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Proteorhodopsin (PR) is a highly abundant, pentameric, light-driven
proton pump. Proton transfer is linked to a canonical photocycle
typical for microbial ion pumps. Although the PR monomer is able to
undergo a full photocycle, the question arises whether the pen-
tameric complex formed in the membrane via specific cross-protomer
interactions plays a role in its functional mechanism. Here, we use
dynamic nuclear polarization (DNP)-enhanced solid-state magic-
angle spinning (MAS) NMR in combination with light-induced
cryotrapping of photointermediates to address this topic. The
highly conserved residue H75 is located at the protomer inter-
face. We show that it switches from the (t)- to the (x)-tautomer
and changes its ring orientation in the M state. It couples to
W34 across the oligomerization interface based on specific His/
Trp ring orientations while stabilizing the pK, of the primary pro-
ton acceptor D97 within the same protomer. We further show
that specific W34 mutations have a drastic effect on D97 and
proton transfer mediated through H75. The residue H75 defines
a cross-protomer Asp-His-Trp triad, which potentially serves as a
pH-dependent regulator for proton transfer. Our data represent
light-dependent, functionally relevant cross talk between proto-
mers of a microbial rhodopsin homo-oligomer.
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roteorhodopsin (PR) is a heptahelical retinal-binding mem-

brane protein that was discovered through metagenomic
screens of seawater samples in the SAR86 group of uncultured
y-proteobacteria (1). It functions as a light-dependent proton
pump, establishing a proton gradient across the bacterial mem-
brane. Bacteria may use this gradient for retinal-based photo-
trophy (2). Numerous PR-like sequences have been found in
different seas of the world with specific properties such as green
proteorhodopsin (GPR) and blue proteorhodopsin (BPR), which
are color tuned depending on the depth of seawater in which they
occur (3). A single residue substitution (L105Q) within the retinal-
binding pocket is strongly correlated with shifting the retinal ab-
sorption maximum from 520 nm in GPR to 490 nm in BPR (4, 5).

Green and blue proteorhodopsin variants form higher homo-
oligomeric complexes (Fig. 1) in which specific cross-protomer
salt bridge contacts were identified to control the formation of
predominantly pentamers and a small fraction of hexamers (6—
8). Protein oligomerization may be advantageous for structural
stability of individual subunits as well as for their functionality.
However, it is unknown whether the pentameric and hexameric
PR arrangements have a direct functional relevance for proton
transport (7, 9). Specific interactions across the protomer in-
terface with mechanistic relevance for the photocycle have not
been demonstrated yet.

The oligomerization of PR as well as its 3D structure has been
extensively studied. Atomic force microscopy (6) and EPR dis-
tance measurements (10) first revealed the higher oligomeric
state and orientation of protomers toward each other. Native
mass spectrometry demonstrated pentamer formation in detergent
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micelles (11). X-ray crystallography of two BPR variants provided
well-resolved pentamer and hexamer structures, enabling a precise
mapping of the retinal-binding pocket and also the oligomeric
interface (7). A cross-protomer hydrogen bond network was dis-
covered, involving residues W34, H75, and D97. This network was
proposed to be involved in the photocycle and proton transport
mechanism. As BPR and GPR share roughly 80% sequence
identity, it can be supposed that their protein structures have high
similarity. W34 and H75 are in close proximity across the protomer
interface. H75, on the other hand, also forms an intraprotomer
contact to the primary proton acceptor D97 (12) (Fig. 1). Solid-
state. NMR spectroscopy has been extensively used for the
analysis of structural and mechanistic details of GPR complexes
in the membrane (5, 8, 12-16). Solution-state NMR yielded a
low-resolution structure model of a GPR monomer (17).

The GPR photocycle can be divided into a series of photo-
intermediates, during which a proton is transported across the
bacterial plasma membrane (SI Appendix, Fig. S14). The first
step of the photocycle is the formation of the K state where the
retinal isomerizes from all-frans to 13-cis after photon absorp-
tion. Next, a proton is transferred from the protonated Schiff
base (pSB) to D97, forming the M state photointermediate,
which shows a characteristic retinal absorption blue shift to
~400 nm. In the following steps of the N and O states, the SB is
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Fig. 1. Overview of the GPR oligomeric structure and residues present at
the cross-protomer interface. (A) Topological plot of GPR. The seven trans-
membrane helices (A-G), the signal sequence (red), and the positions of W34
(gray), H75, D97 (proton acceptor), and K231 (Schiff base; yellow) are labeled.
Protons are transported from the intracellular to the extracellular side. (B)
Overview of the residue positions in the pentamer and detailed structural
arrangements of the interprotomer cluster consisting of W34 in one protomer
(gray) and H75, D97, and pSB in the neighboring protomer (yellow). Data from
PDB ID: 4JQ6 (7).

