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sights from the proton transfer pathway
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ABSTRACT: Voltage imaging using genetically encoded voltage indicators (GEVI) has taken the field of neuroscience by
storm in the past decade. Its ability to create subcellular and network level readouts of electrical dynamics depends critically
on the kinetics of the response to voltage of the indicator used. Engineered Microbial Rhodopsins form a GEVI subclass
known for their high voltage sensitivity and fast response kinetics. Here we review the essential aspects of microbial rho-
dopsin photocycles that are critical to understanding the mechanisms of voltage sensitivity in these proteins and link them
to insights from efforts to create faster, brighter and more sensitive Microbial Rhodopsin-based GEVIs.

Introduction

Many organisms have developed photoreceptor proteins to
help them adapt to the environment. These light-sensing
proteins utilize different chromophores (including retinal,
bilin and flavin) to transduce incoming photons into me-
chanical energy.”> Rhodopsins are one such superfamily of
retinal binding proteins, which are ubiquitous to all do-
mains of life.3 These proteins covalently bind a molecule of
retinal, which is an aldehyde of vitamin-A derived from (-
carotene.>* The retinal chromophore absorbs a photon and
undergoes isomerization in the protein environment.* This
primary phototransduction event triggers distinct protein
conformational changes leading to diverse functions rang-
ing from ion transport to signal transduction.

Rhodopsins are divided into two distinct families based on
phylogeny: type-1 (microbial rhodopsins) and type-2 (ani-
mal rhodopsins).*5 Type-1 or microbial rhodopsins use all-
trans retinal as a chromophore to drive ion translocation
or photosensory functions in several microbial species
spanning Eukaryotes, Bacteria, and Archaea. Type-2 or an-
imal rhodopsins form a specialized class of G-protein cou-
pled receptors using 11-cis retinal as a chromophore and are
responsible for visual and non-visual phototransduction in
vertebrates and invertebrates. Despite having almost no
sequence homology, both animal and microbial rhodop-
sins share the same overall protein architecture of seven
transmembrane a-helices (called the “opsin”) which binds
retinal 3 4 The emergence of myriad functions and an ex-
pansive phylogeny from this common and relatively simple
protein scaffold is nothing short of a spectacular feat of
evolution. This is particularly stark for microbial rhodop-
sins, whose functions range from light-driven ion pumps

or channels, phototaxis receptors to photoactivatable en-
zymes in several terrestrial and aquatic ecosystems. They
play a key role in the survival and adaptation of their host
microbes and can even exhibit spectral tuning to light
availability in local microenvironments.® This supports the
notion that microbial rhodopsins are essential to maintain-
ing phototrophic energy balance in several biomes.” Recent
advances in metagenomics have led to an explosion of dis-
coveries of microbial rhodopsins in previously unexplored
ecological niches. Their phylogenetic tree is continuously
being expanded, with novel members with unknown func-
tions being reported with some regularity.®

The incredible versatility of microbial rhodopsins have
made them a tantalizing bioengineering platform. One of
the greatest scientific revolutions of the last twenty years
is the birth of Optogenetics.® A microbial rhodopsin
termed Channelrhodopsin, a cation channel responsible
for phototaxis of green algae, was successfully applied as a
light-gated actuator upon transgenic expression in mam-
malian neurons in 2005."° From this point onwards, the ap-
plication of microbial rhodopsins has revolutionized neu-
roscience and influenced how we perturb, visualize, engi-
neer, experiment on and think about the brain. Besides be-
ing used as actuators, proton-pumping microbial rhodop-
sins were engineered to report changes in membrane po-
tential through their voltage modulated fluorescence."
This led to major advances in Voltage Imaging: visualizing
cellular electrical dynamics in 3D and 4D fluorescence
movies. The ability to directly transduce electrical dynam-
ics into fluorescence sets genetically encoded voltage indi-
cators (GEVIs) apart from genetically encoded calcium in-
dicators (GEClIs), which indirectly monitor neuron activity



only through calcium influx.> Within the broader palette
of GEVIs, different protein configurations have been used
to convert changes in voltage into changes in fluorescence.
These include voltage and pH sensitive ion channels or
pumps containing a native chromophore, or voltage-sens-
ing domains (VSDs) from voltage gated ion channels fused
to fluorescent proteins (FPs). Despite their generally low
fluorescence quantum yield, GEVIs based on proton-
pumping microbial rhodopsins show faster response kinet-
ics and the highest sensitivity to voltage changes, offsetting
the higher brightness of VSD-FP sensors™. Efforts to cre-
ate the next generation of GEVIs with improved bright-
ness, faster kinetics, and higher voltage sensitivity have
spawned a vibrant community of molecular biologists, pro-
tein engineers, physicists and neuroscientists working on
engineering microbial rhodopsins.

