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Proteorhodopsins are themost abundant retinal based photoreceptors and their phototrophic function might be
relevant in marine ecosystems. Here, we describe their remarkable molecular properties with a special focus on
the green absorbing variant. Its distinct features include a high pKa value of the primary proton acceptor stabi-
lized through an interaction with a conserved histidine, a long-range interaction between the cytoplasmic EF
loop and the chromophore entailing a particularmode of color tuning and a variable proton pumping vectoriality
with complex voltage-dependence. The proteorhodopsin family represents a profound example for structure–
function relationships. Especially the development of a biophysical understanding of green proteorhodopsin is
an excellent example for the unique opportunities offered by a combined approach of advanced spectroscopic
and electrophysiological methods. This article is part of a Special Issue entitled: Retinal Proteins—You can
teach an old dog new tricks.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The recent attention attracted by the rhodopsin family is certainly
driven by the new field of optogenetics that is becoming a standard
technique in neurobiological sciences [1–3]. The light-driven ion trans-
port is exploited for changing the membrane potential and thereby for
triggering downstream events. While this is an “old trick for new dogs”,
rhodopsins are still a dynamic field of research. In the past it was mainly
bacteriorhodopsin (bR) catalyzing the application of advanced and novel
spectroscopic techniques to biomolecules. Recent findings in the last fif-
teen years expanded both the spectrum of functions and the distribution
of rhodopsins. The latterfinding led to the surprising conclusion that rho-
dopsins are found in all phyla of life [4–6] and it might be themost abun-
dant phototrophic system on this planet [7]. With the new rhodopsins
came the observation that they represent a rather versatile family of pro-
teins while retaining the structural scaffold of seven transmembrane he-
lices (TMHs)with a retinal chromophore bound to a conserved lysine. By
acteriorhodopsin; BPR, blue
, green proteorhodopsin; IR, in-
nated Schiff-base; TMH, trans-
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far the most abundant family members belong to the proteorhodopsins
(pRs) that are the focus of this review. They act as proton pumps with a
high similarity to bR [4], but showing different properties that make
them a case study for the structure function relationship of a membrane
protein. New features worth the effort of investigation are especially
(1) color tuning, (2) long range conformational coupling, (3) a His-Asp
cluster working as a proton dyad and (4) the pH-dependency of proton
transport vectoriality.

Proteorhodopsin has also been amodel case for the concerted appli-
cation of advanced biophysical methods, which unfold their full poten-
tial if applied in a synergistic manner (Fig. 1). Hence, this review focuses
rather on recent achievements in the understanding of the molecular
properties of pRs, than on describing all the fascinating aspects of new
rhodopsins, that is the evolution of retinylidene photoreceptors and
their biological function or the contribution of retinal based photosyn-
thesis to energy fixation. A short overview about the initial identifica-
tion and description of the prototypic green proteorhodopsin (GPR) is
presented but the reader is referred to relevant reviews [8–10] and re-
lated contributions in this special issue for further details. Here, we
will give a brief overview about the historical background and the eco-
logical impact of pRs with only selected references.

2. Phylogenetic background and in vivo function

The discovery of the first pR (GPR) came as a surprise as it
presented the first evidence of a bacterial retinal-based photorecep-
tor [4]. GPR was not isolated from its native host, but was identified
in a metagenomic screening of uncultured sea samples from the
Monterey Bay in California. Such a strategy provides essential information
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Fig. 1. Structural model of GPR based on PDB ID: 2l6x [57] and rationale for the experimental workflow. TMHs and loop regions are shown in blue and green cartoon representation, re-
spectively. The relevant residues are color-coded as in Fig. 2: the conserved histidine in pRs (magenta), counter-ion complex and proton donor (red), color tuning residues L105 and A178
(orange), residues found at the position where the proton release group (PRG) would be expected (green).
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about microbial communities and allows the collection and comparison
of a wealth of data from different geographic areas [11]. Further identi-
fication inmoremarinemicrobial populations supported the high prev-
alence of pRs and it made retinal-based phototrophy a widespread
oceanic phenomenon [12]. The name proteorhodopsin refers to the ini-
tial identification in the group of γ-proteobacteria (SAR86). Since then,
hundreds of pR-like sequences alone have been monitored in the
Sargasso Sea [13]. They are not confined to a single taxon or a single
location as they appear to be distributed in many microorganisms
from all over the world [14–19]. In fact, pR-like genes have been further
monitored in freshwater habitats [20–22], in sea ice [23], on high moun-
tains [24] or even in Siberianpermafrost samples [25]. Thehost organisms
are as diverse aswell and they cover viruses [26],manydifferent classes of
bacteria, archaea [27,28] and eukaryoticmarine protists [9,29–31]. Lateral
gene transfer confers a high genetic mobility of pR genes among the
bacterioplankton and supports their wide distribution and abundance
[27]. So the proteorhodopsins really deserve their name from the Greek
god Proteus who had the ability to change his physical appearance.