reprotonated by the proton donor E108, and D97 releases the
proton to the extracellular side. The retinal returns to the ground
state by isomerization back to the all-frans conformation (18).
H75 is a highly conserved and functionally important residue
throughout the proteorhodopsin family, and it was subjected to
detailed studies in GPR (12, 19-21). By forming a pH-dependent
H bond with the primary proton acceptor (D97), H75 contrib-
utes to the unusually high pK, value of D97. Surprisingly, H75
seems to delay the photocycle (12). The direct interaction of H75
with the primary proton acceptor raises the question whether it
plays a direct role during the photocycle since D97 becomes
protonated in the M state (SI Appendix, Fig. S14). Being located
at the protomer interface, H75 could also be responsible for inter-
subunit cross talk during the photocycle through direct contact with
‘W34, which was proposed in the BPR crystal structure (7).
Solid-state NMR, especially in combination with dynamic nuclear
polarization (DNP), provides an ideal approach to address these
questions as light-induced and cryotrapped photointermediate
states could be probed directly within the lipid bilayer (13, 22, 23).
DNP enables new perspectives for such studies since sensitivity
can be boosted by orders of magnitude by magnetization transfer
from suitable polarizing agents containing stable radicals to the
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nuclei of interest (24). Such an approach is of emerging impor-
tance for the detection of subpopulations of cryotrapped photo-
intermediate states as demonstrated for bacteriorhodopsin and
channelrhodopsin-2 (22, 25).

For our study, GPR was reconstituted into a synthetic lipid en-
vironment in which it retains its native higher oligomeric compo-
sition. Further, proteoliposomes were doped with the radical-based
polarizing agent AMUPol (26). By using cryogenic temperatures,
GPR was trapped in different photointermediate states. K state
trapping was achieved by illuminating GPRy directly in the DNP-
NMR probe at 100 K. For M state trapping, the GPRg;9so mutant
was used, which shows an elongated lifetime of the M state (13). It
was illuminated at room temperature, subsequently flash frozen in
liquid nitrogen, and quickly transferred into the DNP magic-angle
spinning (MAS) probe (13, 22) (SI Appendix, Fig. S1B). Due to the
DNP sensitivity enhancement, different H75 tautomers and
rotamers can be observed. We are able to show that H75 undergoes
drastic conformational changes during the photocycle. H75 forms a
cluster with W34 across the protomer interface and therefore might
be responsible for intersubunit cross talk. By specific mutations of
W34, we reveal that homo-oligomerization of GPR not only con-
tributes to its structural stability but also plays a functional role, as
mutations in the protomer interface drastically alter its activity.

Results

H75 Changes Its Conformation During the Photocycle. Uniformly BC.N-
His-labeled green proteorhodopsin [(**Cg-'*N5-His)-GPR] sam-
ples (SI Appendix, Fig. S1C) were prepared to follow changes in
the H75 conformation and its interaction pattern during the
photocycle. The GPR construct used here included a tobacco etch
virus (TEV) protease cleavage site located before the purification
6xHis tag. TEV protease cleavage ensured elimination of the
6xHis tag, leaving H75 as the sole histidine residue in the protein.
Therefore, all detected NMR signals of (**Cg-'*N3-His)-GPR can
be attributed to H75. Protein expression, purification, TEV pro-
tease cleavage of the 6xHis tag, and reconstitution were success-
fully performed and confirmed by SDS/PAGE, Western blot, blue
native PAGE, and size exclusion chromatography (S Appendix,
Fig. S2).

Histidine residues often play an important role in enzymatic
mechanisms (27-30) since the imidazole side chain can adopt
three different states: At a pH below its pK, value of ~6.0, both
Ne2 and N61 nitrogens are protonated, resulting in the positively
charged (+) state. Above the pK,, a tautomeric equilibrium between
the protonated Ne2 (t)-state and protonated N&1 (r)-state is pre-
sent, which is usually shifted toward the (t)-state in a 4:1 ratio
(in aqueous solutions) if no additional interactions stabilize the
(m)-state (31).

Here, we have monitored H75 in different GPR photo-
intermediates by DNP-enhanced MAS-NMR. Signal enhance-
ment was achieved by doping the reconstituted GPR sample with
the biradical polarizing agent AMUPol (26), leading to a 40- to
60-fold signal increase, as previously observed (5, 8, 13) (S Ap-
pendix, Fig. S1B). Under cryogenic DNP conditions different
photocycle intermediates can be cryotrapped by following specific
sample preparations and illumination protocols, as previously
described by us for GPR and channelrhodopsin-2 (13, 22). Low
sample amounts (~2 mg protein) in the NMR rotor and a 1:2 (wt/
wt) lipid to protein ratio provide ideal illumination conditions but
also make the use of DNP enhancement mandatory.

