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The EF Loop in Green Proteorhodopsin Affects Conformation
and Photocycle dynamics
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ABSTRACT The proteorhodopsin family consists of retinal proteins of marine bacterial origin with optical properties adjusted to
their local environments. For green proteorhodopsin, a highly specific mutation in the EF loop, A178R, has been found to cause a
surprisingly large redshift of 20 nm despite its distance from the chromophore. Here, we analyze structural and functional con-
sequences of this EF loop mutation by time-resolved optical spectroscopy and solid-state NMR. We found that the primary
photoreaction and the formation of the K-like photo intermediate is almost pH-independent and slower compared to the wild-
type, whereas the decay of the K-intermediate is accelerated, suggesting structural changes within the counterion complex
upon mutation. The photocycle is significantly elongated mainly due to an enlarged lifetime of late photo intermediates. Multidi-
mensional MAS-NMR reveals mutation-induced chemical shift changes propagating from the EF loop to the chromophore bind-
ing pocket, whereas dynamic nuclear polarization-enhanced '*C-double quantum MAS-NMR has been used to probe directly
the retinylidene conformation. Our data show a modified interaction network between chromophore, Schiff base, and counterion
complex explaining the altered optical and kinetic properties. In particular, the mutation-induced distorted structure in the EF loop
weakens interactions, which help reorienting helix F during the reprotonation step explaining the slower photocycle. These data
lead to the conclusion that the EF loop plays an important role in proton uptake from the cytoplasm but our data also reveal a
clear interaction pathway between the EF loop and retinal binding pocket, which might be an evolutionary conserved commu-

nication pathway in retinal proteins.

INTRODUCTION

Retinal proteins are photoreactive proteins found in various
organisms, enabling light responses such as vision in ani-
mals, phototaxis in flagellates, triggering ion channels in
algae, and proton pumps in bacteria. All these proteins
have a common seven trans-membrane helix motif and a
retinal cofactor for light reception. The characteristic optical
absorption of the retinylidene chromophore is strongly influ-
enced by the protein environment. This bathochromic
(opsin) shift compared to retinal protonated Schiff base in
methanol (A,.x = 440 nm) has been observed in several
microbial rhodopsins such as channelrhodopsin-2 (A=
480 nm) (1), sensory rhodopsin Il (A, = 487 nm) (2),
proteorhodopsin (PR) (Ana.x. = 518 nm) (3), and bacterio-
rhodopsin (BR) (A, = 568 nm) (4).

The existence of different opsin shifts shows that mecha-
nisms for color tuning of microbial retinal proteins must
exist. This is especially evident in the case of PR, an almost
ubiquitous retinal protein occurring in gamma-proteobacte-
ria in the photic zone of the oceans (5). PR has been found
to be color tuned with respect to the water depth and two
main families, green absorbing PR (GPR) (Aa.x.= 525 nm)
close to the surface and blue absorbing PR (Ah.x. =
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490 nm) at greater depths, have been identified (6). It is
generally accepted that the spectral characteristics of the ret-
inylidene chromophore is strongly affected by its interaction
with amino acids located in its direct vicinity. Early reports
stated that mainly the distance of the protonated Schiff
base from the counterion complex affects its spectral charac-
teristics (7), but interactions with polar and polarizable
amino acid residues along the polyene chain, the distortion
of the chromophore structure, and the relative orientation
of the (-ionine ring to the polyene chain due to steric repul-
sions within the protein contribute significantly as well
(8-12). For example, one single point mutation L105Q in
GPR, which is close to the chromophore, shifts the absorption
maximum toward blue, whereas the corresponding Q105L
mutation in blue absorbing PR causes a green shift (6,13).
The recent discovery of a 20 nm redshift of the GPR absorp-
tion spectrum upon a single mutation A178R in the EF loop
came therefore as a great surprise as the mutation site is far
away from the retinylidene (14). This effect is highly position
specific and has not been observed in BR (15). Only for hal-
orhodopsin, a similar long-range effect based on a BC-loop
mutation has been reported (16). Based on their data and
sequence alignments, Kandori and co-workers (17) have sug-
gested that having a small residue such as alanine at position
178 is essential to blueshift the absorption of GPR at neutral
pH into a color range compatible with a marine environment.

GPR works as a light-driven proton pump (3) but addi-
tional functions have been discussed (18). In addition to
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the color tuning, GPRs have also other unusual molecular
properties: The primary proton acceptor D97 has an
elevated pK, due to a pH-dependent coupling to highly
conserved H75 (19), which also seems to be involved in
proton transfer (20). GPR forms pentamers and hexamers
in detergent and lipid bilayers (21,22). The favorable prop-
erties of GPR in terms of stability, activity, and spectral
resolution have led to an extensive chemical shift assign-
ment and secondary structure analysis by solid-state NMR
(23-25). It was also shown that the chromophore assumes
an almost 100 percent all-frans conformation in ground-
state GPR (26). Hydrogen bonding and protonation states
of H75 and D97 have been characterized at different pH
and reveal a complex interaction pattern, which partially
explains the complicated pH dependence of PR’s photocycle
(19). Solution state NMR has been used to determine back-
bone structure and dynamic properties of cell free produced
GPR within detergent micelles (27,28)

Here, we have resolved the molecular basis of the sur-
prising color shift in GPRj78r. Time-resolved optical
spectroscopy has been applied to show that the A178R
mutation also affects significantly the kinetics of the pri-
mary photoreaction and elongates the duration of the photo-
cycle by a factor of 10. Using solid-state NMR, we have
identified mutation-induced structural changes based on
chemical shift perturbations. Dynamic nuclear polarization
(DNP), a novel hybrid-technique combining electron para-
magnetic resonance (EPR) and solid-state NMR to enhance
sensitivity of solid-state NMR by orders of magnitude
through polarization transfer from stable radicals to nuclei
(29), was used to probe retinylidene chromophore and
Schiff base conformation. These structural data allow
the observed effects on the photocycle dynamics to be
explained and reveal a distinct communication pathway
between the chromophore and EF loop. Our data indicate
that the EF loop plays an essential role for proton uptake
in GPR and regulates helical movements during late stages
of the photocycle.

