs,
590 nm, total output power ~10W, OptoSupply). The samples were illuminated for 15 h under
4°C with cooling by circulating water to analysis the effect of photocycle in the quaternary
structure.

SEC measurement was conducted using a Superdex™ 200 Increase 10/300 GL column
with AKTA pure™ 25 M1 system (Cytiva). The NpHR samples for SEC were in 10 mM PIPES
buffer (pH 7.0) with 0.1 % DDM and 100 mM NaCl or 67 mM Na>SO4 for CI'-bound or -free
samples, respectively. 200 pL samples containing ~ 27 uM NpHR (Abssgo = 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.

4.1.5 Ultra-low temperature DNP enhanced °N detection MAS ssNMR

sample preparation and measurement method

The NpHR-DMPC proteoliposome preparation was the same as that used for '*C detection
ssNMR measurement (section 3.2.1). Preparation, while ['*N¢-Lys]-NpHR was used for this
DNP N detection ssNMR measurement. The proteoliposome that contain ['*N¢-Lys]-NpHR
in Cl’-bound or -free state were washed once with 100 pL deuterated “DNP juice”, which
contains 1:3:6 of the buffer solution: D2O: glycerol-ds (v/v/v). The buffer solution contained
200 mM AMUPoL!%?, 500 mM sodium acetate with 1M NaCl or 670 mM Na,SOs (pH 5.0), so
that the final concentration becomes 20 mM AMUPoL, 50 mM sodium acetate with 100 mM
NaCl or 67 mM NaxSO4 (pH 5.0) to ensure the ion concentration in the sample. AMUPoL,
which chemical structure shows in Fig. 22 is a stable biradical. It is used as the polarizing agent
to generate nuclei hyper polarization from the electron spins of its unpaired electrons for DNP
sensitivity enhancement. The suspended sample in the “DNP juice” was well vortexed and
centrifuged to remove extra “DNP juice”, then packed into a JEOL Si3N4 3.2 mm rotor using a
home-made packing tool under centrifugation (2,000 xg, 15 min). One of the rotor spacers was
hollowed to contain K’Br powder for the temperature measurement®*,
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Fig. 22 The structure of AMUPoL.

The DNP MAS ssNMR experiments were carried out on a 700 MHz (Bo = 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 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®. The data were processed and analyzed with the JEOL
Delta software. The detailed parameters of the pulse sequences and data processing are
described in the appendix.

4.2 Results

I tried to prepare the mutants following a concept of: (1) alanine into valine (2) other 19
amino acids into alanine. Because the EC part of helix D is a transmembrane region which
favors hydrophobic residues and alanine is the smallest hydrophobic amino acid, while valine
is the second smallest hydrophobic amino acid. Such mutation minimized the influence to the
protein folding by the sidechain of amino acids therefore suitable to analysis if those residues
involve in CI- uptake process with conformational changes. I successfully obtained the
following three mutants: Vall61 to Ala, Gly163 to Ala and Alal65 to Val, which are referenced
to as V161A, G163A and A165V, respectively. T To elucidate the functional significance of
these residues in the ion uptake process, | measured the molecular properties of these mutants
and compared them with WT NpHR. This comparative analysis aimed to clarify the
relationship of these residues with the CI” uptake process.

4.2.1 CI dependent absorption changes

I first analyzed Cl- binding affinity of these NpHRs by dissociation constant (Kq) through
CI" dependent absorption changes. Fig. 23 shows the retinal absorption in Cl-bound and -free
state and the Cl dependent absorption changes are showed in Fig. 24. K4 was calculated with
a Hill equation. The values of Amax and the fitting results of the Hill equation is summarized in
Table. 1.
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Fig. 23 CI concentration-dependent absorption change observed for NpHR in wild type
and mutants. (a-d) Visible spectra recorded with CI'-bound (100 mM CI, red) and -free (blue)
state WT NpHR, V161A, G163A and A165V mutants, respectively.
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normalized by the maximum positive change data in Fig. 24. The solid curves show the best-
. . . _ e

fit results using the hill equation AAbS.e = KB+
Table 1. Absorption maxima (Amax), Cl~ dissociation constants (Kq), Hill coefficients (n) for
solubilized WT NpHR and the mutants in 0.1 % DDM at pH 7.0.

) Amax / M
Opsin Type CI free 100 mM NaCl K4/ mM "
WT 595 577 4.8 0.89
V161A 595 576 6.1 0.73
G163A 575 560 5.7 0.87
A165V 584 576 28 0.75

V161 A mutant showed almost identical Cl- dependent retinal absorption and Kg4. For
G163 A 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-bound state,
while ~10 nm blue-shift was observed for the CI™-free state. The only altered absorption in CI’
-free state was reported previously for F150 mutants of NpHR with unstable trimeric
assembly*®. This mutant also has a less CI" binding affinity than WT through the increased Kq
value.

4.2.2 Transient absorption spectroscopy analysis of photocycle

Next, to compare the photocycle properties, flash laser-induced transient absorption
changes were measured for WT and the mutants with 1 M NaCl (Fig. 26). The photocycle was
analyzed by n-components sequential irreversible model in the method section (section 4.1.3)
by global fitting. The fitting results yielded the number of intermediates was 4 and the fraction
of NpHR excited by laser, F. =0.12. Then a 4-components sequential irreversible model: P, —

T1 T T3 Ty
P, - P, - P; - P, - P, was adopted.