(3C4-"*N3-His)-GPRyr (wild-type) signals of H75 were assigned
from °C double-quantum-single-quantum (DQSQ) (SI Appendix,
Fig. S34) (32) and "*N-'3C transferred-echo double resonance
(TEDOR) correlation spectra (SI Appendix, Fig. S3C) (33). It has
been shown that the *C chemical shifts of Cy and C52 are sensitive
indicators of the tautomeric state of histidine (34-36). Therefore, we
can conclude that H75 is present primarily as a (t)-tautomer in the
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ground state. A small (r)-state subpopulation is detected as well
(see also below).

For K state trapping, (**Cs-'"N3-His)-GPRy was illuminated
under DNP conditions at 100 K, directly inside the MAS probe for
~40 min. In previous studies (13) it was shown that ~30% K state
could be achieved by applying this thermal trapping procedure,
resulting in significant chemical shift perturbations in the retinal
chromophore. Here, the comparison between dark and illuminated
13C DQSQ spectra shows no differences between ground state and
K state H75 signals, indicating that the first step of retinal 13-cis
isomerization does not influence H75 (SI Appendix, Fig. S4).

The next step in the GPR photocycle is the M state, which can
be trapped by illumination at room temperature directly inside the
MAS rotor and subsequent fast freezing in liquid nitrogen (13).
These frozen samples can then be transferred into the precooled
DNP probe. Unfortunately, the M state in GPRwr only shows a
low population, but we were able to show a drastic enhancement
by introducing the primary proton donor mutation E108Q, as
shown before (13). This mutation elongates the M state by pre-
venting reprotonation of the Schiff base. It was shown that it does
not induce structural changes or chemical shift changes within the
retinal chromophore. The mutant displays the typical predomi-
nant pentameric and hexameric oligomerization profile after
reconstitution (SI Appendix, Fig. S5A). One-dimensional double-
quantum-filtered (DQF) and 2D TEDOR DNP spectra show iden-
tical H75 signals in (**Cg-""N3-His)-GPRg0s0 and (*Cg-'"N;-His)-
GPRyr, respectively (SI Appendix, Fig. S5 B and C). Therefore, it
can be confirmed that GPRg;gso behaves similarly to GPRwr. The
Schiff base becomes deprotonated in the M state. To prove
successful trapping, additional lysine "*Ne labeling in addition to
13C4-1N;-His was employed, so that the occurrence of the
deprotonated SB signal and a decrease in the pSB resonance
could be observed in (**C¢-'"N3-His, '*Ne-Lys)-GPRgjos0. Suc-
cessful M state cryotrapping is demonstrated in SI Appendix, Fig. S6.
Since a complete conversion to the M state cannot be achieved by
thermal trapping, ground state species are still present after illumi-
nation. They can be quantified by the intensity of the pSB resonance
in the M state spectrum. Here, a conversion of ~50% is achieved.

Based on these conditions, we were able to probe whether and
how H75 is affected in the M state. A comparison of '*N and *C
spectra is shown in Fig. 2. The dark-state >N spectrum of
("*C4-""N3-His, "Ne-Lys)-GPRgos0 (Fig. 24, black) shows the
same spectral features as the wild type as described above with a
major (t) and a minor (x) population. The two main resonances
are Ne2(t) at 163.5 ppm and deprotonated N&1(t) at 250.4 ppm.
The smaller (m)-state signals N&1(x) and Ne2(rn) are found at
169.1 and 255.2 ppm, respectively.

In contrast to the K state, where no changes in H75 could be
monitored, the cryotrapped M state shows a drastic effect on the
histidine residue (Fig. 24, orange). After illumination, the (t)-state
is significantly depopulated, and the (r)-state increases. The pro-
tonated N&1 and deprotonated Ne2 (n)-state signals are now the
dominant resonances. Changes are visualized in the difference
spectra in Fig. 2 A, 1. An additional shoulder appears also for
the backbone signal (Fig. 2 A4, 2) that can be attributed to H75
N in the (n)-state.