MATERIALS AND METHODS
Sample preparation

Samples were essentially prepared as described previously (25): GPR
and GPRa;73r were cloned in a pET27b(+)-plasmid and expressed in
Escherichia coli C43-cells. Cells were grown in minimal medium with
13C-labeled glucose and '*NH,Cl at 37°C. To reduce spectral overlap, amino
acids F,L, W, Y, and V were added to the medium to suppress isotope labeling
of these residues. When an ODsg ~0.7 was reached, 200 mg IPTG and 2 mg
retinal dissolved in ethanol were added. Cells were harvested 16—18 h after
induction and broken by a Constant System cell disrupter by 1.85 bar. The
protein was solubilized in 1.5% n-dodecyl-G-D-maltoside (DDM) at 4°C
overnight. The solubilized protein (supernatant) was obtained by ultracentri-
fugation and incubated for 1 h with a Ni-NTA matrix at 4°C. The bound
protein was washed and finally eluted with 500 mM imidazole in 0.05%
DDM. Purity was checked by absorption spectroscopy and SDS-PAGE
(Fig. S1 and Fig. S2 in the Supporting Material).
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For optical spectroscopy, GPR and GPRA;7sr Were used solubilized in
0.15% DDM, 150 mM NaCl, 50 mM Tris, pH 6 or pH 9. The sample
was diluted to an OD of 0.5 (d = 0.1 cm) for pump-probe spectroscopy
and to an OD of 0.7 (d = 1 cm) for flash photolysis.

For solid-state NMR experiments GPR and GPR o17gr Were reconstituted
in DMPC/DMPA (9:1) liposomes in a protein/lipid ratio of 2:1 (w/w).
Lipids were resolved in methanol/chloroform (1:2). After evaporation of
the solvent, lipids were dissolved in 100 mM NaCl, 50 mM MES, pH 7
and liposomes were formed by passage through a 2 um pore sized mem-
brane by an extruder with 5-7 bar. Protein and liposomes were mixed
slowly and incubated for 0.5 h. Finally, detergent was removed by repeated
incubation with biobeads. Proteoliposomes in 50 mM Tris, 5 mM MgCl,,
pH 9 were sedimented by ultracentrifugation for 1 h and packed into a
magic-angle spinning (MAS) rotor.

Preparing [14-15-'3C-all-trans-retinal]-PRa17sr for
DNP-enhanced solid-state NMR

All-trans retinal '*C-labeled at positions 14 and 15 was synthesized by
adaptation of reported procedures (for the synthetic scheme see the Sup-
porting Material) (30). It was incorporated into GPR by adding it to the
growth medium as described previously. Reconstituted samples were incu-
bated overnight with 10% H,O, 30% Dg-Glycerol and 60% D,O, and
20 mM TOTAPOL (31).

Time-resolved optical spectroscopy
Pump-probe-spectroscopy

A CPA 2001 was used as the laser source operating at a repetition rate of
1 kHz, delivering laser pulses with a central wavelength of 775 nm. The
pump-pulse was converted to the absorption maximum using a home-built
noncollinear optical parametric amplifier (20 nJ/pulse). Afterward, the
pump-pulse was temporally compressed using a prism compressor. The
probe-pulse consists of a spectrally broad pulse (white light continuum)
and was generated by focusing a part of the laser fundamental into a sap-
phire crystal. The pump- and probe-pulses were spatially overlapped in
the sample and the probe-pulse was detected on a photodiode array with
a spectral resolution of AAs, = 4 nm. The time resolution varied between
50 and 90 fs.

Flash photolysis

The samples were excited at the particular absorption maximum (pulse
width: 20 ns; intensity: 3 mJ/cm?). The laser pulses were generated using
an optical parametric oscillator (OPO, GWU Laser Technics) that is
pumped by the frequency tripled of a Nd: YAG laser (Spitlight 600 Innolas
Laser GmbH). For the probe beam the output of a xenon lamp (LCS;
Hamamatsu) is guided through a monochromator (Photon Technologies
International) for wavelength selection. Afterward, this beam is focused
into a fused quartz cuvette (d = 1 cm) and guided through a second mono-
chromator to get rid of scattering light, due to laser excitation. The probe
beam is detected by a photomultiplier tube (Photosensor H6780-02, Hama-
matsu) and analyzed by a digital storage oscilloscope (LeCroy, Waverunner
62 Xi).