Most marine species' were collected from the photic zone where
light and its perception is an important quality affecting the life cycle of
the organism. Interestingly, the natural biological function of pRs has
not been described definitely in most cases and it may vary among the
different species' [32]. Like bR, the pRs described so far canwork as proton
pumps and this property could be linked to a purely phototrophic func-
tion. The ability of light energy fixation was transferred genetically to a
host system where the in vivo effect of pR activity manifested itself in
physiological functions like flagellar motility or ATP synthesis [33,34].
There are reports about light-stimulated growth that was related to
the presence of a pR for example in the flavobacterium Dokdonia sp.
MED134 (Fig. 2, [35]), concluding that the expression of pR imparts
fitness to the host under stress condition like starvation. However,
this is not the general case as is shown for a closely related strain
from Dokdonia sp. PRO98 [36]. Recently, there has been a profound
demonstration of the later quality in a bacterium from Vibrio sp. that
is amenable to genetic manipulation. Light-induced survival fitness
under starvation conditions could be clearly correlated to the transcrip-
tion of pR (Fig. 2, [37]). Therefore, more attempts will lead to the transi-
tion to cultured samples allowing a more rigorous control of the growth
conditions [19,36,38,39]. In addition there is a single report about
a photosensoric function of a pR in the heterotrophic protist Oxyrrhis
marina [31]. This notion is challenged by the finding of pR expression in
an endomembrane system linked to a phototrophic function [30]. Proton
pumping could be demonstrated in vitro [40] for one of the rhodopsins
fromO. marina. Both results are interesting as they add a new context, ei-
ther phototaxis or organelle energizing, to the photoreceptor's function
which can be addressed in further studies.

Two other properties of pRs are noteworthy as signs of pRs' physio-
logical importance or as a form of molecular adaptation. Spectral tuning
of pR is exploited to optimize light absorption at different depths in the
sea. Blue light absorbing variants, blue proteorhodopsin (BPR), have a
higher prevalence in deeper areas of the photic zone where blue light
can still penetrate, while other parts of the visible spectrum are already
filtered [12]. On themolecular level such an adaptation is mainly deter-
mined by a single amino acid substitution at position 105 in GPR (Fig. 2,
see below) [41]. The second property relates to another variation of the
rhodopsin theme. Here, a rhodopsin forms a stable entity with an addi-
tional chromophore factor building up the smallest antenna complex in
photoreceptors. Such a structure was first observed in a rhodopsin,
xanthorhodopsin, from the eubacterium Salinibacter ruber that binds
an additional carotenoid, salinixanthin [42]. Energy transfer from the
S2 state of salinixanthin to the retinal chromophore enlarges the spec-
tral sensitivity of this photoreceptor [43,44]. The tight binding of the addi-
tional chromophore to the proteinwas outlined in the crystal structure of
the xanthorhodopsin [45]. The close distance and the rigidness are pre-
requisites for an efficient energy transfer. The presence of small antenna
complexes also seems to be further spread among bacterioplankton
[36]. Until now there has been one other documentation in a pR from
Gloeobacter violaceus that could also be successfully reconstituted with



Fig. 2. Sequence alignment of different pRs and bR. GPR—green pR from theγ-proteobacterium SAR68; pR-MED134—pR fromDokdonia sp.MED134 showing light-stimulated growth; pR-
PRO95—Dokdonia sp. PRO95 showing no light-stimulated growth; pR-Vibrio—pR from Vibrio sp. used for genetic targeting; pR-alpha—pR from theα-proteobacterium SAR11 (Peligobacter
sp.); XR—xanthorhodopsin from Salinibacter ruber; bR—bR from Halobacter salinarum. The alignment is color coded by the BLOSUM62matrix. TMHs are indicated by green bars according
to the NMR data for GPR [54,57]. Relevant functional residues are marked by boxes and include the conserved histidine (magenta), residues involved in proton transfer and in complex
counter-ion formation (red), color tuning (orange) and those found instead of the PRG in bR (green). The lysine residue forming the pSB with the retinal is indicated in the black box.
Details are found in the text and Fig. 1.
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Fig. 3. DNP-enhanced 13C-MAS NMR spectra of 14–15-13C-labeled retinal in GPR and
GPRA178R [53]. The use of DNP enables a significant signal enhancement as shown for
the comparison between a conventional spectrum and a DNP enhanced cross polarization
spectrum (bottom). The C14 andC15 resonances are extracted by applying a double quan-
tum filter experiment (DQF, top). Upon introducing a mutation in the distant EF loop
(A178R), chemical shift changes for C14 and a small population of 13-cis retinal (arrows)
are observed.
Figure adapted from [53].
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carotenoids [46,47]. As suggested for xanthorhodopsin and confirmed in
the experiments with the pR from Gloeobacter violaceus, the important
factors for the antenna binding is the 4-keto ring in the carotenoid
chromophore and the presence of a small glycine residue (G156 in
xanthorhodopsin) that gives enough space for the 4-keto ring in the
protein binding groove.

3. Molecular determinants of pRs and the structural building blocks

So far, we have addressed the classification of pRs from a phyloge-
netic point of view as abundant retinal-based photoreceptors found
mainly in marine protists. There are additional molecular markers that
allow for a further classification of these photoreceptors. Compared to
the archaeal proton pumps with the prototypic bR, there are several
pronounced differences to GPR, the prototype of the pR class: First the
aforementioned spectral tuning factors in GPR and BPR (Figs. 1 & 2,
L105), second the presence of a histidine in TMH B (H75), and third the
absence of the bR-typical proton release group (PRG) including two
glutamic acids [48,49]. GPR undergoes a bR-like photocycle (Fig. 5D)
characterized by different intermediates usually termed K (product of
photoisomerization), M (deprotonated Schiff-base, [SB]), N (re-proton-
ated Schiff-base, [pSB]) and O (or PR', late intermediate). The spectral
intermediates and their kinetics are sensitive indicators for structural
and protonation changes (see below). As for their geographical and tax-
onomic distribution, we find also differences for the molecular markers
among the different pRs. Most of the studies published so far were
concernedwith the prototypeGPR. Spectroscopic and structural studies
will be added from other pRs where it is relevant.

