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Inward proton pumping is a relatively new function for microbial rhodopsins, retinal-binding light-driven
membrane proteins. So far, it has been demonstrated for two unrelated subgroups of microbial
rhodopsins, xenorhodopsins and schizorhodopsins. A number of recent studies suggest unique retinal—
protein interactions as being responsible for the reversed direction of proton transport in the latter
group. Here, we use solid-state NMR to analyze the retinal chromophore environment and configuration
in an inward proton-pumping Antarctic schizorhodopsin. Using fully *C-labeled retinal, we have
assigned chemical shifts for every carbon atom and, assisted by structure modelling and molecular
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dynamics simulations, made a comparison with well-studied outward proton pumps, identifying
locations of the unique protein—chromophore interactions for this functional subclass of microbial rho-
dopsins. Both the NMR results and molecular dynamics simulations point to the distinctive polar
environment in the proximal part of the retinal, which may result in a hydration pattern dramatically dif-
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Introduction

Microbial rhodopsins, light-activated retinal-binding helical
membrane proteins, display a large variety of functions. Among
these proteins, outward light-driven proton pumping is most
likely the best-studied, mainly due to many years of research
done on the prototypical archaeal (bacteriorhodopsin, BR) and
eubacterial (green proteorhodopsin, GPR) representatives of
this group along with their close homologs.' > The wealth of
structural, kinetic, and spectroscopic information obtained for
these proteins allowed reconstructing almost a complete
mechanism of outward proton transport, identifying its main
players and the key steps. The interplay of retinal isomeriza-
tion, proton affinity changes of donors and acceptors, protein
conformational changes, and water dynamics is now known in
detail.
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ferent from that of the outward proton pumps, causing the reversed proton transport.

The situation is different for recently discovered inward
proton pumps, such as xenorhodopsins (XeRs) and schizorho-
dopsins (SzRs),"*'* where mechanisms responsible for the
reversal of the proton transport direction are still being inves-
tigated and debated. One common structural feature of these
two divergent groups of inward proton pumps is an incomplete
(compared to the classical outward proton pumps) retinal
Schiff base counterion. While in BR and its homologs a
positively charged protonated Schiff base interacts with two
negatively charged aspartates (on helix C and helix G) and a
strongly bound water molecule, both XeRs and SzRs possess
only one aspartate in this region, on helix C or on helix G,
respectively. It was suggested that this modified counterion
allows for the Schiff base reorientation towards the cytoplasm,
to which the proton is released.>*>” To reorient the Schiff
base to the extracellular side for reprotonation, an additional
retinal isomerization was invoked, either anti-syn isomeriza-
tion of the C=N bond or cis-trans isomerization of the
C13=C14 bond.""" ™ In contrast to the outward proton
pumps, where retinal reisomerization occurs after the Schiff
base reprotonation, it was suggested that the C13—C14 iso-
merization occurs in the M state with a deprotonated Schiff
base, at least in the case of SzRs. Several recent studies
suggested that the main factor responsible for the inward
proton transport in SzRs is their unique retinal-protein inter-
actions, originating from close contacts with the sole carboxylic
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counterion on helix G and the neighbouring aromatic amino acid
sidechains.’®?* Such altered retinal-protein interactions can
affect the retinal conformation (such as planarity) and =n-
electron distribution in the dark and/or photointermediate states,
and influence the orientation of the Schiff base along with the
relative rates of retinal reisomerization and reprotonation."”

Solid-state NMR (ssNMR) is a powerful tool to investigate
retinal-protein interactions and the exquisite details of retinal
conformation in both animal and microbial rhodopsins as well
as their mutants and photointermediates.”*>* Assisted by the
uniform or specific *C, °N, or *H labelling of retinal, ssNMR
can report on the chemical environment of its specific atoms,
its isomeric state, polyene chain twist, B-ionone ring conforma-
tion, and retinal-protein contacts, including the Schiff base
interactions.>*° Complete "*C retinal chemical shift assign-
ments are available for both isomeric forms of BR and bovine
visual rhodopsin,”**° with fairly extensive assignments
obtained for GPR, its blue-light absorbing mutant L105Q, and
light-driven sodium pump KR2,***?% with only a few carbon
atom assignments available for a number of other microbial
rhodopsins.?****> Comparison of retinal chemical shifts
between different proteins, their mutants and photointermedi-
ates, as well as various model retinoid compounds may yield
interesting insights into the details of the chromophore struc-
ture and interactions in different functional classes of
rhodopsins.

Here, we employ ssNMR to study the retinal chromophore
environment in a previously uncharacterized inward proton-
pumping Antarctic SzR, with an unusual helix C motif. While
most of the studied SzRs have an F/Y-S-E/D/H helix C motif (as
opposed to the classic D-T-D triad of BR, corresponding to
Asp85, Thrg89, and Asp96),'*'7'® Antarctic SzRs (AntRs) showed
even more variability, displaying an F/L/M-S-E/Q motif.**> More
recently, we found that some Antarctic SzRs show even less
conservation and possess a G-S-S/T/A/Y motif (Fig. S1, ESIT).
The lack of conservation of the cytoplasmic glutamate is con-
sistent with our earlier mutagenesis data on the AntR with an
FSE motif, in which the E81Q mutant was fully functional.”*

In this work, we reconstituted one of such unusual Antarctic
SzRs (which we call GSS AntR) with a biosynthetically **C-
labeled retinal®® and studied its chromophore structure and
environment by analysing the complete carbon chemical shifts
of the retinal. Comparison of retinal chemical shifts obtained
for GSS AntR with those known for other rhodopsins was
assisted by structure modelling and MD simulations and
revealed significant differences in the chromophore environ-
ment which may contribute to the unique function of this
protein.

Experimental

Protein expression and purification, and retinal and
lipid reconstitution

Most of the procedures in this and the next section follow our
protocols established for AntR and Proteo-SRs,**** with minor
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modifications as follows. The gene encoding GSS AntR (Depart-
ment of Energy, Joint Genome Institute, Integrated Microbial
Genomes & Microbiomes,** Gene ID Ga0307935_10093322) was
cloned into the pET21a(+) vector (EMD Millipore, Billerica, MA)
by GenScript (Piscataway, NJ) using NdeIl-Xhol restriction sites,
which encodes the C-terminal 6x His-tag after the LE insert.
This vector was transformed into E. coli C41 (DE3) OverExpress
Chemically Competent Cells (Lucigen, Middleton, WI) for
expression using Lucigen’s heat-shock transformation proto-
col. To prepare the competent cells, 5 mL of sterile 2xYT
medium (1% yeast extract, 1.6% tryptone, 1% NaCl) was
inoculated with 20 pL of frozen competent cell stock and grown
overnight at 37 °C in an orbital shaker at 240 rpm. The
following day, 30 mL of sterile 2xYT medium was combined
with 0.3 mL of the overnight cell culture in a 250 mL baffle
flask. The flask was placed in an orbital shaker under the same
conditions until the desired growth of ODgyp = 0.4 was
achieved. The culture was centrifuged at 4680 x g, 4 °C for
5 min. The supernatant was removed, and the cell pellet was
gently resuspended in 9 mL of frozen storage buffer (FSB)
(10 mM KCl, 50 mM CaCl,-2H,0, 10 mM potassium acetate,
and 10% (w/v) glycerol). The resuspended cells were incubated
on ice for 10 minutes before being centrifuged again at
4680 x g, 4 °C for 5 min. The supernatant was removed, and
the process of adding FSB, incubating on ice, and centrifuging
was repeated two more times. After the final round of centri-
fugation, the supernatant was discarded, cell pellet was resus-
pended in 2.4 mL of FSB, and 100 pL aliquots were placed in
sterile microfuge tubes for storage at —80 °C. A 100 uL aliquot
of competent cells and the GSS AntR plasmid were thawed on
wet ice and gently homogenized. 5 pL of the plasmid stock was
diluted in 995 pL of Milli-Q water and the absorbance at 260 nm
was measured. This value was used to calculate the volume of
DNA solution required to collect 50 ng of DNA which was added
to the competent cells, stirred gently, then incubated on wet ice
for 30 minutes. Cells were heat-shocked by placing in a water
bath heated to 42 °C for 45 seconds. The sample was returned
to the wet ice for 2 minutes before being collected in a
microfuge tube with 2xYT medium. The tube was placed in
an orbital shaker for 1 hour at 37 °C and 250 rpm. 100 pL of the
transformed cell culture was spread onto 2xYT medium agar
plates (2xYT medium with 1.5% agar and 0.1 mg mL~" ampi-
cillin at pH 7.0) and incubated overnight at 37 °C. For small-
scale colony screening, eight isolated bacterial colonies were
selected from plates to inoculate 2 mL of 2xYT medium with
0.1 mg mL~* ampicillin for incubation at 37 °C and 240 rpm
overnight and transferred to 25 mL 2xYT medium. When the
25 mL culture reached an ODgq of 0.4, it was induced by 1 mM
isopropyl-p-p-thiogalactoside (IPTG) and 7.5 pM all-trans-
retinal. The induced cell culture was incubated for 4 h at
37 °C and 275 rpm. The cells were collected through low-
speed centrifugation at 4680 x g and 4 °C. The colony with
the most intense pink colour and largest pellet was selected as
the optimal colony for large-scale protein expression.