The native function of microbial rhodopsins is typically de-
scribed in terms of a photocycle: absorption of a photon
starts a process converting the absorbed energy into a se-
quence of mechanical actions, typically isomerization of
the retinal chromophore and subsequent conformational
changes of the embedding protein, which for instance
leads to transport of an ion through the protein. Each of
these changes can be described as a transition out of and
into an intermediate state of the protein: the structural fea-
tures of each intermediate state are intimately linked to the
lifetime of the state, its spectral properties (absorption
spectrum, fluorescence and quantum yield) and the kind
of perturbations it is sensitive to (for instance, application
of voltage across the protein), which can lead to modifica-
tion of the photocycle. Linking the mechanics and electro-
magnetic properties of the intermediate states is therefore
necessary to understand the intrinsic ion translocation
mechanism, the origin of the voltage sensitive fluorescence
and the influence of protein and electrostatic modifica-
tions on both properties in microbial rhodopsins. This
knowledge in turn informs our ability to improve the prop-
erties of microbial rhodopsin-based GEVIs. The first muta-
tions in very early rhodopsin based GEVIs, namely the bac-
terial Proteorhodopsin and the archaeal Archaerhodop-
sin3, were meant to break the proton transfer pathway";
subsequent mutations were added to improve kinetics and
state transitions towards more fluorescent states. The ion
translocation mechanism (with proton transfer in Bacteri-
orhodopsin as an example), its impact on fluorescence,
how it can be engineered and how it influences GEVI volt-
age sensitivity will be reviewed here.
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Figure 1. Potential energy diagram of the isomerization re-
action of retinal in BR. Light absorption brings retinal into
the Franck-Condon state from the ground state Sy. From
the excited state Sy, the higher excited state S, can be
reached through a multiphoton process. After several hun-
dred femtoseconds, a fraction of the molecules will decay
back to the ground state through nonreactive fluorescence
emission; the others will go through the photocycle result-
ing in translocation of a proton. Adapted from Florean, An-
drei C., et al.*®

Proton transfer in Bacteriorhodopsin

For a detailed discussion of the mechanism of proton
transport in microbial rhodopsins, we use the well-charac-
terized bacteriorhodopsin (BR) as a model system. BR was
discovered in the purple membrane of the halophilic ar-
chaea Halobacterium salinarum in 1970 and has since been
extensively characterized, making it the best understood of
all microbial rhodopsins.3

All-trans retinal is covalently bound to a lysine residue (Lys
216 in BR) on the helix G through a Schiff Base linkage, and
this Retinylidene Schiff Base (RSB) is normally protonated
(RSBH+).3 In the dark, the all-trans RSBH+ usually exists
in an equilibrium with the 13-cis isomer (50:50 for BR),
where steady-state illumination leads to a uniform all-
trans population.>”. In the ground state, BR displays a
maximum absorbance (1,,,,) of ~570 nm. After absorbing
a photon, the RSBH+ enters the excited Franck-Condon
region, from which it can either enter the non-reactive S,
state and decay back to the ground S, state through spon-
taneous emission (see next section) and non-radiative re-
laxation or enter the reactive S1 state leading to photoisom-
erization at the C13=C14 double bond.?>* A general poten-
tial energy diagram of this reaction is shown in Figure 1.
The all-trans 2 13-cis isomerization triggers a photochem-
ical cycle containing a sequence of intermediate states, ul-
timately resulting in proton transfer**?? (Figure 2).



These photointermediates can be distinguished and char-
acterized by time-resolved spectroscopic and structure-
based crystallographic methods.?6™

The transitions involved in photoisomerization (I>]J>K)
occur in the subps to ps regime, and have been mapped
using ultrafast spectroscopy and more recently in detail by
time-resolved serial femtosecond crystallography.3>33 Re-
laxation of the Franck-Condon to the reactive S; state oc-
curs within 100 to 200 fs, forming the blue-shifted electron-
ically excited I,¢, intermmediate, where the retinal is still
all-trans.3+37 This state decays via the conical intersection
and forms the vibrationally hot ] intermediate in 450 fs, re-
sulting in the all-trans to 13-cis isomerization3*° (Figure
1). The ] state is characterized by a twisted 13-cis RSBH+
geometry with a 4,4, of 625 nm34# The transition to the
K intermediate occurs in 3 ps along with a spectral shift
from 625 nm to 590 nm 4*# due to vibrational cooling and
conformational relaxation of the chromophore#+° (Figure
2) The Raman spectrum of the K-state has a strong 13-cis
chromophore fingerprint, indicating that the all-trans to
13-cis isomerization is complete.#*4 Compared to the
highly twisted ] intermediate, the K intermediate is char-
acterized by a more planar retinal chromophore.® After
~70 ps, the protein-retinal complex undergoes further re-
laxation identified by Raman spectroscopy and renewed
hydrogen out-of-plane (HOOP) intensity.?®4¢ This state,

termed the KL intermediate, leads to a stronger hydrogen
bond association between the RSBH+ and the proton ac-
ceptor Asp85.28

The L intermediate forms within ~ 1.5 ps and is spectrally
close to the K intermmediate.#* FTIR spectroscopy indi-
cates that the KL to L transition involves structural relaxa-
tion of the Schiff base and the B-ionone region of retinal
with different kinetics.®# During the transition from
K->KL~->L, the distorted chromophore relaxes and the en-
ergy this releases is utilized for rearrangement of the pro-
tein environment.*-5° These perturbations help overturn
the proton affinity between RSBH+ (high) and Asp85 (low),
facilitating the proton transfer to Asp8s during the subse-
quent transition from L->M intermediate.>*®5"5* Rear-
rangement of the hydrogen bonding network involving the
three water molecules in the cavity facilitates deprotona-
tion of the RSBH+.575 Water4o2 in particular plays an im-
portant role here, since it interacts directly with RSBH+,
and the counterions Asp85 and Asp2125+5 (figure 3). In the
L intermediate, the hydrogen bonds between Water4o2
and Asp8s, and between Water4o2 and the N-H group
from RSBH+, are strengtehend.?”>* This lowers the pK,of
RSBH+, destabilizes the RSB proton and maintains the
negative charge at Asp8s, which facilitates the deprotona-
tion process. 4545
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Figure 2. Illustration of the bacteriorhodopsin photocycle (PDB ID: 1C3W). L to M;: proton transfer from RSBH+ to Asp8s;
M, to M,: proton release from the proton release complex involving Glui94 and Glu2o04; M, to N: reprotonation of RSB from
Aspg6; N to O: reprotonation of Aspg6 from the cytoplastic medium; O to bR: proton transfer from Asp8s to the proton
release group. The maximum absorbance wavelength of each intermediate is labeled in number. The key residues involved
in the transition are marked in black. Retinal structures are adapted from Lanyi, J. K., & Schobert, B.5