The time constants 7; (i = 1,---,4) of corresponding component intermediate P; are
tabulated in Table 2. The absorption spectrum of each component is shown in Fig. 27 and the
population change of each intermediate during photocycle is shown in Fig. 28. Py and P
showed blue-shifted absorption with identical Amax and generated in the early photocycle,
therefore been identified as L and L intermediates (Fig. 27 orange and green lines). P3 showed
the typical double-peak absorption and been identified as the N-O quasi-equilibrium (Fig. 27
red lines). P4 shows the almost identical absorption as Po and generated in the last, therefore
was assigned as the NpHR' state (Fig. 27 purple lines). The photocycle of V161 A was almost
identical to WT, while those for G163A and A165V were different. The smaller peak of the
differential absorption (4aps) at 650 nm found in the late photocycle (~1 ms) for G163 A and
A165V (Fig. 26 c and d) suggests the suppressed formation of the O intermediate; this was
consistent with the only minor peak seen around 650 nm in P3 absorption spectra (Fig. 27 ¢ and
d). Moreover, G163 A and A165V mutant showed, respectively, much slower (Fig. 26 ¢ and Fig.
28 c) and faster recovery of Aaps at 580 nm (Fig. 26 d and Fig. 28 d), i.e., significantly
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longer/shorter 73 and 7, than WT, respectively. Altogether, these observations indicated the
mutations in the EC side of helix D perturb the late photocycle indeed, including the CI°
release/uptake steps. Interestingly, 7, of A165V was ~5 times shorter than that for WT and
close to that reported for the F150A mutant. The F150A mutant had unstable trimeric assembly
and resulted into the faster photocycle while inefficient ion pumping
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Fig. 26 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. The time constants of the components in sequential irreversible model calculated by
global fitting. The corresponding intermediate formations are marked in the table.

Opsin 71/ ms 72/ ms 73/ ms 74/ ms
Type Li—L» L,—N-O N-O—NpHR' NpHR'—NpHR
WT 0.228 0.307 0.792 34.283
VI61A 0.167 0.395 0.866 30.169
G163A 0.043 0.324 1.085 64.500
Al65V 0.101 0.111 0.556 6.500
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Fig. 27 The simulated absorbance spectra of the photochemically defined states Po-P4
obtained from the transient absorption data by global fitting analysis using the irreversible
sequential model. Py represents the ground state. P; and P; exhibit a blue shift of Amax to ~520
nm, therefore were identified as L; and L, intermediate, respectively. P3 shows the typical
doublet absorption at Amax ~540 nm and ~600 nm and was identified as the N-O quasi-
equilibrium. P4 shows the almost identical absorption as Po, therefore was assigned as the
NpHR' state. The P53 (N-O quasi-equilibrium) spectra of G163A and A165V are significantly
different to those for WT and V161A mutant, exhibiting much less red-shifted O component.
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Fig. 28 The concentration profiles for the photochemically defined states obtained from
the transient absorption data by global fitting analysis using the irreversible sequential model.
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Dash lines indicate the times when the P;-Po reached the maximum concentration for WT
NpHR in the photocycle.

4.2.3 Quaternary structure analysis

Results in the previous section showed the A165V mutant shared similar properties with
F150 mutants, which were reported have unstable trimeric assemble. Therefore, I measured the
quaternary structures of the mutants prepared in this work by visible CD spectroscopy both in
the Cl™-bound and -free state (Fig. 29). It is interesting that the typical bi-polar CD pattern’
seen for A165V mutant in the Cl- bound state was perturbed in the CI'-free state. This result
suggested the A165Vmutant preserved a trimeric structure in the Cl™-bound state, while it
partially dissociates in the Cl-free state.
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Fig. 29 Visible CD spectra of NpHRs in Cl-bound (red) and -free (blue) state. (a-d) WT
NpHR, V161A, G163A and A165V mutant, respectively. The bi-polar CD couplet did not
change for WT NpHR, V161A and G163A mutants by the CI” depletion. The CD spectra of
A165V in CI'-free state showed a smaller negative peak with the red-shifted positive peak that
indicates the trimer dissociated into monomer. While some trimer components remained in the
sample and resulted in the negative peak still observable.

To confirm the trimer dissociation, I analyzed the protein samples with size-exclusion
chromatography (SEC) measurement was applied (Fig. 30). Although the solubilized A165V
mutant in 100 mM NaCl with 0.1% DDM was in trimeric form from its molecular size, we
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observed the dissociation of the A165V trimer under low CI” concentration (Fig. 30b blue line).
Upon removal of CI" ion by buffer exchange, the trimer dissociated into monomer form. To
evaluate whether the dissociation was reversible, the whole NpHR fractions of the Cl-free
A165V sample (elution volume of 12—15 mL) were re-analyzed after those fractions were
gathered, buffer exchanged to Cl-containing buffer and concentrated ((Fig. 30b, black line).
The result showed the trimeric component ratio was not recovered, which means the
dissociation was irreversible.
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Fig. 30 Size-exclusion chromatograms recorded for WT NpHR (a) and A165V mutant (b)
in Cl*-bound (red) and -free (blue) state. The black line shows the data taken the A165V
monomer fraction (elution volume of 12—15 mL), back-exchanged to the Cl-containing (100
mM NaCl) buffer and applied to SEC again after concentration. The NpHR elution peaks at
12.6 mL and 14.2 mL corresponds to the trimeric and monomeric form, respectively.** The
small lead peak around 11-12 mL is from NpHR multimers.