For a large-scale expression of GSS AntR, 2 mL of 2xYT
medium with 0.1 mg mL ™" ampicillin was inoculated with
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20 pL of concentrated cell stock and placed in an orbital shaker
overnight (1624 hours) at 240 rpm and 30 °C. The overnight
cell culture was transferred to 25 mL of 2xYT and returned to
the shaker again for overnight growth. The culture was diluted
to an ODggo of 0.1 in 1 L of 2xYT and allowed to grow in the
shaker at 275 rpm until the target ODgoo of 0.35-0.4 was
reached. The cell cultures for retinal-free GSS AntR production
were induced with 1 mM IPTG only but supplemented with
7.5 uM all-trans-retinal in the case of the natural abundance
(NA) retinal-bound sample and returned to the shaker to grow
for 4 hours. Once completed, the cell culture was centrifuged at
4680 x g for 15 min and the supernatant was discarded. The
cells were washed with 150 mM NaCl and stored at —20 °C
before protein purification.

To purify retinal-bound or retinal-free GSS AntR, the cell
pellet was thawed and resuspended in 30 mL of lysis buffer
(0.15 M NacCl, 0.05 M Tris, 1 mM MgCl,-7H,0) with 15 mg
lysozyme and 6 pL of DNAse and mixed (IKA VIBRAX) in the
dark at 5000 rpm for 4 hours. The cells were broken into
fragments using an ultrasonic probe sonicator (Fisher Model
500 Sonic Dismembrator, 1 min 45 s at 100% amplitude,
followed by five rounds of 2 min and 30 s, with 30 s on and
30 s off, at 45% amplitude) and then centrifuged at 150 000 x g
for 50 min to separate the membrane fragments from the
supernatant. The supernatant was discarded, and the
membrane pellets were resuspended in solubilization buffer
(5 mM Tris, 1% n-dodecyl-B-b-maltopyranoside (DDM), pH 7.5)
and allowed to mix overnight at 4 °C. The solubilized sample
was, again, centrifuged at 150000 x g for 50 min. The super-
natant was retained and combined with Ni**-NTA-agarose resin
and 10x binding buffer (3 M NaCl, 0.5 M Tris, 1% DDM, 10 mM
imidazole, pH 8) and gently rocked at 4 °C overnight.

The resin was added to a column filter and the contents that
did not bind to the resin flowed through to be discarded. The
resin was washed several times with washing buffer (0.3 M
NaCl, 0.05 M Tris, 35 mM imidazole, 0.5% DDM, pH 8) to
remove any residual contaminants from the column. With each
addition of the washing buffer, the contents that flowed
through the column were assayed using a UV-Vis spectrophot-
ometer (Cary 50) and the absorption peak at 280 nm was
monitored. When the peak amplitude fell below an OD of
0.05, the resin was considered sufficiently clean. At this point,
the bottom of the column was capped and 30 mL of elution
buffer (0.3 M NacCl, 0.05 M Tris, 0.5 M imidazole, 0.5% DDM,
pH 8) was added to the resin and allowed to sit for 10 min. Next,
the cap was removed and the contents that flowed through the
filter column were collected. The sample was added to a
10000 MW Amicon concentrator centrifuge tube and centri-
fuged at 3500 x g and 4 °C to concentrate the sample and
remove the elution buffer. The sample was flushed with recon-
stitution buffer (5 mM NacCl, 10 mM Tris, 0.05% DDM, pH 8) to
ensure all imidazole was removed. In the case of retinal-bound
GSS AntR, the protein yield was ~ 6.2 mg of purified protein per
1 L culture. In the case of retinal-free GSS AntR, the yield had to
be verified by titrating a small aliquot of the purified protein
with a 0.6 mM isopropanol solution of all-trans-retinal and the
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382 nm peak of free retinal and the 550 nm peak of GSS AntR
had to be monitored to ensure the saturation. The yield of
retinal-free GSS AntR was found to be ~2.5 mg of purified
protein per 1 L culture, and it was reconstituted with an
equimolar amount of biosynthetically produced '*C-labeled
all-trans-retinal, produced as described below. To improve the
optical properties of the sample and to remove insoluble
impurities, the **C-retinal-reconstituted GSS AntR was filtered
using a 0.22 pm syringe filter.

To prepare lipids for proteoliposome reconstitution, 10 mg
of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1.1 mg of 1, 2-dimyristoyl-sn-glycero-3-phosphate (DMPA) with
chloroform were added to a round bottom flask and mixed with
a stir bar for 2 hours. The chloroform was evaporated using a
gentle stream of air and the lipids were dried under a vacuum
overnight. Once dried, 1 mL of reconstitution buffer without
DDM was added to the lipid film and resuspended using a stir
bar and a water sonication bath. The protein samples were
reconstituted into liposomes comprising DMPC/DMPA lipids
(Avanti) (9:1) (w/w) at a protein-to-lipid ratio of 2:1 (w/w).
The rhodopsin sample was added to the lipid mixture with
additional Triton X-100. The target protein concentration was
3.74 Asso/mL, the target lipid concentration was 1.16 mg mL ™,
and the target Triton X-100 concentration was 0.8 mg mL .
The detergent was removed by incubating the sample with
0.8 mg of Biobeads (SM2, Bio-Rad) per 1 mL of sample for
24 hours. The proteoliposomes were removed from the Bio-
beads using a syringe and centrifuged at 150 000 x g for 30 min
at 4 °C.

Samples and experimental set-ups for functional and initial
spectroscopic characterization of GSS AntR

Ion transport assays were performed on whole E. coli cells from
1 L culture collected at 4680 x g and 4 °C for 10 min. The cells
were washed three times with unbuffered solution (10 mM KCl,
10 mM MgSO,, and 100 puM CaCl,). One third of the cell
pellet was resuspended in 25 mL of the unbuffered solution.
Gently stirred cell suspensions were illuminated with yellow
light (Cole Parmer 9741-50 illuminator) using a glass filter
(>460 nm), and the pH changes were monitored using a glass
electrode (Accumet Microprobe extra long calomel combo
electrode) and recorded using a digital oscilloscope (Agilent
Technologies DSO 1052B Digital Storage Oscilloscope). 10 M
of the proton uncoupler CCCP (from ethanol stock) was added
in control experiments.

For spectroscopy in the visible range, the cells were soni-
cated (Fisher Sonic Dismembrator Model 500) to produce
fragments of membranes small enough to minimize light
scattering, as described previously.*> The sonicated sample
was spun-down at 4680 x g and 4 °C for 10 min and the
supernatant was collected. The membrane fragments were then
sedimented using ultracentrifugation at 150000 x g and 4 °C
for 50 min, and a soft upper part of the pellet containing
smaller membrane fragments was collected and centrifuged
at 30000 x g for 10 min to remove larger membrane fragments.
Flash photolysis experiments were run on these smaller
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membrane fragments encased in polyacrylamide gels. The gels
were prepared using 700 pL of the membrane suspension,
300 pL of the 33% acrylamide and 1% bisacrylamide solution
mixture, 2.4 pL of 10% ammonium persulfate, and 3 pL of
N,N,N’,N'-tetramethylethylenediamine. After solidification, the
gels were washed with 1 L of distilled water for at least 4 h at
room temperature and stored at 4 °C in distilled water. If
different pH and salt conditions were required, the storage
buffer was replaced by soaking the gel in an appropriate buffer
(100 mL or more) for at least 90 minutes prior to the
measurement.

