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ABSTRACT: This review adds the bilin-binding phytochromes to the Chemical Reviews
thematic issue “Optogenetics and Photopharmacology”. The work is structured into two
parts. We first outline the photochemistry of the covalently bound tetrapyrrole
chromophore and summarize relevant spectroscopic, kinetic, biochemical, and physiological
properties of the different families of phytochromes. Based on this knowledge, we then
describe the engineering of phytochromes to further improve these chromoproteins as
photoswitches and review their employment in an ever-growing number of different
optogenetic applications. Most applications rely on the light-controlled complex formation
between the plant photoreceptor PhyB and phytochrome-interacting factors (PIFs) or C-
terminal light-regulated domains with enzymatic functions present in many bacterial and
algal phytochromes. Phytochrome-based optogenetic tools are currently implemented in bacteria, yeast, plants, and animals to
achieve light control of a wide range of biological activities. These cover the regulation of gene expression, protein transport into cell
organelles, and the recruitment of phytochrome- or PIF-tagged proteins to membranes and other cellular compartments. This
compilation illustrates the intrinsic advantages of phytochromes compared to other photoreceptor classes, e.g., their bidirectional
dual-wavelength control enabling instant ON and OFF regulation. In particular, the long wavelength range of absorption and
fluorescence within the “transparent window” makes phytochromes attractive for complex applications requiring deep tissue
penetration or dual-wavelength control in combination with blue and UV light-sensing photoreceptors. In addition to the wide
variability of applications employing natural and engineered phytochromes, we also discuss recent progress in the development of
bilin-based fluorescent proteins.
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1. INTRODUCTION

Biological photoreceptors are the essence of optogenetics, a
biomolecular method that enables remote-controlling a wide
range of biological processes with light. Since its establishment,
the field has strongly influenced nearly all imaginable
applications in biomedicine, cell-physiology, bioengineering,
and modern superresolution microscopy techniques. “Opto-
genetics” in all its variations is the topic of a series of articles in
Chemical Reviews,'™* and the pioneers of this revolutionary
concept have provided many historical surveys detailing the
birth and potential of the idea and also how broad the
applications are and will be in the future.”® The unique property
of biological photoreceptors, being regulated in their activity by
light in a noninvasive fashion, has stimulated their introduction
into “blind” orthogonal organisms that allowed rewiring cellular
functions with light perception.

The term “optogenetics” is in many aspects synonymous with
“channelrhodopsin” (ChR) that in fact was the first and still is
one of the most frequently employed tools in biotechnological
and biomedical applications.” The number of published articles
detailing ChR-regulated optogenetic applications easily wit-
nesses their popularity. ChRs carrying the vitamin-A aldehyde
(retinal) as chromophore have been developed with a wide
range of absorption maxima using extensive mutagenesis
screenings. However, ChRs are membrane-intrinsic proteins
serving as light-gated ion channels with moderate selectivity for a
particular ion including protons, although recently ChR-
controlled enzyme activities have been described.” Thus,
conditions requiring a selective light-regulated function call for
alternative methods. Soluble biological photoreceptors with

unique specificity and activity have now overcome these
bottlenecks and expanded the range of possible applications.

In fact, nearly all classes of biological photoreceptors have
been engineered and employed in optogenetics, deploying a
wide range of molecular tools responding to wavelengths across
the light spectrum for precisely controlling cellular functions.
Besides the overwhelming number of applications performed
with the retinal-based microbial and animal rhodopsins, flavin-
based blue light-sensing photoreceptors, LOV- or BLUEF-
domain proteins, or the cryptochromes and also green light-
absorbing cobalamin-containing receptors have been employed.
In particular the flavin-based photoreceptors have made their
way into optogenetic applications, due to their dual activity
serving as light-regulated enzymes and as fluorescent tag. These
features even allowed their implementation as fluorescence-
switching components in modern microscopy applications.’
These blue light-sensing chromoproteins exist as soluble but also
as membrane-attached proteins and therefore provide a much
wider range of light-activated functions than ChRs. However,
their absorption maxima exclusively reside in the blue light
region, despite many attempts to shift the activation light color
by mutagenesis.