Normalized absorbance at 580 nm
Normalized absorbance at 580 nm

The above results showed the A165V mutant undergoes some major conformational
change in the Cl-free state that irreversibly disrupts its trimeric assembly upon CI” depletion.
To confirm whether this conformational change also exists for the O intermediate during
photocycle, I measured visible CD spectra of the A165V mutant before and after light
illumination with 100 mM NaCl. After 15 h of illumination under 590 nm, the trimeric A165V
typical bi-polar CD couplet® was altered: the intensity of red-shifted negative peak was
diminished, and the blue-shifted positive peak shifted toward Amax (Fig. 31). This indicated the
A165V trimer dissociates into monomers over the course of the photocycle in the O
intermediate.

42



WT A165V
m© ©
£ £
? 3
o =]
< 0.5 < 05 ]
Oll|llll|llll|llll|lll 0-||||||||llll|||aa|||
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
(c) (d)
8
£ g o
o o
: 5+
2] o
5 5 27
& & o
15 5
£ 5 2
o 8] © 47
AWT 1A165V
'10 T T T T 1 ] T T T 1 1 T T T 1 -6 T T T L 1 T T T T 1 T L T L 1
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 31 The light-induced trimer dissociation of A165V mutant. (a and b) UV-vis spectra
of WT and A165V NpHR before (black) and after (red) illumination under 590nm. (¢ and d)
Visible CD spectra of them before (black) and after (red) illumination. The UV-vis spectra
showed the illumination did not cause bleaching, while A165V showed an altered CD spectrum
after illumination, which indicated trimer dissociation.

4.2.4 DNP enhanced >N detection MAS ssNMR measurement for pSB

under ultra-low temperature

The above spectroscopic data showed the chromophore absorption wavelength was
affected by the mutation in helix D and A165V mutant was suggested to disrupt its trimeric
assembly in Cl-free state with structural changes. To gain more insight into this, I measured
the >N chemical shift of NpHR pSB (N¢ of Lys256) by DNP-enhanced ssNMR measurements.
Because the chromophore absorption wavelength of microbial rhodopsins is sensitive to the
environment around the protonated Schiff base (pSB), which can be used to reveal the folding
condition of NpHR.

One-dimensional DNP-enhanced '°N spectra of [!°N¢-Lys]-WT and G163A and A165V
mutants are shown in Fig. 32. The DNP enhancement factor ¢ was ~30 at 7 ~30 K for all
samples. This corresponds to roughly 300-fold sensitivity gain together with the effect from
the sample cooling relative to the conventional room-temperature ssNMR. This sensitivity
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allowed us to detect weak '°N signals from minor conformation 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 1N peaks with distinct chemical shifts, where the linewidth and integral intensity of each
peak reflects the degree of conformation disorder and population of each substate, respectively.
The pSB of CI-bound WT and A165V exhibited a single '°N peak at ~162 ppm, however that
of G163A was split into three peaks at ~161, ~168 and ~180 ppm (indicated by dash lines in
Fig. 32b), corresponding to three major conformational substates around the chromophore. The
major peak was now at ~168 ppm while the peak at ~162 ppm seen also with WT and A165V
mutant became much smaller. An additional broad peak was visible at ~180 ppm, for which an
extensive conformational disorder was suggested from the broadened linewidth. This showed
that the pSB environment for G163 A was significantly different from that for WT and A165V
mutant in the CI-bound state. Then, the same measurement was carried out for NpHRs in the
Cl--free state (Fig. 32c). 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 G163 A mutant, the broad peak at ~180
ppm, corresponding to highly disordered substate, became highest in intensity while that at
~160 ppm was much smaller. Interestingly, the spectra of WT and A165V in the Cl'-free state
looks similar to that of G163 A mutant in CI-bound state, suggesting similar pSB structure.

(a) (b) (c)
Cl'-bound state Cl -free state
WT
G163A
L L L L LA LALL I N | |w||wi|||||;|||i\ll\| A165V|||||;||w||§|||||||||
250 200 150 100 50 0 -50 190 180 170 160 150 190 180 170 160 150
SN Chemical Shift (ppm) >N Chemical Shift (ppm) >N Chemical Shift (ppm)

Fig. 32 "N NMR analysis for ['"N¢-Lys]-NpHR WT and mutants. (a) Full NMR spectrum
recorded for WT NpHR in the Cl™-bound state with and without the microwave irradiation for
DNP enhancement. The pSB region blown up in (b,c) is indicated with the red rectangle. (b, c)
Blowups of the pSB region of the CP-based DNP-enhanced !°N spectra recorded for NpHRs
in CI'-bound (b) and -free state (c).