This transfer happens in around 10-40 ps as confirmed by
FTIR.*757 Water402 potentially switches its hydrogen bond
from Asp85 to Asp212 during the L to M transition and im-
proves the deprotonation efficiency.>

\
5.} ‘
Aspge\b/ ’

Lys216 P
A

N H D EC
Asp85 : f
Y Asp2
0o

Figure 3. The structure of the RSB region in BR
(PDB: 1C3W). The retinal chromophore is linked to the he-
lix through Lys216. There are three water molecules (wa-
ter4o2 in blue, water4o1 and water406) found in between
the RSB and the proton acceptor Asp8s. Potential hydro-
gen bonds are shown in dashed lines. Cytoplasmic side
(CP) and extracellular side (EC) directions are marked in
light grey in Figure 3 to 6.

The proton transition to Asp85 marks the formation of the
M intermediate, which is characterized by the deproto-
nated chromophore with a blue-shifted A,,,, at ~400 nm>®
(Figure 2). Upon decay of the M intermediate, the RSB is
reprotonated by the proton donor Aspg6 situated 10 A
away on the cytoplasmic side.>*7*® The defining feature of
the M state is a switch in accessibility of the RSB from the
extracellular to the cytoplasmic part of the protein, break-
ing extracellular access and ensuring vectorial proton
pumping. This switch is facilitated by a structural change
in the RSB and movement of the protein helices F and
G.5559°%3 Proton transfer from the RSB to Asp8s breaks its
electrostatic interactions with the extracellular facing res-
idues leading to a distortion in the chromophore. From X-
ray crystallography, it was shown that deprotonation leads
to an unbending of retinal due to a decrease in its intrinsic
curvature.®% A complementary view has been provided by
magnetic resonance studies, where breaking the ‘electro-
static yoke’ holding the RSB, Asp85 and the surrounding
hydrogen-bonded network leads to a release in torsion of
the RSB.®% Concomitantly, an outward tilt of the helix F
and movement in the cytoplasmic end of helix G together
shape a cytoplasmically open state that facilitates efficient
reprotonation of the SB.63%57% [t is likely that these changes
occur in a sequential way, i.e. that the distortions in the
RSB trigger its rearrangement towards the cytoplasm.®7°

This accessibility switch was discovered in the late gos and
has since been incorporated in the photocycle as the tran-
sition event from the M; to the M, intermediate® (Figure
2). The M, to M; back reaction rate was found to increase
with increasing proton concentration.®* The M, interme-
diate accumulates at higher hydration levels than M; and
the associated conformational change is reversed at the
end of the photocycle.”

A putative proton release group is responsible for releasing
the proton into the extracellular medium during the M
state, as Asp8s stays protonated until the end of the pho-
tocycle 3757 The exact identity of this proton release
group is unknown, though it likely involves a water cluster
containing one proton, five water molecules and several
residues including Glu2o4, Gluig4 and Arg82 *777 (Figure
4). The protonation status of this group was found to be
coupled to that of the counterion Asp85.7275 When the
counterion is protonated, the pK, of the proton release
group is low (~5) resembling dissociation; when the coun-
terion is anionic, the pK, of the release group is high (~9.2)
indicating that Asp8s protonation leads to extracellular
proton release.?””»7* During the transition from M;> M,,
protonation of Asp8s displaces the Arg82 side-chain to-
wards Gluig4 and Glu2o4, which stabilize a fluctuating ex-
cess proton in the release site.”%”7 The approaching Arg82
breaks this balance, thereby releasing the proton extracel-
lularly.” This early extracellular proton release is a key
event in proton transfer, as the coupled rise in pK, of
Asp8s prevents back-transfer to the RSB, ensuring the M,
- M, directionality.”
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Figure 4. The structure of the proton release region in BR.
Multiple side chains and water molecules are involved in
the proton release process. The key residues, Gluigg4,
Glu204 and Arg82, are illustrated here.

The formation of the subsequent N intermediate (Figure 2)
occurs in around ~5 ms*®, and is accompanied by proton
transfer from the donor Aspg6 to the RSB. The structural
changes involved in the transition from M;>M,>N (e.g.
the outward tilt of helix F) allows water to enter the RSB



vicinity forming the cytoplasmic proton transfer water
cluster.?729787 The crystal structure of the accumulated N
state displayed a continuous chain of single-file hydrogen-
bonded water molecules connecting Aspg6 and RSB, serv-
ing as the proton conducting pathway.”®8°3 The actual
time required to complete this movement (ms) is six orders
of magnitude longer than in theory (ns), because of the
slow kinetics of prerequisite conformational changes and
deprotonation of Aspg6.27:80:8283