Simulation of the transient data

The flash photolysis data were fitted to a reaction scheme that was slightly
altered compared to an earlier one proposed by Varo et al. (32). The following
reaction sequence was assumed: KSM; - M; SN; SN, SPR(0O) - PR.
The spectra of M; and M,, as well as PR(O) and PR are assumed to be equal.
A Levenberg-Marquardt algorithm was used to calculate photointermediate
rate constants and absorption spectra using data from Varo et al. as starting
values (32). The system of linear differential equations is solved numerically.
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Solid-state NMR experiments
DNP-enhanced MAS-NMR

Experiments were performed on a Bruker Avance II 393 MHz spectrometer
equipped with a modified Bruker 3.2 mm low-temperature probehead and
connected to a 259 GHz gyrotron (Gycom, Russia). The effective
microwave power applied to our NMR samples was ~2 W. A sample of
[14-15-13C-all-trans-retinal-GPR s ;7sr  (~2 mg) was packed into a
3.2 mm ZrO, rotor and sealed with a homemade tapered rubber disk. The
rotor was closed by a Vespel cap and flash frozen in liquid nitrogen before
inserting it into the low-temperature probehead. For all measurements, a
MAS frequency of 8000 + 2 Hz was used. The temperature inside the
MAS rotor was kept at 103.0 = 0.2 K. All DNP experiments started from
a 'H hard pulse (2.2 us) followed by "H-'>C cross-polarization (CP) with
a contact time of 400 us and 'H and ">C spin lock fields of 56.8 and
65.4 kHz, respectively. The POST-C7 scheme was used for exciting and
reconverting DQ (double-quantum) coherence (33). A continuous wave
decoupling at 112 kHz and a SPINAL64 (34) decoupling at 105 kHz were
applied during POST-C7 pulses and acquisition time, respectively. HCCH
torsion angles were measured by separated local field (SLF) experiments,
essentially as described by Levitt and co-workers (35): DQ coherences are
excited, evolve under homonuclear proton decoupling, and are detected after
areconversion step. Here, two complete POST-C7 cycles were used for both
DQ excitation and reconversion. A PMLG (phase modulated Lee-Goldburg)
homonuclear decoupling step (36) with an RF field of 112 kHz was applied
during the DQ-evolution time, which was incremented by multiple integers
of 18 PMLG cycles (1/9th of one rotor period). Two equal cw proton-decou-
pling periods (112 kHz) were applied before and after the evolution time to
keep the total evolution time constant (two rotor periods, 250 us). The simu-
lation of spin dynamics was performed with SIMPSON (37).

Multidimensional MAS-NMR experiments for identifying
chemical shift changes

All MAS-NMR experiments were conducted using a 3.2 mm triple-reso-
nance DVT HCN probehead on a Bruker wide bore Avance III solid-state
NMR spectrometer with 'H frequency of 850.32 MHz. A sample spinning
rate of 14 kHz and SPINAL64 proton decoupling of 83 kHz was used dur-
ing evolution and acquisition. Typical 'H and '*C 90° pulse lengths were 3
and 4 usec, respectively. For all experiments the acquisition time in the
direct dimension was 20 ms and sample temperature was set to 270 K.
3C and "N chemical shift referencing was carried out with respect to
DSS through Alanin (179.85 ppm). '*C-'3C correlation spectra were
acquired using proton-driven spin diffusion (PDSD) (see Fig. 3) with a mix-
ing time of 20 ms. A CP contact time of 1.5 ms and a 2.5 sec recycle delay
time were used. The acquisition time was set to 10 ms in the indirect dimen-
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sion and 1024 increments with 80 scans each were recorded. For NCA/
NCO/NCACX/NCOCX experiments, initial magnetization was created by
a 'H-">N CP step of 1.25 ms. A recycle delay of 3 s was used. Specific
CP with a 90-100 linear ramp on the '*C channel was used to create '*C
magnetization from "N using a contact time of 3.5 ms and 5 ms for
NCO and NCA transfer, respectively. For NCACX and NCOCX spectra,
a 30 ms dipolar-assisted rotational resonance mixing step was used for
13C-13C transfers. Spectra of wild-type (WT) GPR were assigned using
published chemical shift data (23). Comparing the PDSD, NCA, and
NCO spectra of GPR;173r With GPR data enabled identifying significant
chemical shift changes. Peak assignment was confirmed using the NCACX
and NCOCX spectra. Data analysis was done using TOPSPIN 2.1 and
CCPN 2.2.2.

RESULTS
UV/Vis spectroscopy

A series of pH-dependent absorption spectra of GPR and
GPR 78R solubilized in DDM have been recorded (Fig. 1,
A-C). The absorption maximum A, depends on the proton-
ation state of the primary proton acceptor D97 (38). For PR,
Amax shifts from 520 to 540 nm when lowering the pH from 9
to 6. GPRA7gr follows this trend but shows a significant
redshift with changes from 533 to 550 nm within the studied
pH range (Fig. 1, A and B). The pK, of D97 can be obtained
from the inflection point of the sigmoidal titration curves and
was found at 7.0 for GPR and 7.7 for GPR 4;7gr (Fig. 1 C).
These data agree with those reported by Kandori and
co-workers (17) for a cysteine-less mutant of GPR in which
the A178R mutation was introduced.

Solid-state NMR on GPRA178r

Solid-state NMR experiments on GPRA 75 reconstituted
into DMPC/DMPA lipid bilayers have been carried out to
probe structural effects of the A178R EF loop mutation
onto Schiff base environment, retinylidene conformation,
and protein structure.