Static spectroscopy was performed on a Cary 50 spectro-
photometer (Varian). Flash-photolysis spectroscopy was per-
formed using a custom-built single-wavelength spectrometer
described elsewhere.*® In short, the photocycle was initiated
with 7 ns pulses of the second harmonic of an Nd-YAG laser at
532 nm (Continuum Minilite II). Absorption changes of the
monochromatic light (provided by an Oriel QTH source and two
monochromators) were observed using an Oriel photomulti-
plier, an amplifier with a 350 MHz bandwidth, and a Gage AD
converter (CompuScope 12100-64M). Kinetic traces were aver-
aged (normally 200-1000 traces) and converted into a quasi-
logarithmic time scale using in-house software.

For Raman spectroscopy, the proteoliposome pellet of GSS
AntR with natural abundance retinal was hydrated with a buffer
of desired pH and 5 pL of wet paste was added to the well on the
slide. For the pH 9 measurements, the sample was hydrated
with NMR buffer (10 mM NacCl, 25 mM CHES, pH 9) and spun-
down to remove excess buffer to form the wet paste. For the pH
4 measurements, the sample was hydrated with a buffer com-
prising 5 mM NaCl and 10 mM potassium acetate. The Raman
spectra were obtained using the FRA106/s accessory to a Bruker
IFS66vs spectrometer, with Nd-YAG laser excitation at 1064 nm,
at a 4 cm ™' resolution with OPUS software. For each experi-
ment, a minimum of 1000 scans were averaged.

3C-all-trans-retinal biosynthesis

The biosynthetic production of '*C-all-trans-retinal in E. coli
followed the previously established protocol*® with minor
improvements and modifications. Briefly, we used BL21 Gold
E. coli cells (Agilent Technologies) transformed with two plas-
mids: chloramphenicol-selectable pAC-Beta-ipi (Addgene) and
ampicillin-selectable pKA103 (custom-made in K.-H. Jung’s lab,
Sogang University, Seoul, South Korea). The plasmid pAC-Beta-
ipi encodes the CrtE, B, I, Y, and isopentenyl diphosphate
isomerase (ipi) genes which synthesize B-carotene from FPP
precursor under a constitutively active promoter.*”*® During
growth, the accumulation of B-carotene gives the cells an
orange colour. The plasmid pKA103 is derived from plasmid
pKJ900 and contains genes for C-terminally 6xHis-tagged GPR
and 15'-15'-B-carotene dioxygenase, the enzyme responsible for
cleaving B-carotene into two retinal molecules.® Expression of
the B-carotene cleavage enzyme is regulated by r-arabinose. The
addition of 0.2% (w/v) L-arabinose causes the orange colour to
transition to white as the PB-carotene is consumed and con-
verted to retinal. The production of GPR is regulated by a lac
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operon promoter inducible by IPTG. With the addition of
IPTG to the cells, the bacteria begin producing GPR, which
will combine with the endogenously produced retinal giving
an observable pink colour. The intensity of the colour can be
used for the small-scale colony re-screening, which is required
for optimal production of retinal from the old frozen cell
stocks.

10 pL of the thawed cell stock from storage at —80 °C was
added to 1 mL of 2xYT medium to produce three dilutions of
1:100, 1:10000, and 1:1000000. 20 pL of each dilution was
added to cell culture plates containing 2xYT with 1.5% (w/v)
agar, 50 pg mL~ " chloramphenicol, and 100 pg mL ™" ampicil-
lin. Plates were placed upside-down in an incubator at 37 °C
overnight. Eight of the best colonies were selected based on size
and grown independently in 2 mL of 2xYT medium overnight in
an orbital shaker at 37 °C. A 20 pL aliquot of the overnight cell
culture was added to 2 mL of a minimal medium, M9 (0.1%
(w/v) NH,CI, 0.6% (w/v) Na,HPO,, 0.3% (w/v) KH,PO,, 0.05%
(w/v) NaCl, 1 mM MgSO,, 0.1 mM CaCl,, 0.5 mM trace metals,
0.4% glucose, and 100x BME vitamins) with antibiotics
(50 pg mL~" chloramphenicol and 100 pg mL™' ampicillin)
overnight at 30 °C. The culture was diluted to an ODg, of 0.1
and returned to the orbital shaker to grow at 275 rpm until the
ODg( between 0.35 and 0.4 is reached. At this point, cells were
induced with 0.2% (w/v) r-arabinose and 1 mM IPTG and
continued to grow in the orbital shaker for 21 hours. The cell
cultures were centrifuged at 5000 x g for 10 min at 4 °C. The
resulting pellets were compared by size and the intensity of
pink color, and the optimal cell colony was selected.

For the large-scale '*C-all-trans-retinal production, the
selected colony was grown in M9 minimal medium with "*C-
glucose and ammonium chloride as the sole carbon and
nitrogen sources, respectively. Ten 2 mL aliquots of M9 were
inoculated with 20 pL of the cell stock and placed in an orbital
shaker at 30 °C and 240 rpm for 16 hours. Each 2 mL culture
was added to its own 100 mL of M9 and grown to an ODgg, of
0.35. Each flask was induced with 0.2% (w/v) L-arabinose, and
25 mL of n-octane was layered on top for retinal extraction and
placed back in the orbital shaker for 48 hours. The cells were
combined into FEP bottles and centrifuged at 4680 x g for
10 min at 4 °C. Centrifugation results in phase separation of the
cell culture based on density and hydrophobicity.>® The upper
layer contains the less dense octane, the lipophilic retinal, and
other hydrophobic solutes. The lower layer contains the aqu-
eous medium and cells. The top layer was carefully extracted
and filtered, first through a medium porosity sintered glass
funnel under vacuum and then through a 0.22 um PVDF
syringe filter fitted to a glass syringe. The filtered medium
was added to a round-bottom flask and secured under a fume
hood where the octane was evaporated using a gentle stream of
air. Next, 5 mL of 2-propanol was added and the retinal was
resuspended using a gentle swishing motion. A 5 pL aliquot of
the sample was diluted in 2-propanol and the absorbance of the
sample at 382 nm was measured. After correcting the spectrum
for scattering, the yield of the '*C-retinal was estimated as
~0.25 mg per liter of culture.
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Solid-state NMR

To prepare the samples for ssNMR, the proteoliposomes of GSS
AntR with biosynthetic *C-all-trans-retinal were centrifuged at
900000 x g for 6 hours to remove excess water. The pellet was
packed into a 3.2 mm thin-walled ssNMR rotor (Bruker) for
analysis. All NMR experiments were carried out on a Bruker
Avance III 800 MHz spectrometer using a Bruker EFREE 3.2 mm
MAS triple resonance "H/"*C/*>N probe. One-dimensional *C
spectra were recorded at MAS rates of 14.3 and 13.3 kHz and at
a sample temperature of ~5 °C using cross-polarization (CP)
for excitation with a 50 kHz radiofrequency field applied on the
carbon channel, and with the proton radiofrequency field
ramped linearly around the n = 1 Hartman-Hahn condition."
Protons were decoupled during "*C acquisition using 83 kHz
SPINAL64 decoupling.”® Two two-dimensional (2D) *C-"*C
correlation spectra were recorded at 14.3 kHz with 10 ms and
30 ms dipolar-assisted rotational resonance (DARR) mixing.>* A
third spectrum was collected at 14.3 kHz using radiofrequency
driven recoupling (RFDR) with a mixing time of 16 rotor
cycles.>® 2D spectra were collected with spectral widths of 296
and 300 ppm in the direct (¢,) and indirect (¢,) dimensions,
respectively, with acquisition lengths of 20 ms in ¢, and
12.72 ms in . 40 scans per increment were collected with a
recycle delay of 1.7 s. The data were processed using Bruker
BioSpin TopSpin (version 4.0.9) and analyzed using CARA
software.>® Carbon chemical shifts were indirectly referenced
to DSS through the *C adamantane downfield peak resonating
at 40.48 ppm.>®

Molecular dynamics simulations

Structure modeling of GSS AntR. We used ColabFold,*’
Modeller 10.4,°*"° visual molecular dynamics (VMD),** Chem-
istry at Harvard Molecular Mechanics (CHARMM),*>** and
Orientations of Proteins in Membranes (PPM)*® to prepare
starting coordinates for three independent structural models
of GSS AntR, which we label as GSS_1, GSS_2, and GSS_3 (Table
S1, ESIT). These three structural models are distinguished by
the selection of microbial rhodopsin structures used as tem-
plates. GSS_1 and GSS_2 are based on multiple structural
templates, which are the default ColabFold selection and,
respectively, a custom selection; in the custom selection, we
used only one template each for Mastigocladopsis repens rho-
dopsin and Halobacterium salinarum BR. GSS_3 is based on a
single structural template, that of Asgard archaea SzR4
(Table S1, ESIT). Regardless of the choice of templates, in each
set of computations all structural models derived had pLDDT
(predicted local distance difference test) scores > 90, which is
indicative of high confidence in structural prediction (Table S1,
ESIT). The highest-ranked structural model from each Colab-
Fold run was selected for further use in computations and was
oriented in the membrane using PPM.