The reprotonation of Aspg6 is accompanied by thermal
reisomerization of retinal back to all-trans upon decay of
the N intermediate and start of the O intermediate.?”84
Protons are taken up from the cytoplasmic surface to pro-
tonate Aspg6 during this transition.>* The reisomerization
of retinal and reprotonation of Aspg6 are thought to be
coupled by turning of the RSB N-H bond, which collapses
the water chain connecting RSB and Aspg6 leading to an
increased proton affinity of Aspg6.7% The exact mecha-
nism of Aspg6 reprotonation is unknown, though it is hy-
pothesized that a group of cytoplasmic residues (Asp36,
Asp38, Asp102, Aspio4 and Glui66) attract protons though
the narrow tunnel towards Aspg6, which becomes wider
during the movement of helix F (Figure 5).8¢-89
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Figure 5. The structure of the proton uptake region in BR.
Multiple residues, including Asp36, Asp38, Asp102, Asp1o4
and Glui66, are likely to be involved in the reprotonation
process of the proton donor Aspg6 during the photocycle.
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Resonance Raman spectra of the O intermediate displays
intense HOOP vibrations arising from distortions in the
all-trans chromophore relative to its ground state®+ (Figure
2). The decay of O to ground state is the last step of the
photocycle, which is characterized by reprotonation of
the extracellular proton release group by Asp8s.279° Due to
difficulty in resolving the structure and kinetics of the O
intermediate, the mechanism of this long-distance transfer
is still unknown.?"9* The driving force is thought to be the
difference in pK, between Asp85 and the proton release

group in the initial state.?”9 [t is suggested that Asp212 be-
longs to the Asp8s-to-proton-release-group proton trans-
fer pathway, and that Arg82, Glui94 and Gluzo4 participate
in this transfer (Figure 4).9379° At the end of the O interme-
diate, the protein and the retinal are restored to the initial
ground state completing the photocycle.

The origin of fluorescence

Microbial rhodopsins are weakly fluorescent in their dark
state due to spontaneous emission of the RPSB. After pho-
toexcitation and relaxation from the Franck-Condon state,
the RPSB can enter the non-reactive S;state emitting a
photon relaxing back to the ground Sy. The quantum yield
(QY) of fluorescence is low (in the order of 10 to 107 for
BR) since the RPSB is optimized to favor the photochemi-
cal reaction cycle, thereby leading to a high QY of pho-
toisomerization (0.64 for BR).97 This is consistent with a
short excited state lifetime of ~0.5 ps.3®4 Early experiments
on BR showed near infra-red fluorescence extending from
600-900 nm with a maximum at ~740 nm and strong pH
dependence.?” Its emission band was found to be compo-
site with contributions from photointermediate fluores-
cent states, in addition to spontaneous emission (BR568).
These were determined to be the O intermediate and an-
other highly fluorescent intermediate termed “Q”, which
arise from sequential absorption of 2 or 3 photons. Both O
and Q have distinct decay kinetics (9 and 62 ps respec-
tively) and their relative contribution towards fluores-
cence was shown to be dependent on the excitation power
and pH. 0>

As mentioned above, formation of O is characterized by a
deprotonated counterion and red-shifted absorbance. Flu-
orescence from O was found to be pH dependent with the
fluorescence lifetime and QY decreasing with an increase
in pH.*>** On the other hand, the Q intermediate is
formed upon photoexcitation of the non-fluorescent N- in-
termediate, which is stabilized under alkaline condi-
tions.”> The quantum yield of Q is ~100 times more than
BR568.°4 It has a red-shifted absorption like O and its flu-
orescence lifetime is relatively insensitive to pH.*** In fact,
pH shifts the equilibrium between the N (branching to Q)
and the O states, and therefore the emerging fluores-
cence.* The isomerization state of Q is likely to be all-
trans since it is formed by photoexcitation of the 13-cis N
state.'”>'°> The accumulation of prefluorescent N can also
be influenced in the preceding transition from M to N,
which are both still within the 13-cis manifold. Optoelec-
tric studies in BR showed that the ratio of M1/M2 interme-
diates and M2 decay were also found to be influenced by
the electrochemical gradient.'*®'” Here, membrane poten-
tial is likely to impact the reprotonation of the RSB by Dg6,
as the Dg6N mutant shows a slowing down of M decay.®
Interestingly, in BR(D96N) illumination with blue/violet
light leads to isomerization from the 13-cis M to an all-
trans O-like state short circuiting the photocyle.®"* This
type of optical switching between photostable all-trans
and 13-cis intermediates has been reported in several other



rhodopsins and is discussed in further detail in the next
section with respect to voltage-sensitive fluorescence."*™

The above studies in BR indicate that higher fluorescence
is a property of the RPSB with a protonated counterion.
This is supported by the longer excited state lifetimes of
the BR upon acidification or neutralization of the counter-
ion in the mutant D85N."3" Recently a highly fluorescent
rhodopsin termed Neorhodopsin (NeoR) was identified
with a long excited state lifetime resulting in higher fluo-
rescence QY." NeoR has three Asp/Glu residues, neutral-
ization of which leads to a sequential increase in QY and
red-shifted absorbance band. Extrusion of water molecules
from the active site is likely to contribute towards this pro-
cess. NeoR was also found to cycle between a blue shifted
M-like state and a red-shifted state with a deprotonated
chromophore similar to BR."*

The photointermediate fluorescence of BR was recapitu-
lated in several studies done on variants of Archaerhodop-
sin-3 (Arch3) from Halorubrum sodomense® which is
widely used as a GEVI. The studies on highly fluorescent
Archs3 variants indicate that the protein modifications may
favor an all-trans O-like ground state (which is distinct
from the ground state generated during protein biosynthe-
sis) with a protonated RSB and a neutral Schiff base coun-
terion. These studies are further explored in the next sec-
tion.

The origin of voltage sensitivity in Arch3-based GEVIs

Investigations of the mechanism of Arch3 voltage sensitiv-
ity were carried out shortly after its application as GEVIL."S
Archs3 fluorescence was also thought to arise from a pho-
tointermediate, since the high illumination intensities typ-
ically used to image Arch3 fluorescence should deplete the
ground state. Using pump-probe spectroscopy, Arch3 flu-
orescence was found to arise from a three-photon process
(similar to BR): the first photon initializes the photocycle,
the second blue-shifted photon is absorbed by the N-state
branching the photocycle to Q and the third photon ex-
cites fluorescence from the Q-state.”> Through concurrent
patch clamp and fluorescence experiments, it was con-
firmed that the voltage-sensitive fluorescence likely comes
from a photointermediate with long lifetime.”> It was hy-
pothesized that the membrane potential tunes the equilib-
rium between the M and N state by affecting the RSB
reprotonation efficiency from the proton donor D106
(Figure 6; equivalent to Aspg6 in BR).