3.1. Structural studies on GPR—the benefits from NMR spectroscopy

Green proteorhodopsin has been extensively studied by solid-state
NMR. This technique offers unique possibilities for a structure and dy-
namics characterization as well as for mechanistic studies once the
pentameric/hexameric GPR complexes (see below) are reconstituted
into lipid bilayers. Solid-state NMR on 13C-labeled retinal incorporated
into GPR revealed an almost 100% all-trans population in the ground
state (Fig. 3, [50]) in agreement with Raman data [51], whereas a minor
content of 13-cis retinal was detected in retinal extraction experiments
[52]. The use of dynamic nuclear polarization (DNP) to enhance the sen-
sitivity of solid-state NMR enabled the probing of small conformational
changes within the retinal chromophore upon introducing color chang-
ing mutations (Fig. 3, [53]).
Based on an extensive chemical shift assignment, a detailed second-
ary structure and dynamics analysis was carried out revealing the struc-
tural scaffold of GPR and confirming the predicted seven TMH fold
[54,55]. The retinal chromophore is bound to the opsin via a protonated
Schiff-base formed with Lysine K231. The characteristic kinks that have
been observed in other rhodopsins [56] are also conserved in GPR, in-
cluding the proline kink at P201 in TMH F and the π-bulge in TMH G
starting at position N230. Main structural differences are mainly con-
fined to the loops connecting the TMHs. Noteworthy are the small B–C
loop located at G87 to P90 forming a β-turn, and the E–F loop that
bears a helical extension from E170 to N176. There is a good agreement
between solid-state and liquid-sate NMR data (see below) on GPR in

image of Fig.�2
image of Fig.�3


Fig. 4. Oligomeric form of GPR in lipid bilayers. A low-resolution cryo-EM projectionmap in
negative stain [62] revealing a ring-shaped assembly. It was shown by AFM image analysis
of crystalline and non-crystalline sample preparations, that these rings are mainly formed
by GPR hexamers [63]. A radial arrangement of GPR within the hexamers has been shown
by EPR spectroscopy [65].
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liposomes and micelles, respectively [54,57]. Additional experimental
evidence for mobility of the A–B, C–D, and F–G loops has been
presented, the latter potentially being linked to the GPR ion
transporting function [55]. Itwas also shown that themolecular dynam-
ics of especially helices C, F and G but also the EF loop are coupled to the
dynamic bilayer properties as they show increasing mobility when
switching from the gel phase to the liquid crystalline phase [58].
Solid-state NMR data have also revealed the formation of a specific in-
teraction between H75 and D97 (see below) [59] and provided an un-
derstanding of the role of the EF loop for color tuning (see below) [53].

GPR proved to be an excellent test case for the applicability of cell-
free expression of membrane proteins and their suitability for structure
analysis. Using a tour-de-force liquid-state NMR approach on GPR in
diC7PC micelles, in which it assumes a monomeric form, its 3D back-
bone structure has been determined [57] (Fig. 1) and its dynamics has
been analyzed [60]. The seven TMHs A to G arrange in a similar manner
as in other rhodopsins (e.g. [56], Fig. 1). This study shows that de novo
3D structures of a cell free producedmembrane protein can be obtained
and functional data showed that the activity of cell free produced GPR is
not compromised [57].

Further insights into the molecular details are derived from the
xanthorhodopsin structure [45] and several propertieswere also detect-
ed in GPR. The close environment of the protonated Schiff-base is dom-
inated by the complex counter-ion that is formed in GPR by the residues
D97, D227 and R94 (Fig. 1). At alkaline pH, awatermolecule is in a com-
plex with the two charged aspartic acids and the proton from the pro-
tonated Schiff-base to which it is strongly hydrogen-bonded [52]. The
R94 shows only a weak coupling to D97 [61] and is in line with a side
chain orientation pointing away from D97 as in the xanthorhodopsin
structure. Instead, an important and pR specific interaction is observed
between D97, the primary proton acceptor in the pump cycle, and
H75 located in TMH B. An eminent feature of GPR is the high pKa-value
of the proton acceptor D97 (~7.5) that is among other factors the result
of its interaction with H75 (see below).
3.2. Oligomeric state

In lipid bilayers, green proteorhodopsin forms donut-shaped com-
plexes with a diameter of about 40 Å as observed by cryo-electron mi-
croscopy on 2D crystalline preparations [62]. Atomic force microscopy
revealed that these complexes are formed by hexamers and pentamers
[63] and such complexes are even found in DDM (0.08–1%) detergent
micelles [64,65]. Site-directed spin labeling and EPR in combination
with Overhauser DNP have been used to construct a model for the GPR
subunit arrangement within these hexameric complexes [65] (Fig. 4). In
this model, GPR shows a radial arrangement with residue 177 in the EF
looppointing away from thehexamer and residue 55 in the BC loop facing
the hexamer interior. In contrast, monomers are found in diC7PCmicelles
[57].Within themembrane, these complexes are formed undermany dif-
ferent conditions indicating that the hexamer/pentamer represents the
native state of GPR.