To estimate how the (t):(x) ratio changes between dark and M
states, peak intensities were analyzed. Therefore, a spectral
deconvolution of the overlapping N§1(t) and Ne2(n) resonances
in the dark-state spectrum was carried out (SI Appendix, Fig.
S6C). The ratio of the integral peak intensities N&1(t):Ne2(r) is
approximately 4:1, which is similar to the tautomeric ratio ob-
served for aqueous histidine. The M state spectrum could be
simplified by subtracting the residual dark-state contribution quan-
tified by the intensity of the pSB resonance (Fig. 2 A, 1 and SI
Appendix, Fig. S6C). The difference spectrum shows that H75 is
completely converted into the (m)-state since almost no presence
of (t)-state signals could be monitored.
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Fig. 2. Effect of M state trapping on H75 "°N and '3C signals. (A) "°N spectra of
("3Ce-"°N3-His, "°Ne-Lys)-GPRe10sq in the dark state (black) and M state (orange).
(z)- and (r)-state resonances are labeled in black and green, respectively. To vi-
sualize spectral changes, difference spectra (M state minus dark state) are plotted
for regions 7 and 2. The observed intensity changes for N51 and Ne2 show that
H75 changes from (z) as the main population in the dark state to (x) in the M
state. The same is reflected in the amide N difference spectrum. *, a spinning
sideband from amide N. The pure M state spectrum for region 7 was calculated
by subtracting the residual dark-state contribution as quantified via the pSB
signal intensity (for details see S/ Appendix, Fig. S6C). The spectrum reveals al-
most 100% (r)-state and no contribution of (t)-state signals in the M state. (B) 3¢
1D DQF spectra of H75 in the dark state (black) and M state (orange). (z)- and
(n)-state resonances are labeled in black and green, respectively. An increase in
Cy(x), C82(r), and Ca(x) populations is observed after M state trapping.
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These observations are also supported by 2D DQSQ spectra,
which allow an unambiguous assignment of the '*C H75 chem-
ical shifts (ST Appendix, Fig. S74), and by *C-">N TEDOR ex-
periments (SI Appendix, Fig. S7B). The assignment results are
plotted onto '*C 1D DQF spectra in Fig. 2B: In the dark state,
Cy(t) at 137.7 ppm and C32(t) at 117.2 ppm are the dominant
signals. After illumination, these two signals get reduced, and
two new dominant resonances occur, corresponding to Cy(rn) at
131.8 ppm and C82(x) at 126.6 ppm (34). The increase in the
(m)-state population is also seen by an additional Ca peak at
63 ppm. As observed and discussed for the '°N spectra, the small
H75 (t)-state signals still present after illumination arise from a
remaining dark-state population. In summary, our data show
unambiguously that H75 swaps its tautomeric state from the
(t)-state to the (w)-state when GPR switches from the ground to
the M state. Chemical shift changes from the (t)-state to the
(m)-state are listed in ST Appendix, Table S1.

To exclude the possibility that H75 gets protonated during the
M state, we compared the M state *C DQSQ and "C-N
TEDOR spectra with data obtained from (]SC(,-15 N;-His)-GPRwr
at pH 5 in which H75 is positively charged. As demonstrated in S/
Appendix, Fig. S8, the spectral pattern of the M state differs sig-
nificantly from H75(+), which supports the conclusion that it is
indeed the (m)-state that is mainly populated.

To verify the reversibility of the observed (t) to () conversion
during the photocycle, a thermal relaxation experiment was per-
formed, which demonstrates that H75 returns to its initial (t)-state
when the M state is no longer trapped (SI Appendix, Fig. S9).
These findings support that the tautomerization of H75 is directly
linked to the M state.

Besides the (t) to (n) conversion, the orientation of the im-
idazole ring could also change in the M state. Therefore, >N-1°N
proton-driven spin diffusion (PDSD) spectra were recorded to
monitor intraresidue nitrogen—nitrogen through-space contacts
within H75 (Fig. 34, Left). In the dark-state spectrum, two cross
peaks for correlations between N&1(t)-Ne2(t) and N&1(r)-Ne2(r)
are observed. In line with the findings described above, the
(v)-state is significantly larger than the (x)-state cross peak. No
correlations between imidazole ring >N nuclei and the backbone
N could be detected. In the M state (Fig. 34, Right), intensities
for the N&1(t)-Ne2(t) and N&1(n)-Ne2(n) cross peaks swap as
expected since the (r)-state is the dominating population. Fur-
thermore, an additional correlation between N&1(x) and N(rx)
occurs. This means that both nuclei are now closer to each other
compared with the ground state, which suggests that H75 adopts
a different rotamer configuration, presumably through rotations
around the Co—Cf and Cp-Cy bonds (Fig. 3B). However, a more
precise determination of the sidechain orientation via angles y;
and y, would require exact distance measurements (34).