Near-IR resonance Raman confocal microscopy studies on
Arch3(DgsN) (Figure 6; Aspgs is equivalent to the proton
acceptor Asp85 in BR) demonstrated that an all-trans O-
like intermediate predominates at neutral pH. At pH
higher than 7, an N-like species is formed upon excitation
of the O-like intermediate."® Arch3(DgsN) accumulates 13-
cis N-like species under red illumination, and voltage pos-
sibly influences the RSB protonation and therefore the
equilibrium between M and N." Combining ultraviolet-
visible (UV-Vis) absorption, fluorescence and FT-Raman

spectroscopy, two Arch3 derivatives, QuasArz and No-
vArch, were found to be able to cycle between O-like and
M-like states using 660 nm and 405 nm illumination."” The
proton donor mutation D106H was thought to be respon-
sible for the accumulation of the M-like state under red
light, as lacking a proton donor to RSB inhibits the M > N
transition."”
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Figure 6. Key residues identified for the voltage sensing in
Arch3 and Archomi (PDB: 6GUZ).

Recently a detailed characterization combining experi-
ments and molecular dynamics (MD) simulations on
Arch3 and its derivatives QuasAri, QuasAr2 and Archom
(described in further detail below) showed different mech-
anisms of generating voltage sensitive fluores-
cence."® Steady-state UV-Vis and time-resolved pump-
probe spectroscopy on QuasAr1 and QuasAr2 showed that
they have orders of magnitude extended excited state life-
times (4~40 ps) compared to Arch3, and that only a
small fraction of the chromophores (4% for QuasAr2 and
1% for QuasAr) undergo heterogeneous isomerization."®
In another Arch3 derivative Archoni, the excited-state life-
time is even longer (around 70 ps) with 0.1% isomerization
efficiency. These observations further strengthened the
conclusion that neutralizing the counterion prolongs the
excited-state lifetime and increases the fluorescence.” To
further investigate the origin of voltage sensitivity, atomis-
tic MD simulations were carried out based on a homology



model of Arch3. From the simulations, application of volt-
age across Archs triggers reorientation of Rg2 (equivalent
to R82 in BR), which in turn leads to a reorganization of
the hydrogen bonded network." Thus, at higher voltage
water molecules were prohibited from entering the RSBH+
vicinity, and a new hydrogen bond involving Aspgs was es-
tablished. Both the lack of water molecules near RSBH+
and formation of a separate hydrogen bond involving D95
disfavor the RSBH+ deprotonation.”® In contrast, in Ar-
choni the crucial voltage induced reorientation was found
to be the intracellular residue D125. Movement of the pro-
tein scaffold at positive voltage removes the D125-T100 hy-
drogen bond, and forms Q95-T99 and T100-Wg6 hydrogen
bonds (Figure 6). This rearrangement creates a more
rigid chromophore environment and strengthens the
RSBH+D222 hydrogen bond. Although the exact mecha-
nism of voltage sensitivity is still unclear, the studies in
Arch3 indicate that the membrane potential tunes the
equilibrium in protonation status of RSB and its counter-
ion via reorganization of the hydrogen bonding network."®
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Engineering opsin-based genetically encoded voltage
indicators

In the last decade, microbial rhodopsin based GEVIs have
evolved remarkably, in parallel with efforts to understand
their mechanisms of voltage sensitivity. Both evolutionary
approaches and targeted mutagenesis approaches have led
to significant results, which we review in the next section.

The first microbial rhodopsin-based GEVI, termed PROPS,
was based on the bacterial proteorhodopsin (GPR) as a
starting scaffold. GPR was mutated at the counterion
Aspg7 for pH-modulated fluorescence, and the mutant re-
vealed electrical spiking in E. coli.*"® Despite the decent
voltage sensitivity (AF/F = 150% per 10omV) and speed,
PROPS shows poor membrane expression in mammalian
cells.”® Further screening of microbial rhodopsins that lo-
calize well to the eukaryotic membrane led to the applica-
tion of Arch3.®® Arch3 was first introduced as an optical si-
lencer allowing significant firing rate suppression within
milliseconds.°

P T

* L
Archs LA Arch? coul QuasAr1 P ({
S B @ Mutationsites: @b ' B @3 Mutationsites: @b &3 ¥
‘] § V59A Y o> & 9 P60S S ® b ]
,l ol o j’,l R ‘tJA
Pra X e  T80S g ]
i ta%es o 3 e
€% g [ [
: e O O e
P1965 O D g FI61V & %5
D2225 bl 2 r R bl )
A225C i i) -
— o
bon
NovArch ‘f\p, a < Archon1 ‘,: % & Archon2 ’”' a )
Mutation sites: g ¢ ‘l - Mutation sites: _£§ ".” }1 @) Mutationsites (41 :,-, ¥ 2
V5GA Yk ol o 0 D ODE) N T56P T by e 5
P60S F"’x : »;JQJ»‘ > | 1A A136T ﬁ‘,lit‘ i"(‘., P60S F161V ] ’:“ ;h,- L 1
T80S f "),{ S¢ vase Fretv  ERAAS ,‘r! ] 80P 183 £ -.'\.,"‘:—
D95Q pabe t"‘ ) peos Tisal LNt tay posH Lioal € 0¥ty
2% 3 Tsop Lioal €46 € " T99s azzsc €5 5p ‘1'-
l154° D parN 410 Eylg & g s 5 48
1 ; D95Q & P €, } \
V20¢ b .4 v
213