The '°N chemical shift of the protonated Schiff base at pH
9 is not affected by the A178R mutation (Fig. S3), but a

FIGURE 1 pH-dependent stationary absorption
spectra of GPR (A) and GPR4;7gr (B). The single
point mutation A178R causes a general redshift
of up to 13 nm (14). The pK, of the primary proton
acceptor D97 changes from 7.0 for GPR to 7.7 for
GPR4178r as determined by analyzing the absorp-
tion maximum upon titration of the primary proton
acceptor (C). Correlation between A, and BN
chemical shifts of the pSB obtained from retinal
derivatives with all-frans polyene chains with
different halide counterions (39) in comparison to
GPR and GPRjj7gr (D). The mutant deviates
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NMR spectra are shown in Fig. S3.
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comparison with the corresponding values from Schiff
base—counter ion model complexes and their correlation
with A, shows that GPRj;7gr deviates from model
behavior more than GPR (Fig. 1 D) (39).

To probe mutation-induced effects on the chromophore
itself, we have incorporated 14-15-'3C-all-trans retinal
into GPRaj7sr  ([14-15-'*C-retinal]-GPR7sr). Retinal
3C chemical shifts are sensitive indicators for conforma-
tional changes. In particular, double quantum spectroscopy
has been shown to offer unique insight: Chemical shift
data can be extracted more easily by natural background
suppression and CC bond lengths and HCCH torsion angles
can be obtained from DQ built-up curves (40) and SLF
experiments (35). Such experiments will also benefit from
signal enhancement provided by DNP (29). DNP-enhanced
DQ filtered '°C spectra are shown in Fig. 2 A. A DNP
enhancement of 20 (microwave on/off) was obtained, which
accelerates data acquisition 400-fold. Both peaks, C14 and
C15, appear broader than in GPR and are slightly shifted.
C14 is detected at 122.1 ppm (120.2 ppm in GPR) and
C15 at 160.7 ppm (161.7 ppm in GPR). A small additional
subpopulation is observed at 111 and 165 ppm, which is not
detectable in WT GPR. The evolution of DQ coherences
between C14 and C15 over two rotor periods (including a
centering w-pulse) under homonuclear proton decoupling
is shown in Fig. 2 B. Simulations illustrate that the evolution
curve depends on the HCCH torsion angle around the
C14-C15 bond, but our data show that it remains almost
unchanged in GPR7gg compared to GPR (161°).

The observed effects on color and retinylidene chemical
shifts must be induced by structural changes triggered by
the EF loop and transferred through the protein into the
retinal binding pocket. We have therefore analyzed muta-
tion-induced '*C and '°N chemical shift perturbations by
comparing CC, NCA, and NCO spectra of GPR;7gg With
those obtained from GPR. Samples were uniformly '*C
and N labeled except for amino acids F, L, W, Y, and V
to reduce spectral overlap. In a first step, peaks shifted
upon mutation were identified and tentatively assigned
based on published chemical shift assignment (23). In a sec-
ond step, assignments were supported by two-dimensional
NCOCX/NCACX experiments on GPR and GPRaj7gr-
We found 63 residues in which either backbone and/or
side-chain resonances show chemical shift changes larger
than 0.2 ppm (Table S1). A CC correlation spectrum
(3C-13C-PDSD) of GPR and GPR,;7gr is shown in
Fig. 3. This experiment displays through-space correlations
but a short mixing time of 20 ms was used emphasizing
spin-spin distances in the range of single bonds. A number
of crosspeaks shift upon mutation such as D97 (Fig. 3 B)
and D227 (Fig. 3 C) or A115, 116, 143, 168, 174, and 178
(Fig. 3 D). Altogether, 31 affected residues can be identified
from this spectrum. Changes mainly in CA-CB crosspeaks
are detected but in 11 cases, chemical shift perturbations
in side chains were monitored as well. These data are com-
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FIGURE 2 DNP-enhanced '*C-CP MAS NMR spectra of 14-15-'3C-all-
trans-retinal GPR and GPRa;7sr (A). Using DNP, a 20-fold signal
enhancement is achieved at 100 K. '*C natural abundance is suppressed
by double-quantum filtering. In GPR, the '*C chemical shifts of C14 and
C15 are found at 120.2 and 161.1 ppm and change in GPR4;7gr to 122.1
and 160.7 ppm, respectively. The linewidth increases from 160 to
290 Hz. In GPR7gg, small additional peaks at 110.7 and 165.6 ppm are
detected (arrows). The HCCH torsion angle at position C14-C;s has been
determined by DQ-SLF experiments (B). Experimental and simulated DQ
signal intensities under homonuclear decoupling are plotted as a function
of time ¢ in units of rotor periods 7, and reveal a torsion angle of 161° in
GPRA178r, Which is similar to GPR. Further details are given in the
Materials and Methods section.

plemented by NCA (Fig. S4) and NCO (Fig. S5) spectra,
which confirmed our findings from Fig. 3 and also allowed
identification of an additional 32 chemical shift perturba-
tions. The location of all affected residues is plotted in a
topology diagram (see Fig. 7). The observed chemical shift
perturbations progress from the mutation site in the EF loop
through helices E and F into all other helices as well as into
the BC and DE loops.
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FIGURE 3

13¢C-13C-PDSD spectra of GPR (red) and GPR47gr (blue) at pH 9 reconstituted in lipid bilayers. A mixing time of 20 ms was used. A large

number of chemical shift differences can be identified as highlighted in the regions A—G. Affected are for example D97 (B) and D227 (C) and alanines in the
C-helix and EF loop (D). Chemical shift changes were also identified in NCA and NCO spectra (Fig. S4 and Fig. S5) and resonance assignment was verified
by NCOCX and NCACX experiments. A complete list of chemical shift changes is given in Table S1 and highlighted in the topology plot shown in Fig. 7 and

in the 3D structure model in Fig. 8.