The N chemical shift of pSB in many microbial rhodopsins follow an empirical linear
relationship between 1/Amax and 1/d? where d is the distance between the pSB °N atom and the
counterion.?62%194105 In case of NpHR, the Cl" bound to pSB acts as the counterion. Fig. 33
shows the pSB >N chemical shifts we observed for NpHRs versus 1/kmax. The Cl'-bound WT
and A165V followed this relationship. The chemical shift of the major N peak observed for
G163 A mutant in the CI'-bound state (~168 ppm) also matched this relationship well. However,
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those for the two other peaks deviated from this relationship, suggested a lot looser
coordination of counter ion. To summarize, I 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, indicating similar protein folding. While G163A
mutant is distinct with significantly more disordered conformation, perhaps a destabilized
opsin fold. In particular, in G163A mutant the surrounding environments of pSB are very
different and disordered compared with WT in terms of the geometry of the counterions. And
the A165V mutant preserved a similar protein folding as the WT both in the Cl™-bound and -
free state.
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Fig. 33 The typical linear relationship between 1/Amax and the pSB >N chemical shift
observed for the counterion-bound retinal derivatives. Data taken with NpHR WT, A165V and
G163 A mutants are shown in blue, red and green, respectively. The two smaller green squares
correspond to the two minor '°N peaks observed for G163A. Data of the model compounds
and bRses are adopted from Hu et al'®,

4.3 Discussion

The G163A and A165V mutant showed altered retinal absorption and photocycle kinetics
in the late photocycle, clearly showed the EC part of Helix D involved in the Cl” uptake process.

The 163" residue, which faces the retinal S-ionone ring, is highly conserved among
rhodopsin family and is known as a color tuner.!®® Mutation in this residue was predicted to
result in a blue shift of Amax because the bulky sidechain pushes against the retinal f-ionone
ring, distorting the polyene chain.!°*1% The G163 A mutant indeed exhibited a blue-shifted Amax
both in the CI'-bound and -free state. Additionally, this mutant displayed a loosened structure,
as indicated by the peak-splitting in the pSB "N ssNMR spectra. Such loosened structure
therefore may be related to the steric crush between the bulky sidechain and the retinal f-ionone
ring.

Importantly, in the CI-free state of G163 A mutant, ion depletion significantly increased
the intensity of the broad '°N peak at ~180 ppm, suggesting a more disordered conformation.

Such peak-splitting also occurred for the A165V mutant and WT in the CI-free state, indicating
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that NpHR undergoes looser packing around the retinal in this state. These results were
consistent with the previous ssNMR data showing conformational changes between the Cl -
bound and -free state.

It is worth noting that A165V disrupted its trimeric structure in the Cl™-free state or during
the photocycle involving the O intermediate formation through some major structural event in
the late photocycle. >N chemical shift of pSB further indicated that the protein folding of
A165V was similar with that in WT, suggesting the trimer dissociation is not due to overall
protein denaturing but related with some specific conformational event occurred during the CI°
uptake process.

The 165" position is in the monomer-monomer interface, however, the Ala to Val mutation
seems not introduce severe steric crush there (Fig. 34). Also, the above presented CD data
confirms the A165V mutant retains the trimeric formation in the Cl™-bound state (Fig. 29). This
indicates that the trimer dissociation is not simply due to the bulky valine sidechain and needs
some additional conformational event. According to the ssNMR CSP data, the EC part of helix
D implements large conformational change in the late photocycle; this may be thought as an
outward helix movement considering the disruption of the trimer in the late photocycle. This
is supported by previous X-ray data*®*°. The X-ray structural studies showed the Tyr124
sidechain rotates toward the helix D by CI" depletion, which is close to the 165" position (Fig.
35a). This rotation may push the EC part of helix D outward toward the adjacent monomer.
A165V mutant, which contains a bulky sidechain on the interface at 165™ position, disturbs its
trimer integrity because of such structural changes (Fig. 35b). From these results and the
3839 we hypothesize that an outward movement of the
EC part of helix D was involved in the late photocycle including the O-intermediate. More
specifically, since its mutation to valine with a bulky sidechain disturbed the trimer integrity
upon the D-helix movement during the photocycle.

previous X-ray crystallographic studies

X
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Fig. 34 (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 C1"-bound state NpHR (PDB entry 3A7K>®). For the trimeric
assembly, we used the homologous model from HsHR (PDB entry 1E12%") because the protein
expressed in E. coli lacks bacterioruberin, which is necessary for the trimeric assembling in the
3A7K trimeric form. The structure visualization and the amino acid replacement for A165V
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were performed using PyMOL.

(b)

5 hvi-cl @

Fig. 35 The proposed trimer dissociation mechanism for the A165V mutant. The Cl™-free
O-like structure (green, PDB entry 3QBG>) and the CI'-bound state NpHR (cyan, PDB entry
3A7K?®) 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.

Based on the above discussion, I propose a model for the Cl™ uptake process comprising a
movement of the EC side of the helix D as a crucial step for the ion uptake. It has been reported
that His100 in B-C loop, Argl23 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*®. Indeed, some
open space between helices (colored cyan in Fig. 36) can be found around these residues in the
crystal structure of the O-like CI'-free blue form>®. However, these residues are totally covered
by the B-C loop and there is no obvious ion entrance path toward this space in crystal structures.
The His100, Argl176 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 CI" entrance. The Glu234*” in F-G loop and Tyr124%® in helix C are
known as key residues for CI transport and showed sidechain rotation between CI™-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 (Fig. 37).
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Fig. 36 Side view from the trimer interface side and the top view from the EC side of the
CI'-free blue form NpHR (PDB entry 3QBG?’). The putative key residues for Cl" uptake and
Alal65 are shown in red. The inter-helix space mentioned in the text is highlighted in cyan.
The retinal is colored orange. The protein structures were visualized using PyMOL.
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Fig. 37 Schematics for the C1™ uptake process with the observed structural changes. The
hydrophobic B-C loop covers the Cl” entrance path in the CI'-bound state and prevents the CI°
uptake. The outward movement of helix D permits expose the inter-helix space to solvent
which allows the CI" to enter.