VARNAM ’ o Voltron [*y Positron (%9
Cr:::efr_nﬂuby)r & :f” “- 1 U\cefJdees)r Ept (Ace-JF dyes) |

utation sites: ¥ \‘ ] Mutation sites: ¢ Mutation sites: g
D81S d B a4 D8IN 3

 pat A | 4 e oy
7 E199V

Figure 7. Illustration of mutation sites of rhodopsin-based GEVIs compared to the wild-types. Mutations at the counterion
are highlighted in blue and mutations at the proton donor are highlighted in light yellow; Mutations at the other sites are

shown as dark yellow spheres in the structure illustration,

It was later discovered that Arch3 showed fast fluorescence
changes modulated by membrane potential upon expres-
sion in HEK293 cells.® To eliminate the photocurrent
measured under standard neural imaging illumination (10
pA, I = 1800 W/cm?), the Arch3 counterion Dg5 was mu-
tated to an uncharged Asn, analogous to studies on BR*®*!
(Figure 7). The resulting mutant, Arch3(Dg5N) has no pho-
tocurrent, shows lower RSB pk, and displays 50% greater
sensitivity (AF/F = 60% per 10omV) at the cost of slower
kinetics (41 ms).®

Through rational site-directed mutagenesis based on
Arch3(DgsN), the double-mutants Arch3(DgsN/D106E)
and Arch3(D9s5Q/D106E) were found to exhibit an im-
proved response speed.”> The extra mutation on the pro-
ton donor D106 was thought to alter the RSB protonation
and deprotonation kinetics.”*

A major drawback of the Arch3 sensors is their extremely
low quantum yield. Although the red-shifted excitation
wavelength is favorable for deep tissue imaging, it requires
high illumination intensities which is not suitable for in
vivo applications.” The main goal in the evolution of



Arch3 was therefore improving its brightness. The red-
shifted Arch3(Dg5E/T99C) was used as a template for di-
rected evolution.* As a powerful way to engineer protein
properties, directed evolution uses random mutagenesis to
generate a pool of mutant libraries, and iterative selection
is applied to direct the library performance. Through evo-
lutionary screens, three individual mutations (V59A, P6oL,
and P196S) were found to improve the brightness.”s Com-
bining with site-saturation mutagenesis, two mutants,
termed Archs (V59A/P60L/Dg5E/T99C/ P196S) and Arch7y
(V59A/P60L/D95E/T99C/P196S/D222S/A225C)  exhibit
around 20-fold increase in brightness compared to Arch3™s
(Figure 7). This study demonstrated that mutations at
other sites besides the counterion could influence the flu-
orescence quantum yield.">5 Arch3(Dg5E/Tg99C) and
Arch3(DgsE/T99C/A225M) were then characterized in pri-
mary neuronal cultures and applied to track sensory neu-
rons in C. elegans, and named Archer1 and Archer2 respec-
tively.”2 Both however still show a steady photocurrent of
10 pA under 880 mW /mm? illumination.

The first Arch3-based GEVIs which found successful appli-
cations in neuroscience were engineered using
Arch3(DgsN) as a template, where several rounds of di-
rected evolution yielded two non-proton pumping vari-
ants. QuasAr (mutation sites compared to Arch3 P60S/
T80S/Dg5H/D106H/F161V) and QuasAr2 (Hgs5Q compared
to QuasAn; Figure 7) showed the best performance in
terms of brightness, voltage sensitivity and kinetics respec-
tively (15 times and 3.3 times brighter than Archs, 32% and
90% AF /F per 100 mV, 0.053 ms and 1.2 ms response fast
time constant).?® The first five screening iterations re-
sulted in four extra mutation sites(P60S, T80S, DgsN,
D106Y and F161V), with T80 and F161 lying at the periphery
of the protein.?® This was followed by a full investigation
focusing on the D95 and D106 to further tune the voltage
sensitivity and kinetics, leading to the substitutions Ng5H
and Y106H.2% Combining QuasAr with a sensitive blue-
shifted channelrhodopsin variant CheRiff, all-optical elec-
trophysiology (combined optical stimulation and record-
ing of electrophysiological signaling in neurons) was car-
ried out in vitro.'*%%7

Following this, a high-throughput multidimensional di-
rected evolution screen was carried out based on Qua-
sAr2.® FACS sorting was performed first to eliminate non-
fluorescent mutants, and a second stage microscopy-
guided robotic cell picking was applied which evaluated
cells in a multiple parameter space.® The final two chosen
mutants, Archomi (mutation sites compared to Archs3:
T205/G41A/V44E/P60S/T80P/D86N/D95Q/D106H/A136T
/F161V/T1831/L1971/G241Q) and Archon2 (mutation sites
compared to Arch3: T56P/P60S/T80P/DgsH/T9gS/
Tu6l/F161V/T1831/L1971/A225C; Figure 7), exhibit 2.4 and
6.8 times increased brightness compared to QuasArz,
while retaining voltage sensitivity (81% and 20% AF/F per
100 mV).® In addition to the counterion and proton do-
nor, the remaining mutation sites are spread over the

whole protein structure. These constructs were used to de-
tect subthreshold neural activity in acute mouse brain
slices and in larval zebrafish in vivo.2®