This review on the spectroscopic and physiological functions
of phytochromes (Phys) and related bilin-binding proteins and
their applications in optogenetics highlights their inherent
properties that distinguish them from most other photo-
receptors. The information presented here definitely cannot
cover all details of structure, functions, and physiological aspects
of phytochromes. For selected areas of phytochrome research,
e.g,, phylogeny,”™"" domain composition, and development of
phytochromes and phytochrome chromophore biosynthesis, "’
and for the ever-expanding field of CBCRs providing new
mechanisms of chromophore modification and color-tuning,12
the reader is referred to more detailed and expert literature.'"*

We provide a comprehensive overview over those specialized
applications that rely on bilin-binding photoreceptors, ex-
cellently complemented by the recent review of Losi, Moglich,
and Gardner on blue light-sensing photoreceptors,’ completing
the description of background and applications of soluble, red
and blue light-sensitive photoreceptors.

There is common agreement in the community to abbreviate
“phytochrome(s)” as “Phy(s)”. In contrast, later discovered
Phys spread across various organisms generated a variety of
different abbreviations (and classifications of the individual
members of Phy subfamilies). We here abstract Phys of bacterial
origin as “bPhys”, which shall include “bacteriochromes”,
“bacteriophytochromes”, or “bacterial phytochromes” (all
three names refer to the same type of phytochromes carrying
biliverdin IXa-BV as chromophore) and also “bathychromes”.
An exception to this group constitutes cases where selected
bacterial phytochromes were given individual names, such as
BphP1.

BV as chromophore is also employed by classes of eukaryotic
organisms; here we mention fungi and diatoms (section 2.1.4),
and we also add here various groups of (micro)algae to this
section.

A particular challenge remains for the classification of
phytochromes with unique domain composition, or definitions
taking chromophore identities as classification criterium. For
Phys from some species, both ordering systems do not concur
and request exceptions from the classification rules. In this
review, we define a classification system based on the domain
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Figure 1. (A) Transparent window in the long wavelength range, relevant for optogenetics applications in animal cells. The strong absorption of
hemoglobin (pink, short wavelength edge) and the ingrowing absorption of water (light blue, long wavelength edge) determine the boundaries of the
transparent window. The overlay of both absorptions is shown in purple (generation of this figure by combining six absorption spectra was inspired by a
figure by A. Fuchtenbush, V. Kriesel, and P. Rosen, (Eds.) “Laser Field Therapy”). Note that the high absorption of the heme group in the short
wavelength range (around 400 nm) is due to the high extinction coefficient of the Soret band. The absorption spectra of a PCB-binding plant- (Gm,
Glycine max) and a BV-binding bacterial phytochrome (Ps, Pseudomonas syringae pv. tomato) are shown in blue and green, respectively. The spectra of
Gm were recorded using a recombinant, PCB-carrying variant, composed of only the PAS-GAF-PHY domains. The native Gm protein likely carries
phytochromobilin as chromophore. Solid and dashed lines indicate Pr and Pfr states, respectively. (B) Photoisomerization of a protein-bound
chromophore (here: PCB) leads to conformational changes of the protein and further affects downstream functions. In canonical Phys, the holoprotein
is formed in Pr, where the chromophore adopts a Z,Z,Z,s,s,a geometry. The photoproduct is a far-red-absorbing Pfr state with only one double bond
photoisomerized (Z,Z,E,s,5,a); the isomerization is indicated by a red arrow. A general chemical structure is shown here to highlight the photochemical
changes not indicating the stereochemistry at positions 2, 3, and 3’. The stereochemistry at these three positions, as it is determined through the

covalent binding of the chromophore, is detailed in Figure 2C.

composition of the photosensory unit that yields three major
groups, some of which divided into subgroups.