Probing the primary reaction in GPRa17gr by
pump-probe spectroscopy

Our solid-state NMR data show remarkable structural
effects on the photoactive site caused by the distant EF
loop. We have therefore probed its consequences for the
dynamics of the primary photoreaction by time-resolved op-
tical pump-probe spectroscopy in the ps - ns time range. The
photoisomerization around the C13-C14 double bond and
the formation of the first ground state intermediate (K inter-
mediate in the photocycle of BR) occur on this timescale.
For BR and GPR it is well known that these processes are

very sensitive toward the structural environment of the pri-
mary proton acceptor (D85 in BR, D97 in GPR) (41-44).
The photoexcitation-induced time-resolved absorbance
changes in GPRaj7gg are compared to data obtained for
GPR as reported earlier (44,45) (Fig. 4). Experiments
were performed at pH 6 and pH 9, which is below and above
the pK, of the primary proton acceptor. For GPR at alkaline
pH, four spectral features can be observed. These regions
can be attributed to the absorption of the excited state, the
stimulated emission, the depletion of the ground state, and
the absorption of the photoproduct. All spectral features

Biophysical Journal 105(2) 385-397
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FIGURE 4 Transient absorption changes of GPR compared to GPR17sr
at pH 6 and pH 9 after photoexcitation at their particular absorption
maximum. The time axis is scaled linear until 1 ps and logarithmic until
1 ns. The amplitudes are color-coded: red indicates a positive absorption,
blue negative, and green marks areas where no absorption change could
be detected. Abbreviations: ESA (excited state absorption), GSB (ground
state bleach), PA (photoinduced absorption), and SE (stimulated emission).
Individual time traces at 451, 579, and 707 nm are given in Fig. S6. Time
constants obtained via a global fit analysis are given in Table 1.

are redshifted for GPR 4 7gr according to the bathochromic
shift observed in the stationary absorption spectrum (Fig. 1).
The primary reaction is significantly prolonged for the
GPR 4 17gr mutant illustrated by the lifetime of the S;-state,
represented by the decay of the excited state and stimulated
emission (for a comparison of the temporal evolution of the
different spectral features see also the single transients at
distinct probe wavelengths in Fig S6). However, the ampli-
tude of the photoproduct at longer delay times is lower

Biophysical Journal 105(2) 385-397

Mehler et al.

for GPRA 78R, suggesting either a reduced quantum yield
for photoisomerization or extinction coefficient of the
photoproduct.

The transient data set is simulated by a global fit analysis
consisting of a sum of exponential decays convoluted with
the instrument response function. The time constants for
all wavelengths are the same, whereas the amplitudes are
varied (Table 1). The corresponding decay-associated
spectra are plotted in Fig. S7. The global fit analysis reveals
four time constants for the GPR and an additional time con-
stant 7, for GPR 5 17gr. The time constants can be assigned to
similar processes described for GPR earlier (44,45). 7,
describes the motion of the initially generated wave packet
out of the Franck-Condon region and contains contributions
from stimulated emission and excited state population,
respectively. 7, can be assigned to the same processes as
7, (see the Supporting Material). The time constants 7,
and 73 can be assigned to the decay of the excited state
population.

Obviously, the mechanism of photoisomerization seems
to be affected upon A178R mutation. For GPR, the corre-
sponding time constants 7, and 73 exhibit similar amplitude
spectra suggesting that the initial and final states of these
transitions are equal (45). In contrast, the amplitude spectra
of 7, and 75 obtained for GPR 4 7gR differ significantly, illus-
trating that 7, and 73 describe different reaction paths on the
S; potential energy surface. Moreover, the ratio of the
amplitudes is similar at both pH-values, whereas for GPR
it was shown that at alkaline pH the faster reaction channel
is preferred.

The obtained time constants in Table 1 confirm that all
processes are prolonged for GPR4;7gr. The comparison of
the obtained time constants and the corresponding decay-
associated spectra at different pH for GPR and GPR;73r
suggests that photoisomerization becomes nearly pH-inde-
pendent in GPR4;7gr. For GPR, 7, is increased by a factor
of 3 and 73 by a factor of 2 upon lowering the pH from 9
to 6. In contrast to this the obtained time constants are
similar for GPRo17gr at both pH-values. Only for 73 a small
but significant increase can be observed upon lowering the

TABLE 1 Global fit analyses of the data set shown in Fig. 4
T1/ps TIPS To/ps T3/ps T4
GPR/pH 6.4 0.15 - 1 16.2 0
GPR/pH 9 0.14 - 0.28 9.5 %
GPRA17sr/pH 6 <0.1 0.6 3.7 24 o
GPRA78r/pH 9 <0.1 0.7 3.6 20 %

The data in Fig. 4 were analyzed by a global fit routine using a sum of ex-
ponentials with the same time constants for all wavelengths but different
amplitudes. As reported earlier (19,44), the primary reaction in GPR can
be described by four time constants (7,—74), whereas one additional con-
stant (1) was needed for GPR;7gr. Furthermore, a time constant that is
set to infinite is necessary to describe the constant amplitude for longer
delay times. This time constant represents the difference spectrum between
the first photointermediate and the initial state.
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pH from 9 to 6. Again, the effect is not as pronounced as for
the WT GPR.