In detergent, GPR is active in both monomeric and oligomeric
preparations as judged from its photodynamics. However, quantita-
tive differences exist, especially regarding the lifetime and the absolute
population of the M-state varying from one to several tens of millisec-
onds. While this dependence on environmental factors might be not
surprising, conclusions have to be seenwithin this context. For example
fast proton release with the rise of the M-state has been observed in
DHPC micelles [66], whereas this process is retarded to the end of the
photocycle in detergent treated membranes from E. coli [51]. Likewise
changes are seen in the multiplicity of the C_N vibration, a marker for
the pSB environment, when going from the detergent octyl-glucoside
(doublet) to lipid reconstituted samples (singlet) [67]. Whether these
arise from differences in the oligomeric state or from the different deter-
gent environment cannot be decided at this point.
Similar effects have also been described for a pR from O. marina [40]
and a pR from Exiguobacterium sibiricum [68]. In the latter case the titra-
tion of the proton acceptor and theM-state kinetics are shifted by ~2 pK
units in a lipidic environment. Besides of environmental conditions, also
specificmolecular factors influencing the oligomeric state have been re-
ported. For example, it was found for the pR from Gloeobacter violaceus
in detergent micelles that trimer formation is linked to pH-dependent
interactions between the conserved histidine in TMH B (H75 in GPR)
and the primary proton acceptor [69]. A similar study has not been re-
ported yet for GPR. However, GPR has been found to form monomers
or lower oligomers in a nanodisk structure, which shows that external
factors can shift the oligomerization equilibrium [70,71]. Such a strategy
could serve as a benchmark to further probe the influence of environ-
mental factors on GPR's or other pR's activity.

One could speculate whether the radial arrangement of PR within
these complexes offers an advantage for light harvesting in the sea
and results in a better quantum yield per pumped proton compared to
monomers. Experimental evidence to support such a hypothesis is still
lacking.

3.3. Molecular mechanisms of color tuning

Proteorhodopsin comprises two main families, a green absorbing
one (GPR, λmax. = 525 nm) found closer to the surface and a blue ab-
sorbing one (BPR, λmax. = 490 nm) found at greater depths [41]. It is
generally accepted that the spectral characteristics of the retinylidene
chromophore is strongly affected by its interaction with amino acids
located in its direct vicinity. For example, one single point mutation
GPRL105Q in GPR, which is close to the chromophore, shifts the absorption
maximum towards blue, while the corresponding BPRQ105L mutation in
BPR causes a green shift [41,72]. The nature of position 105 could affect
the environment around the C13-methyl group andmight also influence
the hydrogen-bonding strength of the pSB proton with the surrounding
water molecules [67].

The recent discovery of a 20 nmred shift of theGPR absorption spec-
trumupon a singlemutation GPRA178R in the EF loop came therefore as a
great surprise as themutation site is far away from the retinylidene [73].
This effect is highly position specific [74]. A similar long-range effect,
induced by a mutation in the BC-loop, has only been reported for
halorhodopsin [75]. Based on their data, Kandori and co-workers
suggested that having a small residue such as alanine at position 178
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is essential to blue shift the absorption of GPR at neutral pH into a color
range compatible with a marine environment [76].

The molecular basis for this EF-loop induced color shift has recently
been resolved by solid-state NMR supported by dynamic nuclear po-
larization and time-resolved optical spectroscopy [53]. By compar-
ing 13C- and 15N chemical shifts between wild type GPR and GPRA178R,
mutation-induced structural changes throughout the protein have been
mapped. Interestingly, these changes propagate from the EF loop along
helices E and F throughout the whole protein including the retinal
binding pocket (Fig. 5A–C). A direct effect on the retinal structure
was observed by 13C chemical shift changes within the retinal itself
at positions C14 and C15 at the end of the polyene chain. The primary
reaction was probed by pump-probe spectroscopy, which revealed
that the formation of the K-like photointermediate is almost pH-
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in GPRA178R probably results in weaker structural constraints of the EF
loop onto helices E and Fwith consequences for the photocycle steps in-
volving movements of these helices. The EF loop structures could re-
strain helix movements during the photocycle, which become more
relaxed in the mutant. For GPR, photocycles between 100 and 200 ms
have been reported [51,52,70,78]. The longer photocycle for GPRA178R

is caused by the elongated lifetime of the N/O intermediate and the
interconversion of two different N intermediates. The decay of these in-
termediates is correlated with the reprotonation of the primary proton
donor. It has been observed in bR that this step of proton uptake in-
volves an outward motion of helix F that facilitates the proton uptake
from the cytoplasmic side, most probably due to the entrance of water
molecules [79–82]. After proton uptake from the cytoplasmic surface
this outwardmovement of the F-helix is reversed [83]. Assuming a sim-
ilar mechanism in GPR leads to the conclusion that the restoring force
imposed by the structured EF loop to helices E and F is significantly re-
duced in GPRA178R resulting in slower helix reorientation and an elon-
gated lifetime of the N/O intermediate. 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 loopmovement [84]. The data also show that an interaction path-
way exists between EF loop and retinal binding pocket. One could spec-
ulate that signals could be transmitted across themembrane needed for
potentially additional functions of GPR, such as sensing or signaling.

3.4. His-Asp cluster

GPR contains a highly conserved histidine at position 75. Homology
modeling predicts its location in helix B close to the active site and near
the primary proton acceptor D97 (Fig. 1) [85].

Using site-directed mutagenesis and time-resolved Fourier-
transformed infrared (FTIR) spectroscopy, a direct interaction between
H75 and D97 and a direct involvement in proton transfer has been sug-
gested [86]. A possible direct interaction between both residues but no
effect on the pSB was also reported [87]. Direct evidence for the forma-
tion of a pH-dependent H-bond between H75 and the primary proton
acceptor D97was provided by solid-state NMR, explaining the unusual-
ly high pKa of D97 (Fig. 6) [59] in accordancewith theoretical studies on
model compounds [88].