These sensors were further engineered to improve their in
vivo signal to noise (SNR) for application in behaving mice.
QuasAr3 was developed through rational design and hier-
archical screening to improve the membrane trafficking in
neurons, which is a limiting factor for in vivo expression."®
The construct combines a mutation in an intracellular loop
(K171R), optimized fusion protein linker and soma-local-
ized opsin expression. Further investigation on the effects
of previously found mutation sites led to the discovery of
paQuasAr3 (mutation sites compared to QuasAr2: Ki7iR
and V59A; Figure 7) which displays 2-3 fold brightness over
QuasAr3 and two times the spike detection SNR under
concomitant blue illumination.”® A simultaneous dual-
wavelength patterning microscope was developed to per-
form cell targeted illumination, which decreased back-
ground noise and increased the SNR by a factor of 3.5 to
1. Populational neuron activities were monitored in dif-
ferent brain regions while the head-fixed mice were walk-
ing or anaesthetized, and electrical compartmentalization
of the dendrites was observed.”®

Continuing the directed evolution on paQuasArs3, a bright-
ness-enhanced variant, NovArch (mutation sites com-
pared to parent: V2091/1213T; Figure 7), was found.3° Un-
der blue illumination (12 W/cm?), it shows a 4.8-fold flu-
orescence enhancement, and is around twice as bright as
paQuasAr3.3° More importantly, it is activatable under
two-photon (2P) illumination, displaying a 2.7-fold fluo-
rescence enhancement while maintaining the same voltage
sensitivity (AF/F = 41% per 100 mV).3° It was demon-
strated in acute brain slices (40 to 70 um deep) that No-
vArch exhibited a 3.5-fold enhanced spike amplitude and
SNR of 96 under 2P enhancement.° In vivo experiments in
behaving mice showed that the spike SNR increased from
4 to 6.8 with the addition of blue light.°

In the meantime, a soma localized version of Archoni,
SomArchon, was developed which showed 2-fold greater
sensitivity in neurons compared to Archoni while main-
taining comparable kinetics and SNR (about 7 to 16 per ac-
tion potential)." It was applied to report neuron dynamics
in behaving mice across different regions, and achieved
simultaneous recording from 14 neurons in the hippocam-
pus using a conventional microscope.® Later, SomArchon
was paired with SomCheRiff to perform all-optical interro-
gation on synaptic inputs of L1 interneurons in awake
mice.??

Despite all these engineering efforts, the quantum yield of
microbial rhodopsin-based GEVIs is still two orders of
magnitude lower than conventional fluorescent pro-
teins.334 As an alternative approach to cope with this
drawback, microbial rhodopsins can be paired with fluo-
rescent proteins having an emission spectrum that over-
laps with the rhodopsin absorption spectrum, and form an
eFRET (electrochromic Forster resonance energy transfer)



indicator.s In this case, the rhodopsin serves as a voltage
sensor and FRET acceptor: its membrane-potential-modu-
lated absorption spectrum will affect the quenching of the
FRET donor, resulting in a change in the brightness of the
fluorescent protein.?® The resulting GEVI retains part of
the voltage sensitivity of the rhodopsin and exhibits the
bright fluorescence and high quantum yield of the fluores-
cent protein.

A blue-shifted proton pump Leptosphaeria maculans
(Mac) with a slow photocycle was first paired with
mCitrine to form the eFRET sensor, MacQ-mCitrine.”
Similar to Arch3, mutations were engineered at the coun-
terion D139 (Figure 7) and proton donor D150, though the
proton donor mutation introduced slow kinetics.*>"?
MacQ-mCitrine was applied to report spiking events from
dendrites of Purkinje neurons in live mice (illumination in-
tensity 10 mW /mm?).%” QuasAr2 was also used as a accep-
tor in several eFRET sensors.®® The optimal length of the
linker between the donor and acceptor was determined
through screening of linker truncation libraries. Different
fluorescent proteins were paired with QuasArz, and
mCitrine showed the largest sensitivity (AF/F = -13.1% per
100 mV).3® The resulting GEVI (QuasAr2-mCitrine) was
able to report spikes in cultured neurons with a SNR of 7
to 9 under low excitation power (30 mW/mm?).5® Both
MacQ-mCitrine and QuasAr2-mCitrine show a millisec-
ond range fast time constant (2.8 ms and 4.8 ms respec-
tively).3857

To further improve upon the kinetics of eFRET voltage sen-
sors, a mutant of the fast rhodopsin derived from Acetabu-
laria acetabulum (Ace, mutation at the counterion D81,
Figure 7), was fused with a fluorescent protein, mNeon-
Green, to generate the sensor Ace-mNeon.®® In cultured
neurons, Ace2N-mNeon shows a AF/F of 12% and sub-mil-
lisecond response (fast time constant = 0.37 ms, governs
58% of response).?® The fast response time allows Ace-
mNeon to detect spikes with high-accuracy with spike-
timing errors of 0.24 + 0.01 ms in mice and 0.19 + 0.002 ms
in flies.% Later, Ace2N was fused to the red fluorescent
protein mScarlet, and the resulting sensor Ace-mScarlet
displays comparable performance while avoiding potential
crosstalk when used with blue-shifted Optogenetics actu-
ators."°

In the search for better red-shifted eFRET sensors, Ace
fused with the bright red fluorophore mRuby3 was sub-
jected to high-throughput screening optimizing Ace muta-
tions and the linker to improve the sensitivity.”*' The re-
sulting construct, Ace-WR-mRuby3 N8S (VARNAM, Fig-
ure 7), showed comparable sensitivity to Ace-mNeon when
imaged under 565 nm excitation.'*" All-optical electrophys-
iology experiments were carried out using CheRiff and
VARNAM in acute slices. Under these imaging conditions,
optical crosstalk of imaging VARNAM generated a con-
stant photocurrent of around 35 pA from CheRiff-positive
neurons, which was however reasoned to be negligible.+
Proof-of-concept dual-color simultaneous imaging of Ace-

mNeon and VARNAM expressed in different types of Dro-
sophila neurons was performed under 488 nm and 565 nm
illumination.™