To dock the retinal molecule to the protein, we used
Modeller 10.4°%°° to prepare homology models of retinal-
bound GSS AntR based on (i) the structure of M. repens
proton-pumping mutant (6wp8), which is among the structural
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templates used to generate GSS_1 and GSS_2 (Table S1, ESIY);
(ii) the structure of SzR4, which was used as a template for
GSS_3. In each of these two sets of homology modeling com-
putations, we generated ten models and selected the models
with the best DOPE score, Model_i and Model_ii. We then used
VMD to overlap Model_i onto the ColabFold structural models
GSS_1 and GSS_2, and Model_ii onto GSS_3.

The resulting retinal-bound structural models were then
subjected to coordinate driving computations to set retinal in
an all-trans geometry, followed by geometry minimizations
using CHARMM. During these CHARMM computations, we
allowed changes of the Cartesian coordinates of the retinal
molecule, the covalently bound Lys, and 25 amino acid residues
from the retinal binding pocket (498 atoms in total); all other
protein coordinates were kept fixed.

Protonation states. We used standard protonation states for
all titratable sidechains, ie., Asp and Glu are negatively
charged, His is neutral -N§1 tautomer, and Arg and Lys are
positively charged.

Simulation systems, simulation protocol, and force-field
parameters. We used VMD and CHARMM to embed each of
the three structural models (GSS_1, GSS_2 and GSS_3) in
a hydrated POPC lipid bilayer of about 374 lipids and
33610 water molecules, with chloride ions added for charge
neutrality. We used the CHARMMS36 force-field parameters for
the protein, lipid molecules, and ions,**®* the retinal force-
field parameters,®>®” and the TIP3P water model.®® We treated
short-range non-bonded interactions with a switch function
between 10 and 12 A, and Coulomb interactions, with the
smooth particle mesh Ewald summation.®®”°

For all MD simulations we used NAMD.”*””® During geome-
try optimization of the simulation system, heating to 300 K, and
the first 1 ns of equilibration, we placed soft harmonic
restraints of 4 keal mol™* A~2 on the backbone hetero-atoms,
2 keal mol~* A2 on sidechains, and 1 kcal mol ' A~2 on water
oxygen atoms and lipid headgroups. Four additional equili-
bration steps, 1 ns each, were performed with progressively
weaker harmonic restraints on hetero-atoms: restraints were
first halved; in the next step, we used harmonic restraints of
1 keal mol™ A™2 on the hetero-atoms of the protein backbone,
retinal, water, and ions; all these restraints were then reduced
to 0.5 kcal mol™" A™% one last 1 ns equilibration step was
performed with all harmonic restraints switched off. Simula-
tions were continued with production runs (free of any harmo-
nic restraint), and we consider as the origin of time (¢ = 0) the
start of the production runs.

We used the NVT ensemble (constant number of atoms N,
constant volume V, and constant temperature 7) for heating the
simulation systems, and the NPT ensemble (constant N, con-
stant P, and constant T) for all subsequent equilibration and
production runs. For the NPT simulations, we used a Langevin
dynamics’* scheme and a Nosé-Hoover piston. We used an
integration step of 1 fs during heating, equilibration, and the
first 1 ns of the production runs; for the remainder of the
production runs, we used a multiple time integration scheme””
with 1 fs for the bonded forces, 2 fs for short-range
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non-bonded, and 4 fs for long-range non-bonded forces. We
kept fixed the lengths of all covalent bonds to H atoms.”®

The production runs were extended to 399 ns for the
reference simulation of GSS AntR with default ColabFold
selection of multiple templates, and to 311 ns each for the
GSS AntR modeled using manual selection of multiple tem-
plates (labeled as repeat #1) and using the structure of SzR4 as a
template (labeled as repeat #2).

H-bond graph analyses. We used the Bridge2 graphical user
interface”””’® to compute the graphs of H-bond networks from
the MD simulation trajectories of GSS_1, GSS_2, and GSS_3. We
consider that two groups are H-bonded when the distance
between the donor and acceptor hetero-atoms is within 3.5 A,
and the H-bond angle is within 60°. We define the occupancy of
an H-bond as the percentage of the coordinate sets that satisfy
the H-bond criteria. To find the protein-water H-bond network,
we included in the H-bond graph computations direct H-bonds
between protein sidechains and water-mediated bridges
between the sidechains, with up to three H-bonded water
molecules per bridge. We define the length of the water bridge
between two sidechains as the average number of water mole-
cules in the bridge, such that an average bridge length of 0.0
indicates a direct H-bond (there is no intervening water mole-
cule between the two sidechains), and an average bridge length
of 3.0 indicates that, during the trajectory segment used for the
graph computations, the two protein sidechains bridge via
three H-bonded water molecules.

Earlier computations on BR indicated that the retinal C15
atom could H-bond to a cytoplasmic water molecule” and,
indeed, upon visual inspection of the simulations we report here,
we identified transient water H-bonding with the C15-H15 group.
Consequently, both the Schiff base nitrogen and C15 retinal
atoms were included in the H-bond graph computations.

The graph of hydrophobic contacts between protein side-
chains was computed with the Bridge/Bridge2 interface with a
distance criterion of 4.5 A between carbon atoms of the hydro-
phobic sidechains.

All graph computations were performed using ~ 20000
equally spaced coordinate snapshots from the last ~200 ns
of each simulation. Upon close inspection of the H-bond
graphs, we chose to show in the H-bond graphs the H-bonds
that have a minimum occupancy of 10%, i.e., which are present
in at least ~2000 coordinate sets. This H-bond occupancy
threshold allows us to illustrate the transient water bridging
of the retinal Schiff base C15-H15 group and Ser69 via a
cytoplasmic water molecule.

Time series for selected interatomic distances were moni-
tored from the entire length of the production runs.

Results and discussion

Initial characterization of GSS AntR

The previously uncharacterized Antarctic SzR (GSS AntR, IMG
Gene ID: Ga0307935_10093322) has an unusual helix C motif,
in which the leading Phe (homolog of BR’s D85) is replaced by
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Gly and the terminal Glu (homolog of BR’s D96) is replaced by
Ser, converting the typical FSE motif of SzRs into GSS (Fig. S1,
ESIT). Despite having a unique helix C motif and a number of
other differences in the primary structure with other SzRs/
AntRs, GSS AntR conserves the residues deemed to be central
for inward proton transport in AntR with the FSE motif (which
we will call FSE AntR to avoid any confusion), such as Arg67,
Ser74, Cys75, Asp185, and Tyr193 (FSE AntR numbering).”>
Accordingly, illumination of E. coli cells expressing GSS AntR
showed robust alkalinization of the unbuffered external medium,
which is removed by the protonophore CCCP, indicating active
inward proton transport (Fig. S2A, ESIt). This result is consistent
with both the lack of strict conservation of the helix C motif (other
than the central Ser) in SzRs and with the functional phenotype of
the E81Q mutant of FSE AntR.">'®??> The robust inward proton
pumping shown by GSS AntR is consistent with its rather fast
photocycle (Fig. S2C, ESIt), which displays about 3x faster
deprotonation and reprotonation of the Schiff base (M-like inter-
mediate observed at 400 nm) than FSE AntR.*? It also shows a
significantly faster photocycle turnover, as judged from the last
sub-second/second photocycle phase, than that observed for FSE
AntR, fully relaxing by about 400 ms.