Probing the photocycle in GPRA17gr by flash
photolysis

Our solid-state NMR data show mutation-inducing effects at
the retinylidene but also on residues such as D97, which are
directly involved in proton transfer. We have therefore
analyzed mutation-induced alterations in the photocycle
dynamics after photoexcitation on a timescale of 1 us to
10 s. Transient absorption changes for GPR and GPR;7sr
after photoexcitation are shown in Fig. 5.

At 590 nm, a decrease of the positive absorption signal in
GPR is observed due to the decay of the K-intermediate,
which is the photoproduct of the primary reaction observed
in the pump-probe measurements discussed previously. This
decay is accompanied by an increasing absorption moni-
tored at 400 nm typically found for a deprotonated Schiff
base species (M-intermediate). The M-intermediate is fol-
lowed by an absorption increase at 590 nm, caused by the
formation of late N/O-intermediates. These species decay
simultaneously with the growth of the signal at 500 nm
arising from the repopulation of the initial state. The GPR
photocycle is completed within hundreds of ms. In contrast,
the photodynamics of GPR4;7gr is strongly altered: The
K-intermediate has almost completely decayed after 1 us,
whereas at the same time the M-state at 400 nm appears
already completely populated. The subsequent formation
of the N/O-intermediates at 590 nm and the repopulation
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FIGURE 5 Laser-flash-induced transient absorption changes at pH 9 for
GPRA7sr and GPR. The transients are representative for the dynamics of
the ground state population (500 nm), the K-decay at early delay times
and the formation of the N/O-intermediates at late delay times (590 nm)
and the formation and decay of the M-intermediate (400 nm). Time con-
stants obtained via a global fit analysis are given in Table S2.
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of the initial state monitored at 500 nm are delayed
compared to GPR.

We have analyzed the transient data set using a reaction
scheme proposed earlier (32). However, an additional pho-
tointermediate was necessary to satisfactorily simulate the
experimental data. The additional photointermediate is
populated with a time constant of 48 ms. Considering the
obviously multiexponential rise of the transient monitored
at 590 nm in Fig. 5, the additional intermediate is attributed
to an interconversion of several N-intermediates (termed N;
and N,). Fig. 6 shows an overview of the photocycle
dynamics of GPR and GPR47gr. The decay of the K-inter-
mediate and the formation of the M-intermediate are
dramatically accelerated for GPR s 7gr. In contrast to this
the later steps of the photocycle, mainly the lifetimes of
the Ny, N,, and O intermediate are prolonged, leading to
an overall photocycle duration, that is 10-fold higher for
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FIGURE 6 The experimental data is fitted to a reaction scheme described
in the Materials and Methods (A). For simulating our experimental data we
have varied the extinction coefficients of the photointermediates (B) and the
time-dependent population changes (C). Multiplying the time-dependent
population changes and the extinction coefficients reestablishes the exper-
imental data obtained by flash photolysis.
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GPR 4 178r compared to GPR. Fig. 6 also contains the time-
dependent population changes of the different intermedi-
ates, as well as the calculated absorption spectra of the
different intermediates. The N; to N, interconversion is
accompanied by a small bathochromic shift and an increase
of the extinction coefficient.

DISCUSSION

Kandori and co-workers (14) have shown that a single
mutation A178R in the EF loop of GPR, which is far
away from the retinal binding site, causes a surprisingly
large redshift and changes the pK, of the primary proton
acceptor D97 (Fig. 1). They have also shown that this effect
is strongly position dependent (15) and depends merely on
the side-chain volume and less on the charge of the amino
acid at position 178 (17). Here, we demonstrate that this
mutation not only causes a redshift but also significantly
modulates the photocycle dynamics of GPR. The photoiso-
merization is prolonged and nearly independent on pH. The
latter is surprising because it was shown that this process is
twofold accelerated at alkaline pH compared to acidic pH.
Overall, the photocycle takes ~10 times longer due to a
longer lifetime of the N/O intermediate. In the following,
we will explain the molecular basis for these surprising
effects based on our solid-state NMR data.

We have identified mutation-induced chemical shift
changes in 63 residues spread out across the protein
sequence as illustrated in the topology plot in Fig. 7.
Affected residues are found in all seven helices and in the
BC, DE, and EF loops. The location of these residues is
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visualized in a structural model of GPR in Fig. 8 A. Replac-
ing A178 with R in the EF loop triggers chemical shift
changes, which progress from the EF loop through helices
E and F across the whole protein. The chemical shifts of res-
onances arising from CA, CO, CB, and N sites in the protein
backbone depend on dihedral angle & and W and alterations
indicate small structural changes.