The functional role of H75 has been further studied using site directed
mutagenesis in combination with black lipid membrane (BLM) ex-
periments and time-resolved optical spectroscopy. Ultrafast vis-pump/
vis-probe experiments on GPRH75N showed that the primary reaction dy-
namics are retained (Fig. 6A), while flash photolysis experiments re-
vealed an accelerated photocycle. Despite its stabilizing function, His75
apparently slows down the photocycle in wildtype GPR and is not essen-
tial for proton transfer. The existence of a similar His-Asp cluster has been
shown in xanthorhodopsin [45] and in pRs from Gloeobacter violaceus
(see above) [69], from O. marina [40] and from E. sibiricum [68].

From the phenotype of different H75mutants, it was concluded that
the His-Asp cluster is not the only effector on the pKa of D97. In the pR
from O. marina, no interaction was found at neutral pH and the proton
acceptor has a low pKa value. For the pR from the E. sibiricum, a similar
low pKa value was found and it was concluded from the photodynamics
that the His-Asp cluster keeps the proton acceptor deprotonated during
the photocycle [68] enabling proton pumping under acidic conditions.
Hence, this conserved interaction for the pR-family comes in different
variations and a general mechanism does not prevail at the present stage.

4. Photocycle and proton pumping

There is now profound knowledge about the light-induced isomeri-
zation of the chromophore that we summarize in the next section. The
following steps are characterized by different intermediates with the
main conclusion that protonation reactions at the Schiff-base lead to a
proton transfer across the membrane [4] in a bR-like photocycle. There
are differences though, and especially the high pKa-value of D97 leads
to a composition of initial states that are different in their protonation
even at physiological pH. As those are also functionally different in their
pumping ability, the photocycles of the alkaline form GPRalk (D97−) and
the acidic form GPRacid (D97-H) have been investigated in great detail.
4.1. Photoisomerization

Femtosecond-time-resolved measurements on GPR in the visible
[89,90] and in the IR spectral range [91] reveal the primary photoreaction
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that is the general S1 deactivation pathway up to the formation of thefirst
ground state intermediate (K-state). Upon light excitation the ultrafast
isomerization of the retinal from the all-trans to the 13-cis conformation
is induced, which triggers a sequence of protein conformational changes
including several proton transfer reactions. Based on the models for bR,
a branched reaction scheme for the primary reaction dynamics of GPR
wasproposed [90]. TheC_C stretching is supposed to be thefirst reaction
coordinate out of the Franck–Condon region before the torsion around
the C13\C14 bond takes place leading to a conical intersection (CI) with
the ground state. The observed biexponential decay of the excited state
was explained by the assumption that some molecules do not directly
reach the CI and end up in a local minimum on the S1 potential energy
surface, which has to be overcome first (Fig. 7). Particularly, it could be
shown that the deactivation of the excited state possesses a pronounced
pH-dependence explained by a pH-dependent tilting of the S1 potential
energy surface [90]. However, femtosecond IR spectroscopy showed
that the quantum efficiency of the primary photointermediate, the
K-state, is not affected by the pH/pD value [91]. The photocycle of
GPR with a specifically altered proton acceptor complex was studied
in H75, D97 and D227 mutants [59,92–94] and demonstrated that
the negative charge of the complex counter ion is one of themain de-
terminants of the H-bonding pattern in the retinal binding pocket
and an important catalyst for the primary reaction.

4.2. Late steps in the photocycle

Several independent studies on the photocycle of GPR came to
similar results and conclusions [4,51,52,60,77]. Starting from GPRalk,
the K-intermediate decays in the early microseconds range to form the
M-state with a deprotonated Schiff-base. Reprotonation yields a red-
shifted intermediate that returns to the initial state within tens of
Fig. 7. Reactionmodel for the initial photoinduced events in GPR. After photoexcitation into
the Franck–Condon region (FC) two nuclear coordinates mainly contribute to the retinal
isomerization. A nuclear stretch on the order of 150 fs is followed by a torsional motion
on the order of 300 fs and leads to a conical intersection (CI)with the ground state. Although
mostmolecules decay along this pathway, somewill not reach theCI directly, but endup in a
state on the S1 potential energy surface separated from the CI by an energetic barrier. They
can access the CI within some picoseconds and explain the biexponential decay of the excit-
ed state. The reaction proceeds on the S0 potential energy surface (J) either back to an all-
trans configuration or to the 13-cis state (K). This model provides an easy and straightfor-
ward interpretation of the pH-dependence of the primary reaction, since the protonation
of the primary proton acceptor can be visualized in a tilting of the S1 surface leading to dif-
ferent amounts of molecules ending up in the faster or slower decay channel.
Figure is from [90].
milliseconds. Except for the K-state, all the kinetic intermediates from
a global analysis are a mixture of the different species as a result of
quasiequilibria (Fig. 5D). The M-state shows a multiphasic rise and
decay whereas the early phase (~10 μs) is much faster than in bR. This
is in accordance with a missing accumulation of the L-intermediate and
a faster onset of structural changes that has been assigned to changes in
helical segments [95]. The proton acceptor (D97) and the proton donor
(E108) could be identified in mutant IR spectra. The E108 is protonated
in the initial state even at pH 9 and in a stronger hydrogen-bonded net-
work than in bR [51,52]. The second half of the photocycle is dominated
by the N/O-species. IR data map it to the deprotonated E108 [52] with a
13-cis retinal (N-like) that decays into an O-like intermediate with a
twisted all-trans and a protonated E108 [51,52]. In the last step deproton-
ation of D97 and restoration of the initial state takes place.