Similar to FSE AntR and some other SzRs,>>*° GSS AntR
shows acid-induced blue-shift of the absorption spectrum
maximum (Fig. S2B, ESI}), presumably due to protonation of
the helix G counterion. While FSE AntR showed a shift from 558
to 538 nm between pH 9 and 4,”> GSS AntR shows a smaller
shift from 544 to 534 nm. We previously showed that the
spectral blue-shift of FSE AntR at low pH is associated not only
with the counterion protonation but also with retinal isomer-
ization from all-trans to 13-cis-15-syn.”*> Interestingly, such
retinal isomerization at low pH is not observed in GSS AntR,
as obvious from nearly identical Raman spectra at pH 9 and 4,
showing predominantly all-trans-retinal at both pH values (Fig.
S2D, ESIt). It is thus possible that the smaller acid-induced
spectral shift is associated with the lack of trans—cis isomeriza-
tion, which is normally accompanied by a blue-shift of the
visible spectrum. Besides the characteristic fingerprint C-C
stretching bands of all-trans-retinal (at 1200, 1211, and
1163 cm'),*" we note the C=N stretching vibration of the
Schiff base at 1640 cm ' (almost identical to that in FSE
AntR)** and C—C ethylenic stretch at 1528 cm™'. The latter
shifts to 1530 cm™ " at pH 4 in accordance with the blue-shift in
the visible absorption.®* Finally, one needs to note two promi-
nent hydrogen out-of-plane (HOOP) vibrations, at 990 cm ™"
(observed as a shoulder of the methyl rocking peak at 1005 cm ™)
and 961 cm™'. Both HOOP bands are typical for SzRs and have
been assigned to the C;sH and C;;H=—C;,H wagging modes of the
retinal (Fig. S3, ESIt), respectively, indicating a significant twist of
the polyene chain in these areas.®*°

Structural characterization of GSS AntR based on atomic-level
MD simulations and graph analyses of H-bond and
hydrophobic network interactions

During all three independent simulations we performed, bulk
water molecules enter the inter-helical region of the protein,
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where they participate in a dynamic protein-water H-bond
network (Fig. 1, 2 and Fig. S4-S6, ESIf). On average, the
H-bond network of GSS AntR has about 45 H-bond connections
between the protein sidechains (these can be direct H-bonds
between the sidechains, or water bridges with up to three water
molecules between the sidechains; Fig. 2C); when water brid-
ging is excluded from the H-bond computations, GSS AntR has
only about 15 H-bonds (Fig. 2D). The finding that more than
half of the protein’s H-bond network is mediated by water is
compatible with recent computations based on a high-
resolution structure of bovine rhodopsin.®?

In all three simulations performed, we found that several
water molecules visit the cytoplasmic half of the protein, and
overall the H-bond networks computed from the three simula-
tions are very similar. For clarity, we discuss the H-bond net-
work of the reference simulation, which is that of GSS AntR
modelled using the standard ColabFold selection of the multi-
ple templates. We then compare the H-bond networks com-
puted from the reference simulation with the two repeats
(Fig. S4-S6, ESIt).

At the cytoplasmic side of the retinal, one water molecule
comes to within the H-bond distance (3.5 A) of the retinal C15
atom in ~100 ns of the simulation (Fig. 2F); one water
molecule, very rarely two, is close to retinal C15 during the
trajectory segment from ~ 200 ns to ~300 ns, but none for the
next ~50 ns, and then a water molecule, and, very infrequently,

T
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two, is close to the retinal C15 atom during the last ~30 ns of
the simulation (Fig. 1B and 2F).

The stricter H-bond criteria used for the H-bond graph
computations we present include both the distance and the
H-bond angle. According to these, H-bond contacts between the
retinal and Ser69 are sampled at the same time intervals as
those in which a water molecule is found within the H-bond
distance from retinal C15 (Fig. 2E and F), and the average
length of the water bridge between the retinal and Ser69 is one
H-bonding water molecule. The H-bond connection between
the retinal and Ser69 disappears when the H-bond graph is
computed only for direct H-bonds between sidechains (Fig. 2B)
- in that graph, the retinal Schiff base NH group forms a direct
H-bond to Asp182 (Fig. 1B, 2B and Fig. S4B, ESIY). Likewise, the
water-mediated bridge with Ser69 is the only connection found
for the retinal when the H-bond network is computed only
for water-mediated bridges, without contributions from direct
H-bonds (Fig. S7 and S8, ESIf).

The water-mediated H-bonding between the retinal C15H
group and the hydroxyl group of Ser69 is particularly important
because Ser69 is the first Ser of the GSS motif (Fig. 1 and Fig.
S1, ESIY). It corresponds to BR’s Thr89 (Fig. S1, ESIt), which
plays a key role as an intermediate carrier for the transfer of
protons from the retinal Schiff base to Asp85, according to
quantum mechanical molecular mechanical computations
(QM/MM) and experiments.®*"%°

extracellular

Fig. 1 Water-mediated H-bonding of GSS AntR. During the simulations, water molecules enter the inter-helical region of the protein, where they
mediate H-bond networks in both halves of the protein. The C15H retinal bond forms a water bridge to Ser69, whereas the Schiff base connects directly
to Asp182. (a) Cut-away view of GSS AntR in a hydrated lipid membrane. The retinal molecule and selected protein sidechains are shown as van der Waals
spheres. Note the water chain between Ser76 and the vicinity of the Lys186 backbone. (b) Close view of the retinal and of the internal water-mediated
H-bond network; the retinal and Lys186 are shown as pink bonds, with the exception of the Schiff base NH and C15H bonds, which are shown in atom

colors.
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Fig. 2 H-bond network computed from the main simulation of GSS AntR. The minimum H-bond occupancy used is 10%. Nodes that are filled with light
green are residues potentially important for function. H-bond network (a) and time series of the number of H-bonds in the graph (c) obtained for direct
H-bonds between sidechains, and water bridges with up to three water molecules. The corresponding H-bond graphs computed only for the water
bridges, without direct H-bonds between the sidechains, are presented in Fig. S7 and S8 (ESIT). H-bond network (b) and time series of the number of
H-bonds (d) obtained when only direct H-bonds between the sidechains are included in computations. (e) Time series of the H-bond contact between
the retinal and Ser69 in the H-bond graph from panel (a), extracted with a Connected Component Analysis in Bridge2. (f) Time series of the number
of water molecules within 3.5 A distance from the retinal C15 atom along the entire simulation. Note that the H-bond graph computation from panels

(a—e) identify H-bonds based on both distance and angle criteria, and thus are more restrictive.

The one-water-mediated bridge between the retinal C15H
group and Ser69 is somewhat infrequent, with an average
H-bond occupancy of ~14% (Fig. S4, ESIt). The mostly direct
inter-helical H-bond between Ser69 and Thr38 is sampled
frequently, ~89% of the time (Fig. S4A (ESIt), average water
bridge length = 0.1), whereas C70 (Fig. 2B) makes only extre-
mely infrequent (<1% of the time) H-bond contacts such that
it is absent from the H-bond graphs shown in Fig. 2. One
helical turn from Thr38 towards the cytoplasmic side, Ser35
forms direct, frequent inter-helical H-bonds with Tyr190 and
Ser15 (H-bond occupancies >50%; Fig. 2B and Fig. S4, ESIT).
Infrequently, Tyr190 can connect to Ser76 (the second serine of
the GSS motif), mostly via one water molecule (Fig. S4, ESIt). A
chain of 2-3 water molecules can transiently bridge the

This journal is © the Owner Societies 2024

hydroxyl group of Ser76 to the backbone carbonyl group of
Thr185 (Fig. 1B).

In addition to Tyr190, Ser76 forms water bridges to Ser28,
Ser193, and Asn200. Asn200 is close in the amino acid sequence
to three carboxylic groups - Glu202, Glu203, and Glu205 - and
it forms water bridges to Glu203. Each of the three carboxylic
sidechains forms water bridges to each other and to other
nearby polar and positively charged groups, while Glu203
connects to His29 via water and Arg204 (Fig. 2A, Fig. S4
and S5, ESIt). The overall organization of the H-bond cluster
of Ser76, Glu202, Glu203, and Glu205 remains largely the same
when the H-bond graph is computed only for water-mediated
bridges between sidechains (compare Fig. 2A with Fig. S7
and S8, ESIt), but it is largely reduced to a handful of single
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H-bonds and small localized clusters when the graph is com-
puted without water-mediated bridges, and only for direct
H-bonds between sidechains (Fig. 2B). Moreover, when H-
bonded water molecules are not part of the H-bond graph
computation, Ser76 is absent from the H-bond network
(Fig. 2B), which further indicates that water-mediated H-bond
bridges between protein sidechains are largely responsible for the
extended H-bond network at the cytoplasmic side of GSS AntR.

The local cluster of Glu sidechains with a nearby His is
reminiscent of the clusters of carboxylic (and, sometimes,
histidine) sidechains that have been hypothesized to function
as a proton antenna cluster in BR,”™®° cytochrome ¢
oxidase,”** and the soluble PsbO subunit of photosystem
I1;°*°* in such a cluster, interactions of the Glu sidechains with
Arg/Lys, and dynamic water-mediated bridges between protein
sidechains, help to control the relative orientation of the
carboxylic sidechains.’® Based on these similarities, we suggest
that the three carboxylic Glu sidechains collectively help collect
the proton released from the retinal Schiff base.