Our definition follows the history in phytochrome research
and takes (land) plant Phys as anchor group. For these proteins,
e.g,, the phytochromes from A. sativa, the CBD (chromophore
binding domain) was defined as being composed of PAS-GAF-
PHY (PAS, Per-Arnt-Sim; GAF, cGMP-specific phosphodies-
terases, adenylyl cyclases and FhlA; PHY, a protein domain
characteristic of phytochromes). This three-domain architecture
was found as essential to maintain the spectroscopic and kinetic
properties of phytochromes, and it serves here as the criterion to
classify all Phys posssessing that CBD composition as canonical
(group 1). This then calls for several subclasses to separate the
land plant Phys from their cyanobacterial “orthologs” (Cphl,
CphA), and to separate these from the “other” bacterial Phys =
bPhys (e.g., Deinococcus radiodurans), from the fungal Phys, and
from the algal families, and also from the cryptophytes (this
latter classification follows the phylogeny in Duanmu et al)."'
Also to be mentioned as a separate group are Phys originating
from diatoms. The bPhys (wherever identified) fall into two
subclasses, the “normal” (= Pr — Pfr) and the bathy-bPhys (=
Pfr — Pr). Recently, a new group of cyanobacterial PAS-GAF-
PHY-composed proteins from, e.g.,, Nostoc punctiforme
ATCC29133 (the first one in this group) were reported to

carry a second cysteine capable of modifying the PCB
chromophore by attachment to position 10 (see Figure 2)."
This enzymatic bilin conversion resembles the reactivity found
in CBCRs and generates remarkably blue-shifted absorption
bands. We thus split the subgroup of canonical, cyanobacterial
phytochromes into one represented by Cphl (and orthologs)
and a second one named TCCP (tandem cysteine cyanobacte-
rial Phys).

To be distinguished from the canonical Phys are the PAS-less
Phys such as Cph2, All2699 from Anabaena PCC7120, or the
thermostable Phys from Synechococcus (group 2).'° The third
group would then be the CBCRs, again with several subgroups,
e.g,, the red/green switching ones (in either direction) or those
proteins carrying the “second” cysteine modifying the chemical
structure of the chromophore. The many examples of novel
phytochromes with unexpected variations in their domain
structure and employment of chromophores that do not concur
with the commonly found representatives in that subclass are
exceptions from the rule and will be indicated if necessary.

Phytochromes are involved in regulating a variety of biological
functions.'® Their photobiological properties make them
attractive candidates for developing optogenetic applications:
phytochromes are soluble proteins, they absorb in the red and
far-red regions of the visible light spectrum, and the absorption
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Figure 2. Generation, electronic rearrangement, and binding mechanism of bilin chromophores to apoproteins. (A) Left: Generation of biliverdin IXa
(BV) from protoheme by a heme oxygenase (HO) and NADPH (converted into NADP*); reaction products are water (H,0), Fe**, and CO. Right:
Generation of phytochromobilin (P®B) and phycocyanobilin (PCB) from BV. POB is generated in plants by HY2, a ferredoxin-dependent bilin
reductase (FDBR) by addition of 2e~, 2H". PCB is generated directly (in cyanobacteria) in a concerted 4e”, 4H" step by the ferredoxin-dependent
enzyme PcyA. Generation of PCB from P®B (a concerted 2e”, 2H" step) in plants might exist but has not yet been identified; however, in some
streptophyte algae the HY2 enzyme generates PCB that is then incorporated as chromophore into the apo-Phy. The photoisomerization of the C15—
C16 double bond (interconversion Pr = Pfr) is indicated by a red arrow in the biliverdin structure. In all panels, the bilins are presented in a positively
charged state (charge on the tetrapyrrole moiety), and the propionate side chains are shown undissociated. Upon assembly into the apoprotein, the
propionate side chains dissociate, as shown in Figure 1. (B) Electronic rearrangement in PCB yields either phycoviolobilin (PVB, left panel, conversion
of the double bond between C4 and CS5 into a single bond) or phycoerythrobilin (PEB, right panel, double bond between C15 and C16 is converted
into a single bond). PEB is formed in cyanobacteria directly from BV by the enzyme couple PebA/B or by PebS in a concerted 4e~, 4H" step similar to
that described in panel A for PCB formation in bacteria. If both C4—CS and C15—C16 double bonds are converted into single bonds, the product is
called phycourobilin (PUB, structure not shown). (C) Top, covalent attachment of PCB or PDB to a cysteine of the apo-phytochrome. This reaction
yields, besides the originally present chiral center at C2, two new chiral centers at the bilin A-ring (3R, 3'R). For clarity, we show only the backward
directed hydrogen atom as indication of the chirality. Bottom, covalent attachment of BV to a cysteine residue of the apo-bacterial phytochrome. The
resulting electronic arrangement resembles a 3'’-attached P®B. In this chemical form, the same nucleophilic attack of a second cysteine (as present in
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Figure 2. continued