Visualizing the W34-H75 Cross-Protomer Contact. H75 changes its
tautomerization state and rotational conformation in the M state,
where the proton acceptor D97 receives a proton from the pSB.
Previous studies suggested a functional contact between H75 and
D97 in GPR and BPR (7, 12, 19). The BPR crystal structure also
showed a contact to W34 across the protomer interface, which was
suggested to be responsible for intersubunit cross talk during the
photocycle (7). In GPR, cross-protomer interactions based on
strong salt bridges were discovered by DNP-enhanced solid-state
NMR (8). Here, we use this approach to probe whether in GPR a
cross-protomer contact between H75 and W34 in the ground and
M states occurs.

Therefore, GPR was labeled with '*C81-Trp and '°N;-His
(Fig. 44), so that long-range '>C-'>N distances between W34 and
H75 could be detected by TEDOR experiments. While H75 is
the only histidine residue in a GPR protomer, tryptophan is
present 10 times in the primary sequence, which could obscure
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Fig. 3. Conformational changes of H75 in the M state. (4) '°N-'°N PDSD
spectra of ("3Cg-">N3-His, "“Ne-Lys)-GPRg0sq in the dark state (Left, black)
and illuminated M state (Right, orange). (t)-state signals are labeled in black,
and (r)-state signals are labeled in green. (1) Short-range contact between
Ne2 and N&1 within the imidazole ring. The (z) and (r) peaks swap intensities
after illumination, confirming the change to a dominant (x) population in
the M state. (2) The occurrence of a N&1(x)-N(x) cross peak in the M state in-
dicates the close proximity between these nuclei. (B) '°N-'>N PDSD spectra
suggest that H75 in the M state changes not only its tautomerization from (z)
to () but also the orientation of its side chain. The observed close proximity
between N§1(x) and N(r) could be explained by a rotation around the Cf-Cy
bond. Spectra were recorded with a mixing time of 1 s. The asymmetry in cross-
peak intensities is caused by longitudinal relaxation differences between the
coupled spins, which is slow compared with the recycle delay times used here.
Signals in gray are caused by back-folded spinning sidebands due to the re-
duced spectral width used for spectra acquisition.

data interpretation if a tryptophan within the same protomer is
adjacent to H75.

The residues H75 and W34 could only come in close proximity
through oligomeric contacts since they are 18 A a?an within one
protomer, which is beyond the detection radius of a °C-""N TEDOR
experiment of up to 6 A. Eight of the remaining nine tryptophan
C81 nuclei are at least 9 A away from the H75 imidazole ring
(81 Appendix, Fig. S10). However, W74, which is located next to
H75, could potentially give rise to intraprotomer cross peaks.

A *C->N TEDOR spectrum of (**C81-Trp, '*N3-His)-GPRyr
(wild type) is shown in Fig. 4B, Left. Two dominant cross peaks
are observed. Peak 1 corresponds to a correlation between H75-N
and C31 of an adjacent Trp (W34 or W74), but it also contains
contributions from intraresidue contacts between Trp-C81 and
Trp-N or Trp-Nel, which occur at natural abundance (0.4%).
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Fig. 4. Visualizing the cross-protomer H75-W34 contact. (A) For the detection of the cross-protomer H75-W34 contact, ('*C81-Trp, "°N3-His)-GPRyr (wild
type) and various mutants have been prepared. (B) Two-dimensional TEDOR spectra of GPRwr, GPRwzar, GPRwzar, GPRwr-miX, GPRw74r-w34r, and GPRgq0sq-
wrar all with ("3C81-Trp, ">N3-His) labeling. The 1D spectra on the Right are from ('3Cg-">N3-His, ">Ne-Lys)-GPRe10sq (Fig. 3A) in the dark state (black) and M
state (orange) and have been plotted to identify the H75(t) and (n) resonances. Cross peak 1 in GPRy (Left) is observed in all spectra and corresponds to a
mixture of correlations between W34/W74-C51 and H75-N as well as natural abundance correlations between Trp-C81 and Trp-N or Trp-Ng1. Cross peak 2 can
be attributed to a correlation between W74 or W34-C51 and H75-N§1(z). Spectra of GPRwy74r and GPRw;z4r confirm that both tryptophan residues contribute
to the interaction. The mixed-labeled sample GPRy-mix consisting of ('3C81-Trp)-GPRyr and (*°N3-His)-GPRyr proves that a W34-H75 interprotomer contact
exists. M state trapping of (**C81-Trp, 15N3—His)—GPREmgc,,\,\,MF shows a stretching of signal 2 toward the Ne2(x) resonance. (C) The GPRyyt sample shows close
proximity of H75-N51(t) to W34-C51 and an intraprotomer contact to W74-C51. The GPRg1osq-w74r Sample indicates a turn of H75 so that Ne1(x) and W34-

C81 occur in close proximity. Data from PDB ID: 4JQ6 (7).