5 Conclusion

In this study, I combined ssNMR spectroscopy with photochemical property analyses of
wild-type (WT) and mutant forms of NpHR within a lipid bilayer environment, focusing on the
late photocycle, particularly the Cl ion uptake process.

In section 2, I first developed an unfolding and refolding protocol for the sample
preparation of 'H detection ssNMR. This novel NpHR preparation method significantly
improved the 'Hn back-exchange ratio in perdeuterated NpHR samples, which is critical for
achieving high resolution 'H detection ssNMR spectra with reduced signal losses. By using
this sample preparation method, I obtained high quality 3D CANH detection ssNMR spectra
of NpHR reconstituted in DMPC liposome both in the Cl-bound and -free state with ~1 mg
[’H with 'Hx]-NpHR sample. Peak shifting between the two states clearly indicated
conformational differences between the Cl-bound and -free state NpHR.

Then in section 3, I performed signal assignments with '3C detection ssNMR
measurements. The ssSNMR results identified one of the major structural changes that occurred

in the EC part of the helix D between the Cl"-bound and -free states.
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Finally in section 4, mutants for residues in the EC part of helix D were prepared and their
molecular properties were measured. Functional analyses revealed that residues in the EC part
of Helix D, particularly Gly163 and Alal65, were involved in the CI" uptake process. DNP-
enhanced "N NMR spectroscopy elucidated the geometry changes around the protonated
Schiff Bases, highlighting the existence of three principal substates in the O-intermediate. Most
importantly, a Cl" uptake scheme was proposed based on the existing X-ray crystal structures
with the newly revealed helix D outward movement in the extracellular region.

Overall, the results filled the gap between the limited structural changes reported for
NpHR by X-ray crystallography and the relatively large molecular volume changes observed
during the photocycle in spectroscopic studies. This work highlighted the utility of ssSNMR
methods in the structural studies of membrane proteins, offering site-specific structural
information under near-physiological conditions.
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Appendix

Solution NMR experiment parameters

1D 'H solution NMR measurements were carried out on a 400 MHz (Bo= 9.4 T) Bruker
Avance III NMR spectrometer. The 'H carrier was set at 4.8 ppm. The spectral width was 16
ppm (16384 points). Each spectrum was obtained with 8 scans and processed with JEOL Delta
by applying zero filling to double the number of data points.

2D 'H-'>N TROSY-HSQC solution NMR measurements were carried out on a 600 MHz
(Bo=14.1 T) Bruker Avance III NMR spectrometer. The 'H carrier was set at 4.8 ppm and '°N
carrier was set at 117.1 ppm. The spectral width was 30 ppm for 'H (1024 points) and 35 ppm
for 15N (128 points). Each spectrum was obtained with 216 scans and processed with NmrPipe.
Eero filling was applied to double the number of data points and a shifted squared-sine-bell
(from 0.37 to ) window function was applied in both dimensions.

ssNMR experiment parameters

'H detection ssNMR experiment parameters

'H detection ssNMR measurements with fast MAS were carried out on a 700 MHz (B =
16.4 T) JEOL ECAII spectrometer with a HXY triple resonance probe. The MAS frequency
was set to 70 kHz. The typical 90° pulse widths for 'H, *C, and >N were 1.25 ps, 1.5 ps and
3.2 ps respectively. The carriers for '*C were set to 55 ppm for Ca. The '°N carrier was set at
118 ppm. The 'H carrier was set at 5 ppm. Magnetization transfer was performed by RAMP-
CP!, and the 'H effective RF field strength was ~ 105 kHz and 30 kHz for '*C. The detailed
parameters for CANH spectra are listed below.

Table S1 Parameters of CANH experiment.

H- Ca CP Contact time 1.5 ms, linear gradient applied on 'H channel.
Co-N CP Contact time 11 ms, linear gradient applied on '°N channel.
N-H CP Contact time 850 ps, linear gradient applied on >N channel.
Experiment setup