It seems that incorporating a larger side-chain volume at
position 178 (Arg is twice as large as Ala) disrupts the EF
loop with consequences for the whole GPR structure
including the retinal binding pocket and subsequently also
photocycle dynamics. Kandori and co-workers had already
speculated that the EF loop must contain specific structural
elements, which are disturbed upon mutation. Indeed, a
previous solid-state NMR study by Brown, Ladizhanski
and co-workers has identified a kink at the cyotoplasmatic
end of helix E at positions A168 and G169 preceding a short
a-helix E170-N176 (E’), which is followed by a @-turn
formed by T177, A178, and S179 (23). The existence of a
kink at position G169 and the helical segment E’ was later
also observed in the 3D backbone structure of cell-free pro-
duced GPR determined by liquid-state NMR in DHPC mi-
celles (27) and is also consistent with EPR/DNP studies
(46). Interestingly, a structured EF loop is not exclusive to
GPR but is also found in other retinal proteins and GPCRs
(47-51). Our data clearly show that the NMR signals of
almost all residues between A168 and S179 in this kink-
helix-G-turn region are affected by the A178R mutation:
We have identified chemical shift changes larger than 0.2
ppm for A168, G169, E170, G171, K172, S173, Al74,
C175, N176, and P180 (Table S1). The CA chemical shift

FIGURE 7 The A178R mutation in the EF loop
induces backbone and/or side-chain chemical shift
changes in 63 residues (colored dark, see also
Fig. 3, Fig. S4, Fig. S5, and Table S1). They are
located in all seven helices as well as in the BC,
DE, and EF loops. Residues of direct functional
relevance are labeled. The EF loop contains a short
interfacial helix E’ followed by a turn structure
(23,27).

pSB K231
D227
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FIGURE 8 Residues for which mutation-induced chemical shift
changes are observed and are highlighted in a simplified structure model,
which is consistent with NMR data and based on homology to BR
(19,24,25,27,65) (A). An interaction pathway from the EF loop to the retinal
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differences are shown in Fig. 8 B and reveal a trend toward
smaller values upon mutation indicating a distortion of the
E’ helical structure between residues 168 and 179 as illus-
trated in the cartoon in Fig. 8 C. This loosened loop structure
must trigger structural and dynamic changes in GPR ex-
plaining the observed color shift and altered photocycle
dynamics.

In or close to the retinal binding pocket, we have identi-
fied seven residues, which show clear chemical shift
changes larger than 0.2 ppm (Fig. 8 A, color-coded in
red). These are D97, M134, G138, C156, G203, D227,
and 1232. Fig. 8 C shows the approximate location of those
seven residues with respect to the retinal. The primary pro-
ton acceptor D97 and residue D227 are located on both sides
of the retinal polyene chain, close to C14, C15, and the pro-
tonated Schiff base. The pSB '°N resonance is not affected,
whereas the '*C chemical shifts of retinal carbons C14 and
C15 move by +19 and —0.4 ppm, respectively, upon
mutation. D97 is considered as primary counterion of the
protonated Schiff base and has a strong influence on the
photokinetics either for the ultrafast timescales (from femto-
seconds to 1 ns) (44,45) or on the later stages of the photo-
cycle (1 us to 1 s) (3,32,52). Residue D227 has been
suggested to play a role in the photocycle and retinylidene
isomerization (53).

Our observations allow the unusual redshift in GPR 4 17gr
to be explained. The chemical shift changes in the retinyli-
dene polyene chain indicate alterations in pSB/counterion
distances and relative orientation. A weakening of pSB/
counterion association has been shown to shift retinal
absorption maxima to longer wavelengths (54). Another
contribution could be a change in the 8-ionone ring/polyene
chain coplanarity, which is mainly caused by protein-retinal
contacts and contributes 20% to the opsin shift of BR (12).
Direct structural changes within the polyene chain around
C14 and C15 are not observed, as the HCCH torsion angle
remains almost unaltered compared to the WT (Fig. 2).
However, residues for which chemical shift changes have
been observed surround the (-ionone ring. Therefore, the
ring-protein interaction interface is altered, which could
result in altered ring orientation and subsequent color
change.

Restructuring effects of the retinal binding pocket also
agree with the different pK, of D97 in the main titration
curve (Fig. 1) and the loss of pH dependence of the primary
reaction, which is also 2.5-fold slower. In GPR, pH affects

binding pocket can be envisaged. The observed chemical shift changes (B)
indicate that the secondary structure in the EF loop is distorted (C). A num-
ber of seven residues out of 63 affected by the A178R mutation (Fig. 7) are
directly located within or close to the retinal binding pocket (D). These
include G203, C156, M134, and G138 in close proximity to the retinal
ring as well as the primary proton acceptor D97. D227 is assumed to
play arole in retinal isomerization. Chemical shift changes within these res-
idues indicated slight structural rearrangements, which can explain the sig-
nificant mutation-induced changes in GPR’s optical and kinetic properties.
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the protonation state of the primary proton acceptor leading
to a spectral shift in the absorption spectrum of the initial
state (38) and a strong pH-dependent isomerization rate
(44,45). In general, it is known that the first electronic state
S, exhibits a more pronounced charge-transfer character
than the ground state S,. The transition into the first
electronic state S; is accompanied by an increase of the
dipole moment (55) that was estimated to be 12 D (56).
Theoretical studies revealed that electrons are shifted from
the hydrocarbon tail toward the protonated Schiff base
upon photoexcitation (57-59). Therefore, a negative charge
placed in the vicinity of the Schiff base influences the
electronic configuration of the retinal. The relative orienta-
tion of the primary proton acceptor to the Schiff base can
therefore stabilize or destabilize the S; and the S, state.
This directly affects the absorption maximum of the retinal,
which reflects the energetic difference between the S; and
the Sy state. For GPRA73r @ pH-dependent shift of the
absorption maximum can be observed indicating that the
electronic configuration of the retinal is affected by an either
protonated or deprotonated primary proton acceptor D97.
However, pump-probe spectroscopy reveals that the proton-
ation state of D97 has nearly no influence on the photoiso-
merization process. For BR (60), GPR (44), and ChR2
(61), it was shown that a primary proton acceptor functions
as an efficient catalyst for photoisomerization, which is not
the case in GPR 5 7gg. It is known from quantum mechanical
calculations that the slopes on the S; potential energy
surfaces of the S; state are significantly affected by the
relative orientation of an acetate residue with respect to
the protonated Schiff base resulting in altered isomeriza-
tion rates (62). A steeper slope on the Si-potential energy
surface leads to an accelerated relaxation from the Franck-
Condon region to the S;/Sy conical intersection, therefore
accelerating the decay of the S;-state (62). These findings
support that the A178R mutation strongly affects the posi-
tion of D97 with respect to the chromophore, which is
also supported by our NMR data. D97 adopts a position in
which the effect of deprotonation on the S; potential surface
is nearly absent.