Cross peak 2 represents a correlation between W34/W74-C81 and
H75-N61(t). The remaining smaller cross peak arises from W34/
W74-C31 and H75-Ne2(t) correlation.

To distinguish between interprotomer W34-H75 and intra-
protomer W74-H75 contacts, the effects of W34F and W74F
mutations on the TEDOR spectra were analyzed. None of these
mutations affected the oligomeric state of GPR (SI Appendix, Fig.
S11). Since peak 2 can be detected in the TEDOR spectra of both
GPRy34r and GPRw74r (Fig. 4B), it can be concluded that both
tryptophan contacts contribute to the signal seen in GPRwr-.

For further validation, a mixed sample (GPRwr-mix) was
produced. In this sample, the GPR pentamer consists of a mix-
ture of (**C81-Trp)-GPRy and (*°N3-His)-GPRy protomers,
which can be achieved by disassembling and reassembling GPR
complexes as demonstrated by us previously (8). In such a mixed-
labeled pentamer, all intraprotomer *C-'>N correlations are sup-
pressed. The signal observed at the position of cross peak 2 there-
fore belongs unambiguously to the interprotomer correlation
between W34-C61 and H75-N61(r) (Fig. 4B). A drawback of the
mixing procedure is the drastic reduction of the number of *C-1°N
contacts. Hence, the spectrum had to be acquired with five times
more scans to gain a similar signal-to-noise ratio compared with
the other samples. Cross peak 2 vanishes in the double mutant
GPRwr.wasr, demonstrating that no other tryptophan residues (e.g.,
W98, SI Appendix, Fig. S10) are involved in the H75 correlations.

Our experiments demonstrate a cross-protomer contact be-
tween W34 and H75. Both residues must be oriented to each
other in a way that W34-C81 and H75-N81(t) are in close prox-
imity. Such an orientation also allows for the intraprotomer con-
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tact between W74-C81 and H75-N81(t), as seen in the BPR
crystal structure (Fig. 4C, WT).

Next, we analyzed whether this interprotomer interactions is
affected in the M state. Therefore, a double mutant GPRg;080-w74rF
was prepared, which is M state trappable (E108Q) and does
not contain the intraprotomer H75-W74 contact (W74F).
TEDOR spectra of (**C81-Trp, '*N3-His)-GPRg0s0-w74r in the
dark and M states are shown in Fig. 4B, Right. The dark-state
spectrum is comparable to GPRw74r; the interprotomer W34-
H75 correlation can be detected. After successful M state trap-
ping, the W34-C51-H75-N&1(t) cross peak becomes broader and
is stretched by ~3 ppm toward H75-Ne2(x). This additional peak
intensity indicates a correlation between W34-C81 and H75-Ne3 (n)
and close proximity between both nuclei. No correlation is
observed for H75-N31 (x) (along 169.1 ppm). Such an observa-
tion supports a rotation and a reorientation of H75 toward
W34 in the M state (Fig. 4C, E108Q-W74F M state), as shown in
Fig. 34.

W34 Mutations Alter the Functionality of GPR. Our DNP-NMR re-
sults show that W34 and H75 have close contact across the
protomer interface in GPR, which raises the question of its
functional role. Therefore, the effects of replacing W34 with
positively and negatively charged residues on the pK, of the
primary proton acceptor D97 and on proton transport were
tested. It was found that positively charged mutations lower the
pK., value (GPRwr pK, is ~7), while negative charges cause an
increase (SI Appendix, Fig. S124). It can therefore be concluded
that the primary proton acceptor is affected by mutations at
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Fig. 5. Effects of the W34E mutation on GPR properties. (A) W34E forming

a close contact with H75 across the protomer interface. (B) pH titrations of
GPRywt and GPRyy34e- The mutation causes a pK, shift of the primary proton
acceptor D97 from ~6.9 (GPRwr, black) to ~8.3 (GPRwzag, blue). (C) Proton
transport measurements of GPRy (black) and GPRyy34e (blue). WT shows a
decrease of pH during illumination, corresponding to an outward proton
transport. W34E shows a reverse effect, corresponding to an inward-driven
proton pumping.

W34 across the protomer interface. The largest effect was
caused by W34E, in which the D97 pK, was shifted to 8.1 (Fig. 5
A and B). Therefore, D97 is more likely to be found protonated
in this mutant compared to the wild type under our experi-
mental conditions.

Maciejko et al.