FID size 1024 (‘H) 32 (°N) 25 (BC)
Spectrum width (ppm) 100 40 55

Increment size (us) 10 282 162
Acquisition time (ms) 10.24 9.02 4.59

BC detection ssNMR experiment parameters

The conventional '3C detection ssNMR measurements were carried out on a 600 MHz (B
=14.1 T) JEOL ECAII spectrometer with a Varian T3-HXY triple resonance probe. The MAS
frequency was set to 12.5 kHz or 14 kHz. The typical 90° pulse widths for 'H, '*C, and °N
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were 3.2, 3.2, and 6.25 ps, respectively. The carriers for '*C were set to 55, 178 and 100 ppm
for Ca, C' and non-selective C, respectively. The '°N carrier was set at 118 ppm. The 'H carrier
was set at 5 ppm. The '*C/!*N polarization was prepared by RAMP-CP! from 'H, for which the
'H effective RF field strength was ~ 37.5 kHz with the '*C and !N effective RF field strength
~50 kHz. The RF amplitude gradient was applied to the '*C or ’N channel. The *N to *C (or
13C to '>N) magnetization transfer was performed by RAMP-CP!, for which the '°N effective
RF field strength was ~ 17.5 kHz with the '°C effective RF field strength ~5 kHz. The RF
amplitude gradient was applied to the '*C channel. The 'H spins were decoupled by ~90 kHz
of CW during the CP. The C’ to Co. magnetization transfer was achieved by RFDR? with X Y-
16 super-cycled 50 kHz of rotor-synchronized m-pulse trains under ~105 kHz of CW 'H
decoupling. The broadband '*C homonuclear magnetization transfer was achieved by DARR?.
The 'H decoupling during acquisition was performed by ~70 kHz of SPINAL64*. The
Hartmann-Hahn matching conditions and decoupling sequence parameters were further
experimentally optimized. The detailed parameters for each experiment are listed below.

Table S2 Magnetization transfer parameters of 1*C detection experiments.
NCA

H-N CP Contact time 1 ms, linear gradient applied on >N channel.
N-Ca CP Contact time 7 ms, linear gradient applied on '°N channel.
NCACX

H-N CP Contact time 1.5 ms, linear gradient applied on °N channel.
N-Co. CP Contact time 6 ms, linear gradient applied on '°N channel.
Co-CX DARR mixing  Mixing time 100 ms.

NCOCX

H-N CP Contact time 1.1 ms, linear gradient applied on >N channel.
N-C' CP Contact time 8 ms, linear gradient applied on '°N channel.
C’-CX DARR mixing Mixing time 50 ms.

CANCO

H-Ca CP Contact time 80 ps, linear gradient applied on '*C channel.
Co-N CP Contact time 7 ms, linear gradient applied on '°N channel.
N-C' CP Contact time 6 ms, linear gradient applied on '°N channel.
NcoCACX

H-N CP Contact time 1.1 ms, linear gradient applied on >N channel.
N-C' CP Contact time 6.5 ms, linear gradient applied on >N channel.

C’-Ca RFDR mixing XY-16 RFDR, mixing time 1.38 ms.
Co-CX DARR mixing  Mixing time 20 ms.

CANcoCA

H-Ca CP Contact time 80 ps, linear gradient applied on '*C channel.
Co-N CP Contact time 8 ms, linear gradient applied on '°N channel.
N-C' CP Contact time 8 ms, linear gradient applied on '°N channel.

C’-Ca RFDR mixing XY-16 RFDR, mixing timel.28 ms.

Table S3 Experiment setup of '3C detection experiments.
NCA
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F2 (Ca) F1 (*N)
FID size 1024 32
Spectrum width (ppm) 664.29 45
Increment size (us) 10 366.3
Acquisition time (ms) 10.24 11.72
NCACX

F3 (13C) F2 (B3Ca) F1 (°N)
FID size 1536 35 35
Spectrum width (ppm) 664.29 40 40
Increment size (us) 10 166.04 412.08
Acquisition time (ms) 15.36 5.8114 14.4228
NCOCX

F3 (1C) F2 (BC) F1 (°N)
FID size 1024 35 40
Spectrum width (ppm) 664.29 25 50
Increment size (s) 10 265.68 329.64
Acquisition time (ms) 10.24 9.2988 13.1856
CANCO

F3 (B¢ F2 (°N) F1 (PCa)
FID size 1024 40 35
Spectrum width (ppm) 664.29 50 40
Increment size (s) 10 329.64 166.02
Acquisition time (ms) 10.24 13.1856 5.8107
NCAcoCX

F3 (13C) F2 (Ca) F1 (°N)
FID size 1024 30 30
Spectrum width (ppm) 664.29 45 45
Increment size (us) 10 147.6 366.3
Acquisition time (ms) 10.24 4.428 10.989
CANcoCA

F3 (3Ca) F2 (°N) F1 (3Ca)
FID size 1024 40 30
Spectrum width (ppm) 664.29 50 35
Increment size (us) 10 329.64 189.78
Acquisition time (ms) 10.24 13.1856 5.6934

Table S4 FID process parameters for 'H detection and '*C detection ssNMR experiments

2D spectra

Zero filling

Apodization function

Data point numbers were filled by 0 to 4096 and 256 in direct and

indirect dimension.

A shifted squared-sine-bell (from 0.3w to m) applied in both

dimensions.

3D spectra

Zero filling

Data point numbers were filled by 0 to 4096 and 256 in direct and
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indirect dimensions.
Apodization function A Lorentz-to-Gauss window applied in all dimensions with 50 Hz
Lorentz width and 100 Hz Gauss width.

Ultra-low temperature DNP enhanced '’N ssNMR experiment parameters

The DNP enhanced '°N detection ssNMR measurements were carried out on a 700 MHz
(Bo=16.4 T) JEOL ECAII spectrometer equipped with the closed-cycle helium gas sample
spinning system.’ The MAS frequency was set to ~7.5 kHz. The 90° pulse width of 'H was 3.7
us. The 'H carrier was set at 4.7 ppm. The '°N carrier was set at 145 ppm. Electron spins were
saturated by a continuous microwave at ~ 460 GHz and transferred to '"H. RAMP-CP! was used
to transfer 'H polarization to '°N, the 'H effective RF field strength was ~ 46 kHz with the N
effective RF field strength ~ 30 kHz. A ~70 kHz SPINAL64* was used for 'H decoupling during
acquisition period. The 90° pulse power, Hartmann-Hahn matching conditions and decoupling
power were further experimentally optimized. The data sampling and processing parameters
for each experiment are listed below.