some BV-binding Phys) can occur, shifting the 7-electrons of the 3—3’ double bond to position 3 to capture again a proton. These double-Cys
substituted chromophores then show absorption spectra akin to covalently bound P®B. If in some algal Phys and CBCRs the bound chromophore is
18/,18”-dihydrobiliverdin, the structure of the chromophore from double Cys attachment would then be a covalently bound, doubly-Cys (3'-, 3"-)
substituted PCB. The finding of a double-Cys substitution is discussed in the text. Note that in some CBCR-GAF domains and in modified proteins,
bond formation between position 3’ of BV and the cysteine residue has been reported.'® Alternative electronic rearrangements in bound BV
chromophores have also been proposed, such that nucleophilic attack of the sulfur atom to position 3’ shifts the electron density to carbon 3, thereby
allowing binding of a proton.>’ This possibility simply removes the vinyl double bond and leaves the electronic structure of the BV molecule in the four

rings unchanged.

maxima of the biosynthetically formed state, here furthermore
called the parental state, and photoproduct differ significantly
(Figure 1). The early identified Phys with two interchangeable
forms were considered prototypal, and the two forms were
named Pr (r, red-absorbing) and Pfr (fr, far-red-absorbing). This
“historical” definition would exclude eukaryotic algal phyto-
chromes, tandem cysteine cyanobacterial phytochromes, and
phytochromes from other eukaryotes such as fungi and diatoms.
As we explain in the following, Phy- and Phy-related proteins
showing large variations in the absorption maxima of their two
forms were found, requesting this dogma to be revised.

Phytochromes inherently respond to dual-wavelength ex-
posure allowing rapid and repetitive ON- and OFF-switching or
fine regulation of the activation strength by light. Especially this
reversible, light-driven photochemistry, discussed below (sec-
tion 2.3.1), is unique within the ensemble of biological
photoreceptors employed in optogenetic applications. Of note,
the absorption maxima and their (moderate) fluorescence fall
into the “transparent” window, a wavelength range of the visual
spectrum between ca. 700 and 900 nm that is relatively free of
cell-inherent absorbers. This spectral range thus allows better
focusing and penetration into tissues as compared to shorter
wavelengths. In this aspect, these absorption and emission
ranges raise particular interest for optogenetic applications in
animals, located in between the strong absorbances of heme
groups on the short wavelength side, and the growing absorption
of water on the long wavelength side. This spectral region is also
called the “therapeutic window” in, e.g., medical applications
such as photodynamic therapy (Figure 1).

As said above, phytochromes, Phy-related proteins, and other
bilin-binding receptors have been considered only for a relatively
short time as potentially useful tools for optogenetics because
they were long seen associated with several restricting
properties:

(i) Canonical Phys, for which most of the information for this
photoreceptor class has been collected, require a relatively
large portion of their protein moiety to maintain their
spectral properties (phytochromes are named as “canon-
ical” members, if their photosensory unit comprises three
domains, a PAS-, a GAF-, and a PHY-domain; for details
see text directly preceding Figure 1 and section 2.1).