Our '*C-DNP MAS NMR data show a small 13-cis sub-
population in GPR 4 7gr in contrast to GPR (Fig. 2). Isomer-
ization control in GPR has been linked to residue D227
(53,63), which is located in close proximity to the chromo-
phore and is directly affected by the A178R mutation. A
structural change in the retinal binding pocket could reduce
the isomerization control of this residue. For example, it has
been shown that PRp,,7xn contains larger amounts of 13-cis
retinal in its ground state and exhibits only minimal pH
dependence for the primary reaction and a prolonged
photocycle in contrast to GPR (64). Similar observations
are made here. This means that restructuring the retinal
binding pocket involves altered distances between Schiff
base, retinal, and counterions including alteration in the
hydrogen bonding network.

Biophysical Journal 105(2) 385-397

Mehler et al.

As discussed previously, the EF loop structure is distorted
in GPR47gr resulting probably in weaker structured con-
straints of the EF loop onto helices E and F. Hence, struc-
tural changes propagate through both helices via DE and
FG loops, via side-chain contacts, and through retinal-pro-
tein contacts to the rest of the protein (Fig. 8 A). The altered
structure in the EF loop must also have consequences for the
photocycle steps involving movements of helices E and F.
The EF loop structures could restrain helix movements dur-
ing the photocycle, which become more relaxed in the
mutant. Indeed, the A178R mutation slows down the photo-
cycle 10-fold despite the accelerated decay of the K-inter-
mediate (<1 us). For GPR, photocycles between 100 and
200 ms have been reported (3,32,52,65,66). The longer
photocycle for GPR 4 17gr is caused by the elongated lifetime
of the N/O intermediate and the interconversion of two
different N intermediates. The decay of these intermediates
is correlated with the reprotonation of the primary proton
donor. In BR at pH > 9, a reaction scheme M| —>M,—
N; —N,—BR was found, where N; and N, are referred
to as the N intermediates before and after reprotonation of
D96 (67,68). In GPR, the primary proton donor E108 is
found in helix C, in which a number of mutation-induced
chemical shift changes were observed (Figs.7 and 8). It
has been observed in BR that this step of proton uptake in-
volves an outward motion of helix F facilitating the proton
uptake from the cytoplasmic side, most probably due to the
entrance of water molecules (69—72). After proton uptake
from the cytoplasmic surface this outward movement of
the F-helix is reversed (73). Assuming a similar mechanism
in GPR leads to the conclusion that the restoring force
imposed by the structured EF loop to helices E and F is
significantly reduced in GPR 47gr resulting in slower helix
reorientation, hence an elongated lifetime of the N/O inter-
mediate. Therefore, the native EF loop seems to play a
major role in proton uptake from the cytoplasmic side of
GPR. This conclusion is also supported by a combined
EPR and DNP study in which altered hydration levels
upon illumination indicated an EF loop movement (46).
However, the capability of proton pumping is not affected
by this mutation as shown by light-induced pH changes in
spheroblast vesicles (15) and by black lipid membrane ex-
periments (Fig. S9).

CONCLUSION

We have shown by time-resolved optical spectroscopy that
the EF-loop mutation A178R in GPR does not only cause
a redshift but slows down the primary reaction, weakens
its pH dependence, and slows down the complete photo-
cycle due to the elongated lifetime of the N/O intermediates.
Using conventional and DNP-enhanced solid-state NMR,
we have identified the molecular origin of these surprising
effects. Introducing a bulky residue such as R at position
178 disrupts the secondary EF-loop structure. The resulting
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distorted loop structure imposes weaker structural con-
straints on E and F helices compared to GPR, which alters
the structure of the retinal binding site. As a consequence,
the chromophore color, the primary reaction as well as
late stages of the photocycle, involving E and F helix
movements during proton uptake, are affected. Our data
indicate that the EF loop plays an important role for
proton uptake similar to BR (69). On the other hand, our
data also show that an interaction pathway exists between
the EF loop and retinal binding pocket. One could speculate
that in this way signals could be transmitted across the
membrane needed for potentially additional functions of
GPR such as sensing or signaling. Our study also illustrates
that advanced methodology such as DNP/solid-state NMR
and time-resolved optical spectroscopy provides highly
compatible data sets if properly combined and enables
obtaining unprecedented insight into the molecular mecha-
nism of retinal proteins. A related study on mechanism of
the major green/blue switch L105Q in GPR will be reported
elsewhere.
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