The all-trans-retinal Schiff base (formed by Lys186) remains
connected to the extracellular H-bond network via Asp182, a
residue that also has direct H-bonds to Tyr42 and Tyr66, and a
water-mediated bridge to Arg62 (Fig. 2 and Fig. S4, ESIt).
Through the direct H-bond between Arg62 and Glu163, it
further connects to the cluster of direct H-bonds mediated by
Glu163 (corresponding to BR’s Glu194, Fig. S1, ESI{); when only
water-mediated bridges between sidechains are included in the
H-bond graph computation, the Asp182 H-bond cluster is
disconnected from both the retinal Schiff base and the extra-
cellular side (Fig. S7 and S8, ESI¥).

The backbone carbonyl of Asp182 samples infrequent
H-bonding with the Thr185 hydroxyl group, which prefers to
H-bond to the backbone carbonyl group of Ala181 (Fig. 1B and
Fig. S9, ESIt). Intra-helical H-bonds between a Thr hydroxyl
group and the backbone carbonyl of the i-4 residue, as found
here for Thr185 and Ala181 in all three simulations performed
(Fig. S9, ESIt), are compatible with the high propensity of Ser
and Thr hydroxyl groups for intrahelical H-bonds.’®®” Such
H-bonds compete with amide groups for H-bonding to carbonyl
groups. The competition between the hydroxyl and amide
groups for backbone carbonyl H-bonding can associate with a
locally more dynamic helical segment.’® The persistent H-bond
distance between the Thr185 sidechain and the Ala181 back-
bone carbonyl group explains why Thr185 is absent from the
H-bond graphs presented in Fig. 2 and Fig. S4-S6 (ESIT):
Thr185 prefers to H-bond to the backbone, whereas with the
H-bond graphs we focus on the H-bonds between sidechains
and water-mediated bridges between sidechains.

In addition to their highly stable H-bonding to Asp182,
Tyr42 and Tyr66 form water bridges to each other and to
Arg62 (Fig. S4 and S5, ESIt); as it reaches across the inter-
helical space to H-bond to Asp182, the Tyr66 sidechain effec-
tively occupies the cavity near the Schiff base. Within about one
helical turn of both Tyr42 and Tyr66, there are residues that
contribute more persistent H-bonds: close to Tyr42, Thr38
H-bonds to Ser69 and, close to Tyr66, Arg62 forms a direct,
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persistent H-bond with Glu163. The latter residue also has
persistent H-bonds to Trp63, Ser161, and Tyr178 (Fig. 2 and
Fig. S4, ESIY).

As noted above, we obtained similar H-bond networks from
the independent simulations of GSS AntR started from the
other two structural models we derived (Fig. S5 and S6, ESIT).
The water-mediated H-bond between the retinal C15H bond
and Ser69, which is sampled infrequently in the reference
simulation, is sampled, also infrequently, in these two addi-
tional simulations (average occupancies of 10% and 25%; Fig.
S4A and S5A, ESIf). This suggests that such water-mediated
bridging between the retinal and Ser69 could indeed be a
signature of GSS AntR, rather than an artefact of the structural
model. Energetically favourable interactions between the C15H
bond of the all-trans-retinal and a cytoplasmic water molecule
have been predicted by early computations on BR.”® Moreover,
Ser69 corresponds to BR’s Thr89, and the water molecule
that bridges the C15H retinal bond in GSS AntR and Ser69
(Fig. 1B) would correspond to the cytoplasmic water molecule
that bridges the Schiff base NH bond to Thr89 in the BR’s
L intermediate, for which experiments and computations
found a key role as an intermediate proton carrier.®*®> The
fact that the crystal structure of SzR4 lacks the cytoplasmic
water molecule, yet such water molecule transiently visits GSS
AntR in all three independent simulations we performed,
including that based solely on the SzR4 structure as a template,
is compatible with the finding that the water molecule comes to
within H-bond distance from the retinal only infrequently
(Fig. 2F), and the water bridge has low occupancy in all
simulations (Fig. 2 and Fig. S4-S6, ESIt). Mobile water mole-
cules that are not tightly bound to the protein can be invisible
to structural biology;”® moreover, the structure of SzR4 was
solved at a cryogenic temperature in a crystal environment,
whereas our simulations are performed at room temperature in
a fluid lipid membrane environment. In BR’s ground state with
the all-trans-retinal, mutation of Asp85 to Asn suffices for water
molecules to rapidly enter the cytoplasmic half of the protein
during atomic-level simulations, such that an H-bonded water
chain can connect Asp96 to the Schiff base NH bond.'® In
Gloeobacter rhodopsin (GR), a sextuple mutant with Thr125
mutated to Asp and Glu132 to Gln (BR T89 and D96, respec-
tively) water bridges the Schiff base and Ser77 at the cytoplas-
mic side."®*

We suggest that, within the limitations of our structural
models and MD simulations, the remarkably stable H-bond
network at the extracellular side of the Schiff base, particularly
of the Tyr42-Tyr66-Asp182 cluster, explains why the Schiff base
lacks H-bonding with water. Asp182, with its three direct side-
chain H-bonds present at all times during the simulations,
appears to be a poor attractant for water molecules to visit the
Schiff base region, and the Tyr66-Asp182 H-bond functions as a
gate that hinders water access (Fig. 1).

Taken together, the ensemble of the H-bond graph analyses
we present here (Fig. 2 and Fig. S4-S6, ESIt) indicates that the
Schiff base region is rather polar, and that its H-bond connec-
tions are qualitatively distinct in the two halves of the pump.
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The retinal connects to the extracellular side via a direct
H-bond between the Schiff base and Asp182, where Asp182
has highly stable (occupancies ~89-100%) direct H-bonds with
Tyr42 and Tyr66 (Fig. 1B, 2A, B and Fig. S4, ESIT). In contrast,
H-bonding between the retinal C15H and Ser69, and, more
generally, H-bonding at the cytoplasmic side, is mediated by
water bridges (Fig. 1B, 2A and Fig. S4-S8, ESIT).

The retinal polyene chain is largely surrounded by hydro-
phobic residues that connect non-polar residues to the retinal
and residues of the H-bond network. The bulky sidechain of
Trp63, which is part of the highly stable H-bonds of the
extracellular Glu163 cluster (Fig. 2A, C and Fig. S4, ESIY),
connects to a network of persistent hydrophobic contacts that
essentially spans the entire protein (Fig. S10, ESIt). Ser161 of
the same H-bond cluster (see the H-bond networks in Fig. 2A
and B) is within 1.5 helical turns from Phe158 - which is within
hydrophobic contact from the retinal, and part of a cluster of
hydrophobic sidechains in contact with each other and with the
retinal (see Trp63, 1le98, Met99, Phel18, Met122, Phel25,
Phe154, Pro155, and Phe158 in Fig. S10, ESIt). Val34 and
Leu73, which are close to Ser35 and Ser69, respectively, are
also part of the hydrophobic contact network near the retinal
(Fig. S10, ESIT). Adjacent in the sequence to Thr185, whose
sidechain is near the Schiff base (Fig. 2A), Phe184 is part of a
hydrophobic cluster with Val188, Val183 and Ile187 that
reaches to Phe12 and, from here, to Val39 (Fig. S10C, ESIY),
that is, to a sidechain adjacent in the sequence to Thr38 -
which is part of the water-mediated H-bond cluster of the
retinal C15H bond and Ser69 (Fig. 2A and Fig. S4, ESIt).

We suggest that the peculiar H-bond network we find from
three independent simulations of GSS AntR has a key role in
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function. At the extracellular side of the Schiff base, Asp182 and
Glu163 are central to local H-bond clusters that contain mainly
direct H-bonds: the network that extends from the Schiff base
to Glu163 (Fig. 1A) has 9 sidechains and just about 4-5 water
molecules in the Arg62-Asp182 H-bond cluster (Fig. S4B, ESIT).
The GSS AntR counterion Asp182 thus appears to be a poor
water attractant, such that there is no water in direct contact
with the Schiff base NH bond. Instead, a water molecule can
transiently bridge the retinal C15H bond to Ser69. Nearby, at
the cytoplasmic side of the retinal Schiff base, a chain of
H-bonded water molecules can transiently connect the helix
G backbone to Ser76, which is part of an extended H-bond
cluster with a stretch of three carboxylic sidechains (see Glu202,
Glu203, and Glu205 in Fig. 1B). Upon photoisomerization, a
cytoplasmically oriented Schiff base NH bond could help trans-
form the cytoplasmic water cluster into a proton-conducting
wire, ultimately transferring the Schiff base proton to the
cytoplasmic bulk. The Thr185 hydroxyl sidechain which, when
retinal is all-trans, H-bonds to the backbone of Ala181 and
Asp182, could become an H-bond partner to the carboxyl group
of Asp182, thus compensating for the broken H-bond between
Asp182 and the NH bond of the isomerized retinal.