As the quantum yield of the protein is a bottleneck in
achieving populational neuron imaging, synthetic fluores-
cent dyes, which are significantly brighter, are also used as
donors in eFRET designs.”* In a FRET design that utilizes
Ace2N as the voltage sensing domain, a dye-capturing pro-
tein domain, HaloTag, which irreversibly binds the Janelia
Fluor (JF) dyes, is linked as a FRET donor."3 The combined
chemogenetic sensor (Voltron, Figure 7), is 3-4 fold
brighter and is 8 times more photostable than Acez2N-
mNeon. It shows a high sensitivity of -23%% AF/F per 100
mV."3 Voltron could be used to monitor the activity of 449
neurons from 12 field of views at 400 Hz in living mice, un-
der moderate illumination intensity (3 to 20 mW /mm?).}4

A disadvantage of eFRET GEVIs is that they show high flu-
orescence at cellular resting potentials and at neutral volt-
ages, and that they generally show a negative response to
voltage. Thus the background fluorescence from non-
membrane trafficked GEVIs and non-target cells can easily
overwhelm the signal of active target cells, leading to low
SNR, especially in tissue and in vivo recordings. A solution
to this problem is to invert the polarity of the fluorescence
response to voltage of the rhodopsin voltage sensing do-
main. A general rational approach to flip the voltage sensi-
tivity of rhodopsins was eventually presented based on
findings in Ace.*** Based on the transient inward photocur-
rent of the Ace(D81N), it was reasoned that the voltage sen-
sitivity stems from the protonation equilibrium between
RSB and the cytoplasmic proton transfer network.** Block-
ing the proton donor D92 was hypothesized to switch ac-
cessibility of RSB protonation to the extracellular side. This
would result in an opposite protonation equilibrium re-
versing the polarity of the fluorescence response.'** Exper-
imentally, Voltron Dg2N indeed displays a positive voltage
sensitivity, albeit with slower kinetics. The kinetics were
improved by reverting to the negative counterion (N81D),
44 but a 40% loss in sensitivity was observed. Saturation
mutagenesis was performed on Eigg which possibly medi-
ates the protonation equilibrium of the RSB.*** The EiggV
mutant was found to have two times the sensitivity
over Voltron N81D Dg2N, and was named Positron (Figure
7). Similar results were obtained upon engineering these
mutations in the other Ace sensors Ace2N-mNeon and
VARNAM. The analogous mutations in Aceim, Mac and
Archs also resulted in an inverse polarity in the voltage re-
sponse, albeit all to different extents.'#

Conclusion

Rhodopsin-based GEVIs have been used as a powerful tool
to provide sub-millisecond monitoring of subthreshold
neuron dynamics in behaving animals.?9'43'4547 However,
several pitfalls still exist, hindering a wider application in
neuroscience. Although the brightness of the single rho-
dopsin-based sensors has improved a lot, the in vivo appli-



cations still require high illumination intensity or special-
ized microscopy, which is not normally offered by com-
mercial microscopes.?*® The illumination requirements
of rhodopsin eFRET sensors are compatible with conven-
tional microscopes, however the sensitivity is typically low
and requirement for synthetic dyes limits applicability for
in vivo imaging.3>'4'4® However, the major drawback is in
the two-photon (2P) imaging performance.® While 2P im-
aging is widely used with GEClIs for deep-tissue calcium
imaging, successful in vivo 2P imaging using rhodopsin-
based GEVIs has remained elusive.” Although significant
improvements have been made on the 2P imaging perfor-
mance of VSD-based GEVIs, it is still a challenge to use
rhodopsin-based GEVIs in 2P imaging."’s*> Here an im-
proved understanding of the interplay between the struc-
tural changes that mutations create, their effect on mul-
tiphoton absorption properties, and the dynamics of the
photocycle, is crucial. This in turn requires a better under-
standing of, for instance, the influence of amino acids and
water molecules involved in creation of the hydrogen-
bond network facilitating the proton transfer process, the
states that fluorescence originates from and the effect of
voltage on their equilibrium.

By targeting key residues involved in proton transfer, it is
possible to adapt the rhodopsin towards desired character-
istics. *>™* Analogous changes can be made to other rho-
dopsin scaffolds to quickly evaluate their potential as
GEVIs and understand the generalizability of design rules.
Information on the photocycles from a variety of mutants
can lead to optimization of the illumination conditions to
accumulate bright and voltage sensitive intermediates for
better SNR in 1P and 2P imaging.3*'3

Single mutations are typically created to positively influ-
ence one emergent property of the GEVI protein (bright-
ness, sensitivity, response kinetics, photocurrent) but usu-
ally also affect other aspects of GEVI functionality. For ex-
ample, the counterion is typically the first engineering site
to block the proton transfer pathway and eliminate the
photocurrent; however mutating the counterion alone of-
ten comes at the expense of voltage sensitivity or response
kinetics.’>* To optimize GEVI performance, tweaking mul-
tiple groups of mutation sites through screening of random
mutant libraries is preferable.>>29155156 Recently, in silico
simulations have demonstrated their complementary abil-
ity to decipher the fluorescent and voltage sensitive mech-
anisms of rhodopsins."®’s” We anticipate that further de-
velopments in machine learning and MD simulations will
make it possible to reconstruct a whole time-scale MD sim-
ulation model for in silico GEVI engineering in the future.
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