Light-induced proton transport was probed in live E. coli cells
containing heterologous expressed W34E mutants. The cell
suspension was subjected to 520-nm illumination for 2 min,
during which the pH was constantly monitored (37-39). Cells
expressing GPRw show a pH drop during the illumination pe-
riod, which can be explained by light-induced, outward-driven
proton transport across the bacterial membrane (Fig. 5C). Pos-
itively charged GPRws4x and GPRwssr mutants do not drasti-
cally affect proton transport (SI Appendix, Fig. S12B). In
contrast, the negatively charged GPRyws34g mutant causes a pH
increase upon illumination (Fig. 5C) indicative of reverse,
inward-driven proton transport. The same observation is made
for GPRwaap (SI Appendix, Fig. S12B). Similar results were seen
before for BPR (7). A double mutation of W34E and H75N
abolishes the negative mutation effect and again shows a normal
outward proton transport (SI Appendix, Fig. S12B). It can be
concluded that these functional modifications are mediated by
H75 located in between W34E across the protomer interface and
D97, responsible for proton transport.

To further evaluate how H75 is affected by the W34E mutation,
2D DQSQ spectra of (13C(,—15N3-His)-GPRW34E were recorded
and compared with the wild type (SI Appendix, Fig. S13).
Mutation-induced chemical shift changes are observed for Cy and
C52. These changes could reflect alterations of the H75 structure
and orientation in GPRyws34g, which might influence the pro-
tonation state of neighboring D97, causing its drastic pK, shift and
a reverse proton transport across the bacterial membrane.

Applying the M state trapping protocol described above to the
double mutant (**Cg-'*N3-His, °Ne-Lys)-GPRg10s0-w34e showed
no effect on the H75 tautomerization or the Schiff base reso-
nances (S Appendix, Fig. S14), which means that the M state did
not form. The W34E-induced increase of the D97 pK, indicates a
favored protonated state of the primary proton acceptor, which
cannot accept another proton from the pSB during the photocycle.
This might explain the reversed proton transfer by GPRws4E,
which was also observed before in GPRyw at acidic conditions
(<pH 5) (18). Under these circumstances the pSB could transfer
its proton to the proton donor E108 and be reprotonated by the
protonated D97. In the double mutant GPRg0s0-w34E, the pro-
ton donor E108 is replaced, and the proton acceptor D97 is
strongly affected. The proton of the pSB is trapped as it cannot be
transferred to either one of the residues, explaining why no M
state formation can be detected for the double mutant after
illumination.

Discussion

Our studies present an Asp—His-Trp triad in a retinal protein
and cross-protomer interactions involving noncanonical residues
that are part of the photocycle. The trapped M state of the
photocycle results in changes in the tautomerization state and
rotational conformation of H75.

Fig. 6 summarizes all information we gain from dark- and M
state histidine spectra. During illumination and trapping of
GPREgj¢s0 in the M state, a proton is transferred from the pro-
tonated Schiff base to the primary proton acceptor D97 (Fig. 6,
step 1). The protonated D97 influences the neighboring H75 to
change its tautomerization from the (t)-state to the (r)-state (Fig.
6, step 2). The cross-protomer contact with W34 additionally
forces (m)-state H75 to perform a rotation, presumably around the
Cp-Cy bond (Fig. 6, step 3), leading to the close proximity of
H75-N61(xn) and H75-N(x) and W34-C31 and H75-Ne2(x) in the
M state (Fig. 6, steps 4 and 5). In this way, the unfavorable
arrangement of two protons facing each other between
W34 and H75 is avoided. The exact interaction and orientation
of H75 with D97 remain undetermined.

Previous studies found that mutations such as H75N lead to a
significantly faster photocycle (12), for which the reasons could
only be speculated. Results in this study reveal tautomerization
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Summary of structural changes observed for H75 during the transition from the dark state to the trapped M state. After M state trapping of GPRg10sq.

a proton is transferred from the protonated Schiff base to the primary proton acceptor D97 (step 1). The protonated D97 influences the neighboring H75 to
change its tautomeric form from the (z)-state to the (r)-state (step 2). Additionally, the cross-protomer contact with W34 forces (x)-state H75 to perform a
rotation, presumably around the Cp—Cy bond (step 3). This leads to close proximity of N§1(x) and N(x) and W34 C51 and N&2(x) in the illuminated M state (steps

4 and 5). Data from PDB ID: 4JQ6 (7).

and conformational changes of H75 during the M state. Presumably,
the conformational changes in the H75 residue need to occur before
the photocycle continues. These time-consuming conformational
steps would then lead to a slowed-down photocycle. The role that is
attributed to the conserved residue H75 is extended in this study. It
is not only responsible for the high pK, value through an interaction
with D97 (12) but is a dynamic part of the photocycle.