The M-state does not accumulate to a large extent and is depen-
dent on the environmental conditions (see above). The maximum
amplitude follows in detergent the titration curve of D97. In GPR
theM-intermediate is not observed at ambient temperatures and at acidic
pHwhen D97 is protonated. However, theM-state can be freeze-trapped
(see below). That aside, there are notmany differences in the photocycles
of GPRalk andGPRacid. The intermediates are similar in their spectral prop-
erties [78] although no protonation changes are observed for E108 or D97
[52]. However, proton transfer reactions also take place under acidic pH.

4.3. Proton pumping and electrophysiology

4.3.1. Electrophysiological techniques in rhodopsin research
Proton pumping can be assessed either by pH-sensitive electrodes,

by chromophoric pH-indicators or by measuring the charge transport
associated with the proton transfer from one side to the other of the
membrane. The correlation of spectroscopic markers with the signal
from pH-indicators allows the determination of the kinetics for proton
uptake, membrane dwell time and proton release. Furthermore, it is a
comprehensive route to the stoichiometry of proton transfer per mole-
cule and photocycle (reviewed in [96]). Complementary to the indicator
approach are electrical methods. Hence in addition to proton uptake
and release, any electrogenic step can be detected, for example intra-
molecular proton transfer reactions or proteinous charge movement
connected to conformational changes. Either of those reactions will
eventually give rise to the voltage dependence of the photocycle.

There are several electrical methods established and applied in rho-
dopsin research that all have their benefits (Fig. 8A). In principle, to
detect a current from proton transfer, the proton pumps have to be ori-
ented in an asymmetric manner with respect to the electrodes [97] in
the external circuit like in (1) capacitive coupled sandwich systems
[98–100], (2) in a gelmatrix encapsulatingpumps oriented in an electri-
calfield [101] or (3) in cell suspensionswheremolecules are excited in a
topographically dependent manner by a light gradient [102–104]. While
the encapsulation approach (2) allows the concomitant recording of spec-
troscopic and electrical signals, the suspension method (3) guarantees
orientation within the membrane and a native environment. The sand-
wich system allows the recording of stationary transport currents by in-
creasing the conductance with ionophores. However, all the methods
bear an intrinsic frequency dependence of the signal, that is, the passive
properties of the electrical circuit can lead to a distortion of the signal am-
plitude and limit the accessible frequency window for the measurement
by filtering, shunting or passive discharge [105]. Slow signals will be
more affected than fast ones that are usually limited by the access resis-
tance or the bandwidth of the electronic devices. Hence, one has to keep
inmind that the different techniques can give rise to different quantita-
tive results especially if the equivalent circuit of the system is not well
defined as is often the case for experimental reasons. Furthermore, the
mentioned approaches lack the control and measurement of the trans-
membrane voltage. While for the in vitro systems one can assume the
absence of a voltage in the beginning of an experiment, such a condition
might not be found in the case of the cell suspension (3) as E. coli cells



Fig. 8. GPR electrophysiology. (A) Overview of the discussed electrophysiological techniques, when a displacement current due to proton pumping of GPR (pink ellipses) between two
electrodes are recorded (top). A close-up for the different approaches is shown numbered according to the text: 1) Proteoliposomes adhere to a black lipid membrane and currents are
recorded by capacitive coupling. Ionophores (blue boxes) allow the measurements of (DC) transport currents [52]. 2) GPR in E. coli membrane fragments are oriented in an electric
field and encapsulated in acrylamide gels [77,78]. 3) In the light gradient method, a lens effect by the E. coli cell leads to a higher probability to excite remote GPR molecules [103].
4) Two-electrode voltage-clamp (TEVC) in Xenopus oocytes allows voltage control over the membrane. The electrodes themselves are asymmetrically distributed with respect to GPR
(inside and outside of the oocyte). Two electrodes are used to record and to control the current Ic and the voltage Vc [52,115]. The red arrows should indicate the passive discharge of
the systems that limits the time window of the measurements. (B) Summary of TEVC recordings. Green laser flash-induced current recorded on an oocyte expressing GPR at pHext 7.4 at
different holding potentials (toppanel). Stationary currents are recordedunder green light illuminationwith varying pHext (middlepanel). A summary of the current–voltage relationships
and action spectrum (bottom panel).
Part (B) is modified from Lörinczi et al. [115] with permission.
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can have transmembrane voltages of ~−150 mV (e.g. [106]). Control
over this parameter is achieved in voltage-clamp recordings with micro-
electrodes as has been shown first for bR expressed in oocytes from
Xenopus laevis [107] and later for other rhodopsins [108,109]. One has
to stress that information about thephotocycle's voltage dependence can-
not be gathered in any other way.