Assignment of the carbon resonances of retinal in GSS AntR

Reconstitution of NA GSS AntR with biosynthetically produced
3C-all-trans-retinal allows for a complete carbon resonance
assignment using 2D MAS carbon spectroscopy. This is in
contrast to our previous experiments with GPR where both
the protein and the retinal were '*C-labelled, resulting in a
significant overlap of some ring and methyl resonances of the
retinal with protein signals and preventing their assignments.*®
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Fig. 3 1D C CP-MAS ssNMR spectrum of NA GSS AntR with **C-all-trans-retinal. The experiment was performed at a spinning rate of 14.3 kHz at 5 °C,
and 4096 scans were collected. Peak assignments for specific carbon atoms, assigned using the 2D spectra shown below, included in red. Refer to Fig. S3
(ESIt) for the retinal structure and carbon atom numbering. Spinning side bands identified from a comparison with the spectrum collected at a spinning

rate of 13.3 kHz are marked with asterisks.
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The 1D CP-MAS ssNMR spectrum of retinal in GSS AntR (Fig. 3) signals, e.g., the most obvious carbonyl resonances in the
shows many well-resolved carbon peaks, but there are also 170-180 ppm region, and possibly from **C-labelled impurities
many peaks that result from either the natural abundance co-extracted by octane.
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To minimize contributions from the NA signals and obtain
retinal-specific spectral correlations for spectroscopic assign-
ments, we collected a set of three through-space 2D ssSNMR
BC-13C correlation spectra. The first two were obtained with
10 ms and 30 ms DARR mixing, where the shorter mixing
time allows for correlation between atoms within 1-2 bond
lengths, while the increased 30 ms mixing time additionally
facilitates more distant correlations, within, roughly, 3-4 bonds.
Chemical shifts for each carbon atom were assigned by identify-
ing cross-peaks between two interacting nuclei and using the
transfer of magnetization through space to “walk” from one atom
to another through connectivities in the 2D spectra, assisted by
previously known typical values of retinal *C chemical shifts in
BR and GPR.>*?%1%2 DARR enables long-range polarization trans-
fers using through-space interactions between carbon spins. As
this technique is combined with the CP excitation of carbons from
neighboring protons, the signal may be attenuated for fully
deprotonated carbon atoms within the retinal molecule (Fig. S3,
ESIt). This also explains the asymmetrical intensity of some peaks
generated using DARR (Fig. 4).

A strong cross-peak at 166.1/125.2 ppm corresponding to the
correlation of C15 and C14 was used as the starting point on the
DARR spectrum walk (Fig. 4). These values were close to the
163.7 and 121.8 ppm chemical shifts of C15 and C14 previously
assigned in GPR.*® Both C14 and C15 demonstrate a two- and
three-bond correlation to the C20 methyl carbon at 125.2/15.3
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and 166.1/15.3 ppm, respectively. The observed chemical shift of
15.3 ppm for C20 closely aligns with the 15.7 and 15.1 ppm
chemical shifts of C20 in GPR and BR (Table S2, ESI+).>**® The
methyl C20 is directly bonded to C13 and shows a strong correla-
tion cross-peak at 15.3/169.1 ppm along with a reverse correlation
cross-peak of similar intensity at 169.1/15.3 ppm. Additional
cross-peaks at 15.3/139.3 and 139.3/15.3 ppm connect C20 to
the next closest carbon atom through space, C12. Both C12 and
C14 in turn show C13/C12 and C13/C14 correlations at 169.1/
139.3 and 169.1/125.2 ppm, respectively, as well as the correlation
between themselves at 139.3/125.2 ppm (Fig. 4 and 5).

C12 (139.3 ppm) is connected by a double bond to C11,
which results in two strong and symmetric cross-peaks at 139.3/
137.6 and 137.6/139.3 ppm (Fig. 4 and 5). In turn, C12 is
separated by two bonds from C10, producing a cross-peak at
139.3/135.7 ppm. C10 demonstrated the strongest correlation
with C11, generating similar intensity cross-peaks at 135.7/
137.6 and 137.6/135.7 ppm. C10 also produces a cross-peak
with C9 (at 135.7/148.6 ppm). C9 is directly bonded to the C19
methyl group which produces strong cross-peaks at 148.6/14.8
ppm and 14.8/148.6 ppm. Likewise, a cross-peak between
directly bonded C9 and C8 (at 148.6/134.0 ppm) is
clearly visible. To solidify these assignments, correlations of
the methyl C19 with C8 and C10 can be observed (Fig. 4), at
14.8/134.0 and 14.8/135.7 ppm. A weak correlation of C10 and
C8 can be also found at a longer mixing time (Fig. 5).
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Due to the potential degeneracy of C8/C7/C6 resonances, correlation to two distinct atoms, f-ionone ring C4 and methyl

walking further from C8 was ambiguous, so a second starting C18, forming cross-peaks at 146.2/36.8 ppm and 146.2/
point at the C5 resonance was used, based on its strong 23.3 ppm, respectively (Fig. 4). The chemical shift of the C18

3¢ chemical shift (ppm)

2. 2. 8. 8 B .8 9 % 8. .8 % g 5 8 % % % 8 % %8 % B
& 2
S a
[*>]
= 00 08 |u
o
IS =
(&) © X o
o @
= o 9 re
e w0
(&) 80
— o
©
g =
[&]
b
Q
o8 ra
T P
<
Q
= g
8 e
e
Ll
£
‘8&
=
9 =
3 [
®
8
§
S Iy B
- (G
% @5";’“
(&)

o
co/c1o C9ICT(8
C15/C14
130

C1/C6
L
v
- W
|
C137C12
40

0 0
o Q
> < [w
— (@] s
= o0 © o o) L
(&)
S 6 oo 0 [
= D D [=3
o 3 3 =
s 2
~ O
O 'Lﬂ
[
® '_8
) [
el
(&} L
=3 n
e
— £
0o — [
o 9 :
o0 o — e
S S
[&]

3%\,
Fig. 6 2D RFDR carbon—carbon correlation spectrum of NA GSS AntR with **C all-trans-retinal. A short RFDR mixing time of ~1.119 ms (16 rotor cycles)
was used to ensure that only short range, one- and sometimes two-bond correlations are observed.

C14/C13

w
~
—

24102 | Phys. Chem. Chem. Phys., 2024, 26, 24090-24108 This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp02611j

Published on 23 8 2024. Downloaded on 2026-06-11 1:15:15.

