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Solid-State NMR Methodologies for Membrane Proteins and Application to a Halorhodopsin
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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 Cl1™ ion inward pump derived from thermophilic archaea. ApHR inwardly pumps Cl™ into cells
for regulating osmotic pressure with light irradiation and has been widely used as an optogenetic tool.
Natively, ApHR 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 Cl™ transport function of ApHR 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 ApHR both in
the ground Cl—bound state and the Cl—free state, the latter representing an established mimic of the
photocycle’s 0 intermediate. Both structures display a similar closed conformation, contradicting the
anticipated open conformation preceding the Cl- 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 ApHR with enhanced amide proton ('Hy) back exchange in its
native trimeric state for 'H detection ssNMR. While this perdeuteration and 'Hy back exchange step proved

essential for obtaining high resolution 'H detection ssNMR data, achieving sufficient 'Hy back exchange




represents a challenge in membrane proteins due to limited solvent accessibility, resulting in severe
signal losses. My protocol, although retaining some signal losses, significantly improved the 'Hy back
exchange efficiency. This enabled me to obtain 3D CANH spectra with enhanced information content using
approximately 1 mg sample. I observed 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 ApHR using *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, 1 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 Cl- uptake process through targeted mutations.
I prepared point mutants of ApHR 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 Cl- 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 Cl- 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 Cl™ uptake mechanism of ApHR in the late
photocycle, while demonstrating the utility of ssNMR for examining structural changes of membrane

proteins under near—physiological lipid bilayer conditions.
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WA B Natronomonas Pharaonis AR o~xmna K73 v (MpHR) X, fIAOREENRT A ZHH TS 7
BIREEANY v 7 A2 FOEBAFT LR T ThHD, EANICKDET, EHENICHESG L
VFF— R B L, 2R —EOBRBAEMEE (7 b A 7)) 280 THEEA A
VEEIET LN, FA NGB T A AT MY IAHBBRICOWNWTOMERNE RN EDS < AT
oo, AFVEYIAHOFNREE (0 FREAE) X —FOBREZID EEX DD, fmEiEIs
TIEAEMEE (PREE) EREREVABRHBINT, @Emn >30T,

TOXI RN ERE 2. AR TIE MpHR 2GS b9 5 2 &<, BE EREP CEEMENTT 5 2
LICEREZL X, EICEE MR 52 W FERBEICHTRZEBELTCWS, ZO/R, LLTO
2ODBEBERREEHFTND,

FT. INETHLNITR S TR o720 FIHIKIZIH T D NpHR OREIEZEAIZ DT BAREY 72 %0 3,
BT, A (~1 mg) NpHR FUBHC 'H EHEBLH NMR 54258 L, FEEREE ApHR & Z o TE L
DR 0 HEARE OMICIAE R EBENGFET DI 20 L0z, T2 TCEHEREEZRRILT D
729 NpHR 5 T 052 2EAFALE T I F IR TOFEEZ4T 9 5 LOREHMER 72 b a2 v & %
L7m, AT S PC B2 Y 5T NMR 1 (<10 mg ApHR 3BH 12 X 2 3 M 22 AT 20 & 1. ZALERAL 1T~
Uy 7 AD OISR T 5 Z & 2FE LT,

WIZ | FFE SN TS 2GS BB OB BB ER LB EWIN S e, H Zatat, o7 e~ b
757 4 — A VBRBEAR NMR 7 — 4 X DIZBEMO X B SEE D oM A A AR DY,
WMIEEA L REOBMREREMICRIEL T2, ZOFR., ~VU v 27 2 D MilasMUE AL, APRAY 3 &
o/ v—REIcBW T EIcEh EfEm L7, TNETHLA TV RN 7o ZOEEEl
I, ApHR OISR E 2> TV D B-CL—T 2T A A D AR L2 DB 0 22 4t9 2
HLDT, 74 AT N EBYOALF VR IAHBRICHNEAEEZZOND,

PLEDOB TR, A A Ry TREAHOIEBEFICOVWT, BILVARZ/TEDS FHEF O
B ZIERT 260 TH Y, K3t (B%) O fimX e LTHoiEL D b0 LB 5,
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