4.3.2. Transient proton and charge movements
The proton pumping ability of GPRalk at high pH (D97−) is linked to

the photocycle in a similar manner as with bR [4]. The proton reactions
at the Schiff-base lead to the release towards the extracellular side and
the recruitment of a proton from the cytoplasmic side. After proton
transfer to D97, the SB is reprotonated by E108 duringM-decay. No pro-
ton releasewas detected upon this state. Such a behavior is similar to bR
under alkaline conditions or with mutations in the PRG [49,110]. The
proton uptake to E108 is linked to the rise of the N-like intermediate
and proton release is followed only in the last step. Such a sequence of
events has been indeed observed with pH-indicators [51] and in other
pRs like the ones from Gloeobacter violaceus [111] or from E. sibiricum
[68]. However, a different result was observed at alkaline pH (9.5) and
in a lipid environment where a fast proton release occurs [66]. Proton
release would be associated with the built-up of the M-state due to
the coupling of the PRGwith D97. Indeed, theM-state formation is asso-
ciated with charge transfer [103], but this fact can also be related to the
proton transfer from the Schiff-base to D97 alone. In the late stage of the
photocycle the PRG is replenished by reprotonation fromD97 [112]. The
implication is mechanistically relevant as it would require involvement
of another group with different protonation states in the proton trans-
fer. It was reported that H75 undergoes protonation changes during
the photocycle [86], but mutants of GPRH75X are fully functional as pro-
ton pumps so that this residue cannot be a necessary factor for proton
pumping [59,86]. It is interesting to note that the presence of a PRG in
the absence of E194 and E204 homologues was also concluded in
Channelrhodopsin-2 [113,114]. Hence, there are variations in the PRG
theme that might be also found in pRs.

At acidic pH, transient charge movements could be followed after
flash excitation of GPRacid in reconstituted systems [52,78] and in Xenopus
oocytes under voltage-clamp conditions [115] (Fig. 8B). The direction of
the transfer is inverted leading to an inward current similar to bR with a
protonated H+-acceptor D85 [116]. Interestingly, the inward current in
GPR is strongly pH and voltage dependent, so that an inward current
can be observed even at pH 7.5 under hyperpolarizing potentials. The
participating groups in the protein are not identified yet and infrared
data do not reveal fast protonation changes in the carboxylic region
[52]. The transport measurements under voltage-clamp conditions point
to an experimental gap between the spectroscopic and electrical mea-
surements. However, the advent of oriented systems in a supported
bilayer could help to follow the voltage-dependence of the photocycle
spectroscopically [117,118]. In the sensory rhodopsin II from Natromonas
pharaonis NPSRII, the proton transfer can be halted at the M-state by ap-
plying an electric field opposite to the proton current. Interestingly, there
do not seem to be additional structural changes involved compared to the
state in the absence of an applied electrical field. Therefore, it could be
possible to decouple the proton reactions from the structural changes as
is also clearly documented in the NpSRIID75N mutant (homologue to
D97 in GPR) that undergoes normal movement of TMH F without built-
up of the M-state [119]. Similar experiments have not been done yet for
GPR or other proton pumps nor do we know if GPR undergoes similar
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Fig. 9. Reversed proton transfer in GPR. C-terminally His-tagged PR was bound to Ni-NTA
covered silicate beads,which enforced a unique orientation into proteoliposomes containing
the pH-dependent fluorescent dye HPTS (A). Upon removal of the beads and sample illumi-
nation, protons were either transferred out of the vesicles (pH 6, fluorescent increase) or to
the inside (pH 8.5, fluorescent decrease) (B). Activity measurements of GPR and GPRD97N
proteoliposomes at pH 6.0 and pH 8.5 reconstitutedwith Ni-NTA silicate beads (C). No fluo-
rescent signal can bedetectedduring the illumination period. GPR showsbidirectional trans-
port, the net transport direction depending on the pH (fluorescence increase, proton export
for pH 6;fluorescent decrease, proton import for pH 8.5). TheD97Nmutant shows no activ-
ity over the whole pH range (constant fluorescence intensity) (D).
Figure taken from [87].
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structural changes at acidic pH. The important observation is related to
the modulation of the photocycle by an electrical field that can shunt
the proton transport. This is described in detail for bRwhere one observes
the accumulation of an M-state in a voltage-dependent manner [120].
Eventually a fraction of the molecules are trapped in a futile, non-
transporting circlewhere reprotonation of the SB occurs from the extra-
cellular side. The conclusion is supported by double illumination exper-
iments that can specifically probe the presence of theM-state [121]. The
shunting in an M-state can explain the linear current–voltage charac-
teristics with higher currents under depolarizing conditions. Similar
experiments have been also successfully performed for GPR (Fig. 8B)
[52,115].

For a stationary inward transport in GPR, it would further be re-
quired that the proton from the pSB can escape to the cytoplasmic
side via a cytoplasmic half channel. It was seen in the xanthorhodopsin
structure that the proton donor is in a more hydrophilic environment
than in bR [45]. Amore important role could be due to awatermolecule
that is hydrogen-bonded to both the retinal binding lysine (K231 in
GPR) and the proton donor (E108). E108 is more strongly hydrogen-
bonded than the corresponding D96 in bR. Therefore, one could specu-
late that conformational changes, especially from the EF loop, under
acidic conditions still proceed and lower the pKa of E108 while keeping
D97 protonated. Therefore, the high pKa of D97 could render inward
proton transport feasible (see below), especially under hyperpolarizing
conditions that should speed up proton transfer towards the cytoplas-
mic side. As seen in Fig. 8B, inward currents can therefore be triggered
at neutral pH in a voltage-dependent manner.