Furthermore, H75 is shown to perform a specific task during
the photocycle, as it is able to sense protonation of the primary
proton acceptor D97 and switch its conformational state accord-
ingly. On the other hand, the protonation of D97 and, with that,
the functionality of GPR seem to be linked to the conformational
state of H75. The pK, value of histidine lies in the range of pH 6.
At higher pH, H75 is deprotonated and can undergo the confor-
mational change from the (t)-state to the (m)-state during the
photocycle. This would not be possible at lower pH (below pH ~6)
where histidine is present in the protonated positively charged
state. H75 is located toward the extracellular side of the protein.
In this location, the highly conserved H75 could take a specific
physiological role and work as an additional pH sensor and
functional regulator. A pH drop on the extracellular side of the
bacterial membrane could lead to a protonation of H75. This in
turn would hinder the conformational changes during the GPR
photocycle and attenuate proton transport across the membrane if
a strong proton gradient is already present.
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The location of H75 between the primary proton acceptor and
the protomer interface makes it potentially important for the for-
mation of specific cross-protomer interactions. This study reveals a
close contact between H75 and W34, verifying that it is present not
only in BPR but also in GPR. Negatively charged mutations of
W34 cause a reverse proton transport that is mediated by sensitive
conformational changes in H75. The functional importance of this
cross-protomer contact might work in both directions. On the one
hand, W34 could sense the conformation of H75, which could lead
to a cooperative functionality between the protomers. Although an
individual GPR protomer shows photocycle activity (9, 40), the
question remains whether the GPR oligomers can function
more efficiently in a cooperative manner. This intersubunit
cross talk could be mediated by the H75-W34 contact. On the
other hand, W34 might be responsible for bringing H75 into the
right position to be able to sense the protonation of D97 during
the photocycle. This becomes evident in ST Appendix, Fig. S15.
The mutation GPREgspa causes a destabilization and disruption
of higher oligomeric complexes by showing a larger number of
monomers after reconstitution (SI Appendix, Fig. S154). This
disruzption leads to broader H75 signals in >C 1D DQF spectra
of (**C4-""N3-His)-GPRg10s0-£504 compared with GPRy and
also causes a much smaller tautomerization efficiency of H75
after illumination (SI Appendix, Fig. S15B). Broader H75 sig-
nals indicate a higher flexibility and more possible orientations
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of the residue. The lack of oligomeric stability through dis-
ruption possibly causes H75 to move away from D97 and adopt
different orientations. This could mean that GPR oligomeri-
zation and, specifically, the bulky residue W34 force H75 into
the correct position to be able to sense D97 protonation and
potentially influence protein functionality as a pH sensor.

The observation that the negatively charged W34E mutation
across the protomer interface causes an inversion of proton
transport in bacterial cells further illustrates the functional im-
portance of the cross-protomer Asp—His-Trp triad. DNP-NMR
experiments revealed mutation-induced chemical shift changes
in H75 (SI Appendix, Fig. S13), which could be linked to its
functional effect: The negative charge introduced by W34E
alters the environment of H75. It presumably shifts H75 toward
a protonated state (indicated by chemical shift changes for Cy
and C82) to compensate the negative charge of W34E. Its
intramolecular interaction with the primary proton acceptor
D97 increases its pK,, keeping it protonated also at higher pH,
for example, by sharing or exchanging a proton with the pro-
tonated H75. When D97 is protonated at neutral or slightly
basic pH, it cannot accept a proton from the pSB during the M
state, which induces a reverse proton flow in the protein, also
observed in GPRwr under acidic conditions, where D97 is
protonated (18, 41).
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Conclusion

Here, experimental evidence for functionally relevant cross-
protomer interactions within the microbial rhodopsin was
presented. An Asp-His-Trp triad is formed across the oligo-
merization interface, participates in the photocycle, and po-
tentially acts as a pH sensor. The use of DNP-enhanced solid-
state NMR in combination with light-induced cryotrapping of
photointermediates was essential to obtain such insight.

Material and Methods

Isotope-labeled proteorhodopsin (wild type and mutants) was expressed in
Escherichia coli and, after purification and elimination of the 6xHis tag by
TEV cleavage, reconstituted into liposomes. All MAS-NMR experiments were
performed under cryogenic conditions (100 K) using cross-effect DNP en-
hancement provided by doping the proteoliposomes with AMUPol. Trap-
ping of the different photointermediates was achieved using protocols
combining illumination, freezing, and thermal relaxation. The S/ Appendix
has a detailed description of all applied methods.
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