Paper

methyl carbon and the shifts for C4 and C5 align well with
values previously established in BR** and thus were assigned
with confidence. C4 and C18 also produce an isolated and
intense correlation at 36.8/23.3 ppm. Finding the chemical shift
of C4 provided a foundation for assigning values to other
carbon atoms within the B-ionone ring. C4 is separated from
C3 and C2 by one- and two-bonds, respectively, forming a
resolved and intense peak with C3 at 36.8/20.0 ppm and 20.0/
36.8 ppm, and an isolated but less intense peak with C2 at 36.8/
44.1 and 44.1/36.8 ppm. Accordingly, C2 and C3 display a
strong correlation at 44.1/20.0 ppm, and a weak correlation of
C3 with C5 can be observed at a longer mixing time. In turn, C2
interacts strongly with C1 (35.3 ppm) and to a lower degree with
C1’s attached methyl groups, C16 and C17. These methyl
groups form a distinct correlation cross-peak with other carbon
atoms but the specific assignment of “C16” and “C17” is
arbitrary. Both C16 (32.4 ppm) and C17 (27.8 ppm) interact
with their attachment point C1 with equally strong intensity. In
further support of these assignments, there are symmetrical
cross-peaks at 27.8/32.4 and 32.4/27.8 ppm between the C16
and C17 methyl carbons, as well as weaker cross-peaks for C1/
C3, C3/C17, and C3/C18 carbon pairs (Fig. 4).
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While the chemical shift values were confidently assigned to
seventeen of the twenty carbon atoms of retinal using the short
and long mixing time DARR ssNMR spectra (Fig. 4 and 5), the
chemical shifts of C6, C7, and C8 remained ambiguous due to
the potential overlap and weaker signals from fully deproto-
nated C6. To obtain reliable assignments for these carbon
atoms, an additional 2D carbon-carbon correlation experiment
(Fig. 6 and 7) was conducted with RFDR mixing.”>'* In
contrast to a second-order DARR recoupling which is mediated
by protons, RFDR is the first-order recoupling method which
relies on the direct carbon-carbon dipolar interaction and does
not require the presence of protons. As such, it is more suitable
for establishing correlations within low proton density moi-
eties, such as the vicinity of deprotonated C6. In addition to the
one-bond correlations obtained in the 2D DARR spectra, the 2D
RFDR experiment permitted assignment of the previously
ambiguous chemical shift of C6 (138.3 ppm) by observing the
strong C6/C1 cross-peak at 138.3/35.3 ppm and by the presence
of correlation cross-peaks with C16 and C18 at 138.8/32.4 and
138.8/23.3 ppm, respectively (Fig. 6). One can also note a
weaker C5/C6 correlation (Fig. 7) at 146.2/138.3 ppm. C7 and
C8 appear to have overlapping resonances that cannot be easily
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distinguished, but we tentatively assign C7 to 133.8 ppm and
C8 to 134.0 ppm based on several of the observed correlations.
First, the C7/C6 correlation at 133.8/138.3 ppm is seen in both
DARR and RFDR spectra, clearly shifted from the previously
mentioned C8/C9 and C8/C10 correlations at 134/148.6 and
134/135.7 ppm (Fig. 5 and 7). Likewise, one can see weak but
distinct correlations of C7 with the methyl carbons of C16 and
C17 in the longer mixing time DARR spectra, at 133.8/32.4 and
133.8/27.8 ppm (Fig. 4). Table S2 (ESIf) summarizes the
chemical shift values obtained for all-trans-retinal within GSS
AntR compared to the chemical shifts known for other micro-
bial rhodopsins. Overall, the chemical shifts are consistent with
the all-trans-configuration of retinal suggested by the Raman
data (Fig. S2D, ESIT),**®" and the 6-s-trans-configuration of the
B-ionone ring (as judged from the values of C5 and C8
resonances).”’

Comparison of the retinal carbon resonances of GSS AntR and
outward proton-pumping microbial rhodopsins

Fig. 8 highlights the differences between the chemical shifts of
retinal in inward proton-pumping GSS AntR and outward
proton-pumping microbial rhodopsins BR** and GPR**?®
(based on the absolute values listed in Table S2, ESIt). While
the retinal carbon chemical shifts among microbial rhodopsins
have been fully assigned only for BR, it is instructive to take the
incomplete dataset for GPR into consideration, in order to
verify if the observed chemical shift differences may be related
to the difference in function and not to the more subtle
structure variations in the retinal binding pocket. Using this
criterion, significant chemical shift differences consistently
observed between GSS AntR and both BR and GPR are mainly
localized in the proximal part of the polyene chain (C11-C15)
and C7. Below, we discuss the possible causes of these differ-
ences using structure modelling and MD simulations along
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Fig. 8 Differences of the retinal carbon chemical shifts in GSS AntR and
BR (black), and GSS AntR and GPR (red). See the absolute values and
sources in Table S2 (ESI{), and note that the GPR dataset is incomplete.
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with the documented retinal chemical shift alterations known
for other rhodopsins.

Overall, the higher chemical shifts for the C12-C15 fragment
in GSS AntR are consistent with the more polar environment in
this region.* This could be potentially contributed by the much
higher proximity of the helix G aspartic counterion (Asp182,
homolog of BR’s Asp212) to the Schiff base and C15 (Fig. S10
and S11, ESIt) than in BR and GPR, the geometry well docu-
mented for other SzRs.'®'®?%?> Additionally, the proximity of
the polar Thr185 sidechain (homolog of Ala215 of BR) to C15
(Fig. S11, ESIY) as well as the water molecule bridging its proton
to Ser69 (Fig. 1 and 2) could contribute to its chemical shift
increase as well. Proximity of negatively charged groups is well
known to increase specific carbon chemical shifts of retinal, as
was demonstrated for the C12 and C14 nuclei of the D85N
mutant of BR and the C12 atom of the E181Q mutant of bovine
rhodopsin.”>*" Consistent with that tendency, the C15 and C13
chemical shifts of KR2 (C15 close to Asp116) and 13-cis-15-syn-
BR (C15 close to Asp212) are elevated (Table S2, ESIt). It should
be noted that twisting of the polyene chain caused by a strong
Schiff base-Asp182 interaction and suggested by the Raman
data (Fig. S2D, ESIt) could contribute as well.”®'%*71%¢ Elevated
C15 resonance in channelrhodopsin-2 may follow the same
trend,?? as its helix G counterion distance is much shorter than
in BR.' Interestingly, the presence of polar non-charged
residues can also significantly affect the carbon shifts, as was
convincingly demonstrated for the L105Q mutant of GPR, in
which C15 resonance was strongly upshifted, while C11 reso-
nance was moderately downshifted,*® in parallel with our
results (Fig. 8 and Table S2, ESIt). One should also note tight
hydrophobic interactions suggested from the MD simulations,
which may contribute to the elevated chemical shift of C7 (with
the sidechain of Ile98) and C12 (with the sidechain of Phe154)
(Fig. S10 and S11, ESIf).

An additional interesting feature of GSS AntR worthy of
structural analysis is the asymmetry of C16/C17 ring methyl
groups suggested by their vastly different carbon resonances
(32.4 and 27.8 ppm). This is in stark contrast to BR (Fig. 8 and
Table S2, ESIt) where these methyl carbons have identical
chemical shifts.>* Until recently, such methyl asymmetry had
been only observed for bovine visual rhodopsin (which has 6-s-
cis-conformation of the B-ionone ring) and was thought to
originate from a steric conflict with neighbouring sidechains,
forcing one of the methyls into a proximity with C3 proton (so-
called gamma effect).>***'°® More recently, similar asymmetry
was observed for two microbial rhodopsins, GPR and KR2,
which possess 6-s-trans-conformation of the B-ionone ring
(Fig. 8 and Table S2, ESIT).>®?? Even though the C16/C17 ring
methyl asymmetry observed for GSS AntR cannot be considered
a distinctive feature of inward proton pumps in view of a
similar pattern found for GPR, it may give valuable information
on its retinal binding pocket and B-ionone ring’s fine geometry.

The difference in chemical shifts of C16 and C17 methyl
carbons in GSS AntR is mirrored by the uneven pattern of their
cross-peaks. One of the methyl groups, assigned C17, produces
a cross-peak with C3, while the other methyl does not (Fig. 4).
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This is consistent with the interatomic C3-C16 and C3-C17
distances measured from the MD simulations (Fig. S11, ESIT).
In addition, the other methyl group, C16, produces a more
intense cross-peak with C7 than C17. The intensities of the
cross-peaks relevant to C16 and C17 methyls as determined by
their signal-to-noise ratio are compared in Table S3 (ESI{). In
the RFDR spectrum (Fig. 6), C6 produces cross-peaks with C16
and C18, but not C17, despite all having the same two-bond
separation from C6. These NMR data suggest that the C16 and
C17 methyl groups may not sit perfectly symmetrical in relation
to the polyene chain and the B-ionone ring plane, in addition to
having different interactions with neighboring sidechains. For
example, MD simulations suggest that C16 has a fairly tight
hydrophobic contact with Phe158, which is not observed for
C17 (Fig. S10 and S11, ESIY).

Conclusions

The reversal of proton transport direction in some microbial
rhodopsins is an intriguing phenomenon yet to be fully under-
stood. Here, we studied the retinal chromophore environment
in GSS AntR, a previously uncharacterized SzR. Our ssSNMR data
and MD simulations suggest a number of unique retinal-
protein and retinal-water interactions, which may be respon-
sible for the changed vectoriality of proton transport. While the
proximal part of retinal seems to reside in a much more polar
milieu than that in the outward proton pumps, there are also
tight hydrophobic interactions in the distal part. Strikingly,
these unique polar interactions may result in the reversed
hydration pattern, where the extracellular side of the Schiff
base lacks water, but the cytoplasmic side of the retinal is more
hydrated than in BR and GPR, and the C15 atom H-bonds to the
water molecule. It is tempting to suggest that the altered
polarity and hydration of the proximal part of the retinal are
the culprit of proton transport inversion.
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