4.3.3. Stationary transport measurements
A qualitatively different approach to assess proton transport comes

from stationary transport measurements. There is consensus about the
proton transport function of GPR that is linked to an M-state [4,52,122]
at alkaline pH due to the very high pKa of D97 in PR (~7.5). At acidic
pH, it has been difficult to observe an M-like state with a de-protonated
Schiff base [52,122]. The direction of proton pumping was found to be
inverted as seen by photocurrent measurements in reconstituted lipo-
somes attached to BLM and in Xenopus oocytes under voltage-clamp con-
ditions [52]. These findings were challenged by experiments reported by
others [78,122] but have been confirmed in oocytes (Fig. 8B) [115], by
fluorescence spectroscopy (Fig. 9) [87] and by cryo trapping experiments
in the UV/vis [115] and in the IR [123], where the characteristic finger-
print of an M-like intermediate was also observed at low pH values.
These experiments confirm bidirectional proton transport in GPR as
shown by Friedrich et al. [52]. The proton transport inverts in the physio-
logical range around the pKa of D97. The presented experimental ap-
proach offered a qualitative complementation to BLM measurements.

The reason for the change in vectoriality is thus a kinetic one: at acid-
ic pH, the release of the SB proton towards the intracellular space is
immediately followed by reprotonation, which can presumably occur
from the water-filled cytoplasmic (CP) cavity and explains the lack of
M-accumulation at room temperature. Although themechanistic details
of the inwardH+-transportmode of GPR are somewhat incomplete, it is
evident, that an inwardly directed proton transport is only observed, if
the proton acceptor position is neutralized by mutagenesis (GPRD97N/T)
or acidification [115]. Nevertheless, D97 might not act as a donor or ac-
ceptor group under these conditions, and alternative residues for tran-
sient de-/protonation still have to be identified.

One could also explain the current data with leakage, as pumping
against the electrochemical gradient could not be demonstrated so far
for experimental reasons. However, it was inferred from the different ap-
plied light qualities (wavelength, intensity) that inward proton pumping
requires a two photon cycle process, although green light alone is suffi-
cient to induce inward currents (Figs. 8B, 9) [115]. A second light reaction
akin to the abovementioned voltage dependence could help to accelerate
proton transfer reactions as observed with blue light under acidic condi-
tions. This could work in addition to the voltage effect and the high pKa
of D97. In the pR from O. marina, inward currents could not be detected
in agreement with its low pKa of the proton acceptor [40]. A two-
photon photocycle is not uncommon in rhodopsins and has been ob-
served before, for example in channelrhodopsins [124], but also in
other retinylidene pumps like halorhodopsin [125,126]. In fact, a re-
cently described tandem cassette allows fusion of two rhodopsin mole-
cules and the determination of the relative pump transport activities
[125]. This strategy could provide further insights into the voltage-
dependence of pRs and their pumping efficiency under stationary con-
ditions whose characterization become more relevant in the light of
optogenetics.

5. Conclusions and outlook

Here, a survey of recent achievements in the proteorhodopsinfield is
presented stretching from initial characterizations of many different pRs
to in-depth studies on the green absorbing variant (GPR). Noteworthy
are the interactions of GPRwith its environment.We have described sev-
eral aspects covering the influence of the protein to photoisomerization,
long ranging interactions within the molecule and the dynamics within
the lipid bilayer. Some of the properties can be related to molecular
and structural entities like the color coding residues or EF mobility
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and photodynamics. Other topics remain open for further studies, such
as the linkage between oligomerization state and function. Further-
more, the increasing number of pRs will provide new surprises and
variations like they have been observed for the His-Asp cluster. And
eventually there might be a linkage from the structure to the function
to the phototrophic impact observed in the global phenomenon of
proteorhodopsins. The presented studies also illustrate that advanced
methodology such as dynamic nuclear polarization/solid-state NMR and
time-resolved optical spectroscopy provides highly compatible data sets
if properly combined and enables obtaining unprecedented insight into
the molecular mechanism of retinal proteins.

Note added in proof

New high resolution structural data have been published during the
finalization of the review. Atomic coordinates have been deposited in
the protein data bank for BPRs from the γ-proteobacterium HOT75
(accession numbers 4KLY, 4KNF) and from an uncultured bacterium
Med12 (4JQ6) [127]. A recent publication describes and discusses the
structural properties of the pR from the E. sibiricum [128]. The latter
one has further the novel property of using a lysine residue for the pro-
ton uptake pathway from the cytoplasmic side (D96 in bR) [129,130].
The structural aspects for the different pR molecules just emerge and
will provide molecular details for the variations within the pR family
that cannot be discussed here at the present stage. However, an initial
comparison already reveals differences in important and above men-
tioned structural details. The BPRs come in a pentameric and hexameric
state, while the pR from E. sibiricum only has amonomer as the biological
unit. As discussed in [128], the orientation of the conserved histidine that
is part of the His-Asp dyad is very different. In the E. sibiricum pR, the side
chain is located within the monomeric unit pointing towards the con-
served arginine that is part of the complex counter-ion. In contrast, the
histidine in the BPR structures not only interactswith the proton acceptor
aspartic residue (D85 in bR), but also protrudes into the space between
the protomers. Here, it is hydrogen-bonded to the neighboring protomer
by a tryptophane residue that is not conserved among the pRs. A compar-
ison between the liquid-state NMR backbone structure of GPR (2L6XR)
and the X-ray structure of BPR (4JQ6) shows similar secondary structure
key features but also differences with respect to helix orientations. Rea-
sons could be the very different sample conditions under which the
liquid-state NMR data were acquired such as very high temperatures,
different detergents and monomeric instead of pentameric/hexameric
states. One should also bear inmind that the liquid-state NMRbackbone
structure has a relatively low resolution compared to the X-ray struc-
ture. The structural details obtained so far by many different methods
will help our understanding in the functionality of pRs like themodula-
tion of theHis-Asp cluster, the presence of a PRG and the nature and im-
portance of oligomeric states.
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