Table S5 Experiment setup of DNP enhanced '°N detection experiments.

FID size =~ Spectrum width (ppm) Increment size (us) Acquisition time (ms)
256 706.33 20 5.12

The data point number was zero filled to 4096. No apodization was applied to the FIDs of
DNP enhanced ’N detection experiments. A backward linear prediction was applied to the
FIDs to retrieve the first data point for flat baseline.

Signal assignment method and results

I adopted the FLYA algorithm in CYANA software for the automated resonance
assignment.®” The CYANA library file was modified to adapt the '*C sparse labeling scheme
and additional experiment type for FLYA automatic assignment. First, 12 carbon atom types
were added as described below:

Table S6 Additional carbon atom definition.

Additional definition 13C Labeling scheme

C_AL1,C _BY1,C_AR1orC VIl Only 13C labeled by 1,3-!*C>-glycerol
C_AL2,C BY2,C_AR2orC_VI2 Only 13C labeled by 2-13C-glycerol
C_AL3,C BY3,C AR3orC VI3 Both 1*C labeled

Correspondingly, the amino acid atoms definitions were modified based on the '*C sparse
labeling scheme of 1,3-13Ca-glycerol or 2-!3C-glycerol.® For example, the modified glutamine
definition of carbon atoms is showed below:

RESIDUE GLN 6 23 3 22
1CC BYLO 0.0000 0.0000 0.0000 0.0000 2 3 0 0 O
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5CA C AL3 0 0.000 2.0925 0.0007 -1.24233 6 7 21
7CB  C AL3 0 0.0000 2.8764 -1.3051 -138465 8 9 11
I11CG C AL1 0 0.0000 4.3161 -1.1050 -1.8297 7 12 13 15
I5CD C BY2 0 0.0000 4.6207 -1.7918 -3.1464 11 16 17 0O
21C C BY30 0.0000 1.1744 0.1901 -2.4453 5 22 23 O

S O O O O

Finally, the formal magnetization pathways were modified as described below:
For experiments with uniformly '3C labeled, the latest letter for all the carbon atoms in
the magnetization pathway was instead by a “*”. For example:

SPECTRUM CANCO C N CA
0.980 C:C_BY* N:N_AMI CA:C_AL* C_BY*

And 6 new magnetization pathways were added:

SPECTRUM NCACX13gly N CA C

0.980 N:N_AMI CA:C:C_ALLl

0.980 N:N_AMI CA:C:C_AL3

0.980 N:N_AMI CA:C_ALI ~1.5 C:C_AL3
0.980 N:N_AMI CA:C_AL3 ~1.5 C:C_ALLl
0.980 N:N_AMI CA:C_AL3 ~1.5 C:C_AL3
0.850 N:N_AMI CA:C_AL1~2.7 C:C_ALl
0.850 N:N_AMI CA:C_AL1 ~2.7 C:C_AL3
0.850 N:N_AMI CA:C_AL3 ~2.7 C:C_ALl
0.850 N:N_AMI CA:C_AL3 ~2.7 C:C_AL3
0.800 N:N_AMI CA:C_AL1 ~4.0 C:C_*1
0.800 N:N_AMI CA:C_AL1 ~4.0 C:C_*3
0.800 N:N_AMI CA:C_AL3 ~4.0 C:C_*1
0.800 N:N_AMI CA:C_AL3 ~4.0 C:C_*3

SPECTRUM NCACX2gly N CA C

0.980 N:N_AMI CA:C:C_AL2

0.980 N:N_AMI CA:C:C_AL3

0.980 N:N_AMI CA:C_AL2 ~1.5 C:C_AL2
0.980 N:N_AMI CA:C_AL3 ~1.5 C:C_AL2
0.850 N:N_AMI CA:C_AL2 ~2.7 C:C_AL2
0.850 N:N_AMI CA:C_AL2 ~2.7 C:C_AL3
0.850 N:N_AMI CA:C_AL3 ~2.7 C:C_AL2
0.850 N:N_AMI CA:C_AL3 ~2.7 C:C_AL3
0.800 N:N_AMI CA:C_AL2 ~4.0 C:C_*2
0.800 N:N_AMI CA:C_AL2 ~4.0 C:C_*3
0.800 N:N_AMI CA:C_AL3 ~4.0 C:C_*2
0.800 N:N_AMI CA:C_AL3 ~4.0 C:C_*3
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SPECTRUM NCOCX13gly N CO C

0.980 N:N_AMI CO:C:C_ALl1

0.980 N:N_AMI CO:C:C_AL3

0.980 N:N_AMI CO:C_ BY3 ~1.5C:C_AL3
0.850 N:N_AMI CO:C_BY1 ~2.7C:C_ALI
0.850 N:N_AMI CO:C BY1~2.7C:C_AL3
0.850 N:N_AMI CO:C_BY3 ~2.7C:C_ALI
0.850 N:N_AMI CO:C_ BY3~2.7C:C_AL3
0.800 N:N_AMI CO:C BY1 ~4.0 C:C_*1
0.800 N:N_AMI CO:C BY3 ~4.0 C:C_*1
0.800 N:N_AMI CO:C BY1~4.0C:C_*3
0.800 N:N_AMI CO:C BY3 ~4.0 C:C_*3

SPECTRUM NCOCX2gly N CO C

0.980 N:N_AMI CO:C:C_AL2

0.980 N:N_AMI CO:C:C_AL3

0.850 N:N_AMI CO:C_BY2~2.7 C:C_AL2
0.850 N:N_AMI CO:C_BY2~2.7 C:C_AL3
0.850 N:N_AMI CO:C_BY3~2.7 C:C_AL2
0.800 N:N_AMI CO:C_BY2 ~4.0 C:C_*2
0.800 N:N_AMI CO:C_BY2~4.0 C:C_*3
0.800 N:N_AMI CO:C_BY3 ~4.0 C:C_*2
0.800 N:N_AMI CO:C_BY3~4.0 C:C_*3

SPECTRUM CANCO13gly C N CA
0.980 C:C_BY1 N:N_AMI CA:C_ALI C_BY*
0.980 C:C_BY1 N:N_AMI CA:C_AL3 C_BY*
0.980 C:C_BY3 N:N_AMI CA:C_ALI C_BY*
0.980 C:C_BY3 N:N_AMI CA:C_AL3 C_BY*

SPECTRUM CANCO2gly C N CA

0.980 C:C_BY2 N:N_AMI CA:C_AL2 C_BY*
0.980 C:C_BY2 N:N_AMI CA:C_AL3 C_BY*
0.980 C:C_BY3 N:N_AMI CA:C_AL2 C_BY*
0.980 C:C_BY3 N:N_AMI CA:C_AL3 C_BY*

Where 13gly and 2gly stands for the spectrum obtained from '*C sparsely labeled by 1,3-
BC,-glycerol and 2-13C-glycerol, respectively.

The modified library file was used for FLYA automatic assignment. The tolerances for
chemical shift matching were set to 0.5 ppm for'*C and '>N. The automatic assignment result
was manually verified through backbone walking strategy. The assigned chemical shifts are
listed below.

Table S7 The assigned chemical shifts of NpHR in CI” bound state.
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Chemical shift (ppm)

Residue N Ca C P Cy
Ala45 55.618 179.933 17.179 -
Gly46 103.162 47.691 177.563 - -
Leu47 121.302 57.416
Ala86 54.724 179.106 17.349 -
Ser87 105.508 60.575 174.503 64.995 -
Gly88 109.560 44.570 171.825 - -
Leul38 57.578 178.037 43.566 26.938
Gly139 109.018 45.091 176.250 - -
Leul40 121.399 57.297 181.774 41.594
Leul4l 124.016 58.750 178.552 41.615 26.947
Alal42 118.992 51.820 173.655 18.015 -
Glyl143 101.836 45.990 176.072 - -
Ser144 111.028 58.236 175.032 63.202 -
Asnl145 124.881 51.778 177.395 38.112
Alal46 121.072 55.187 179.101 18.806 -
Thr147 115.469 57.553 179.658 66.244 18.342
Lys148 124.372 58.149 178.907
Thr151 117.044 67.189 173.932 21.619
Alal52 120.521 55.629 178.583 18.712
Ile153 113.696 67.006 178.039 38.114 31.721 (Cyl)
18.463 (Cy2)
Thr154 110.369 06.574 176.772
Cys160 64.577 176.772 -
Vall6l 117.434 66.274 177.329 31.552 22.560
Thr162 110.287 65.399 177.052 68.863 22.618
Glyl163 109.747 46.959 174.228 - -
Leul64 120.913 57.551 177.565
Alal65 120.365 54.985 -
Ala204 54.289 178.861 18.233 -
Ala205 118.249 52.514 177.949 19.212 -
Gly206 103.971 45.469 175.339 - -
Thr207 107.781 59.565 174.829 69.130 22.017
Ala208 123.529 56.432 177.973 18.984 -
Table. S8 The assigned chemical shifts of NpHR in CI free state.
. Chemical shift (ppm)
Residue N Ca C Cp Cy
Leud7 121.170 57.694
Ser87 105.371 60.349 -
Gly88 109.459 44.826 175.631 - -
Leul38 178.029
Gly139 108.801 44.948 176.243 - -
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Leul40 121.500 57.151 181.699

Leuldl 123.892 58.296 178.528 41.499

Alal42 119.058 51.775 173.800 18.010 -

Glyl143 101.620 45.867 176.008 - -

Serl144 110.840 58.306 175.306 63.363 -

Asnl45 124.780 51.811 177.485

Alal46 120.939 55.022 179.485

Thr147 115.766 57.815 179.516

Lys148 124.587 58.030

Thr151 116.915 67.931 174.200 68.367 21.432

Alal52 120.949 55.704 178.960 18.744 -

Ile153 114.043 67.104 178.124

Thr154 110.832 66.741

Vall61 117.985 66.066 177.088

Thr162 111.000 65.410 177.075 68.942 22.882

Gly163 109.759 47.144 174.168 - -

Leul64 120.747 57.659 42.059

Alal65s 120.939 55.022

Ala204 54.465 178.640

Ala205 118.292 52.446 177.986 19.245 -

Gly206 104.023 45.470 175.375 - -

Thr207 107.862 59.476 174.838 22.031

Ala208 123.667 56.278 -
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