(i) In relation to flavin-based tools that function through a
light-regulated enzyme activity, no comparable signaling
element could be identified in canonical plant-derived
Phys.

(iii) The chromophores of all phytochromes are bilins that, in
contrast to retinal and flavins, are not present in every cell
and hence require additional engineering efforts to make
them available.

(iv) The absorbance maxima of the canonical and bacterial
Phy-subfamily (BphP, “bacterio-phytochrome photo-
receptor”, here subsumized as bPhy) are found invariably

in the red/far-red range of the visible spectrum—in
principle a wavelength range well suited for applications.
However, mutagenesis approaches mainly failed in
shifting the activation range for generating orthogonal
receptors. Only recently, cyanobacteriochromes (CBCRs,
see section 2.1.3) were found as a large subgroup of the
phytochrome photoreceptor family showing a large
variability in the absorption maxima of their parental
and photoproduct states, making CBCRs useful tools for
optogenetic applications.

These apparent disadvantages likely caused an unpopularity
of phytochromes in the optogenetics field compared to retinal-
or flavin-binding photoreceptors. We therefore focus in detail on
the functions of these photoreceptors, the relationship between
the various phytochrome-related subfamilies, the generation of
their bilin chromophore, and their photochemical properties.
We will not dwell on the physiological role of phytochromes
except for examples where complexes to other proteins are
formed as potential lead structures for optogenetic tool
development.

1.1. Light-Key Player in Photoreceptor Function:
Light-Activated Chromophore

Common to all photoreceptors is the “photo switch”, i.e., the
protein-bound chromophore. Ideally, it should also be available
or generated in the target cell, in a bacterium, plant, or animal, as
any means of external application (injection, infusion, etc.)
would impede the advantageous property of photoreceptors:
their noninvasive activation. In addition, the chromophore
incorporation into a photoreceptor apoprotein—preferentially
concurrent with protein biosynthesis—should be autocatalytic,
not necessitating further “helper” or chaperone proteins.

Unexpectedly, retinal serving as chromophore in the ChRs,
halorhodopsin, and bacteriorhodopsin, has been found in animal
cells making an external injection obsolete. The same holds true
for the flavin-based photoreceptors, as flavins (as FAD, flavin-
adenin-dinucleotide; FMN, flavin-mono-nucleotide; or ribo-
flavin, i.e., Vitamin B2) are essential and ubiquitous components
in redox-driven physiological processes redox couple FAD/
FADH,, exploited in the Krebs cycle.

Most applications based on bilin-binding proteins, however,
require engineering of the chromophore synthesis in the target
cell or organism from other metabolic pathways. Phycocyano-
bilin (PCB), phytochromobilin (P®B), or biliverdin (BV)
(Figure 2), the chromophores in the bilin-based photoreceptors,
are present in plants and photosynthetic bacteria, but not
necessarily in sufficient amounts in living animal cells, archaea,
fungi, or eubacteria. Fortunately, chromophore biosynthesis for
applications of biliproteins relies on a biosynthetic pathway that
is well preserved across organisms for the generation (and
degradation) of porphyrinic compounds, e.g., the heme group, a
prominent ligand in myoglobin, hemoglobin, cytochromes, or
related proteins yielding biliverdin as the first degradation
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Figure 3. Phytochrome structure. (A) Domain organization of phytochromes. Left, canonical plant phytochromes and bacterial phytochromes
(bPhys) comprise an N-terminal photosensory core module (PAS-GAF-PHY) and a C-terminal regulatory module. In SyCphl and in many BV-
binding bPhys, the regulatory module is a histidine kinase. The domain alignment shows the cyanobacterial phytochrome Cphl from Synechocystis
PCC6803. Right, SyCph2, equally identified in Synechocystis is called a PAS-less (also knotless) phytochrome. SyCph2 has no homology to histidine
kinases but instead carries two chromophores and c-diguanylyl cyclases (GGDEF) and a phosphodiesterase (EAL). Cyanobacteriochromes (CBCRs)
are phytochrome-related photoreceptor proteins found only in cyanobacteria: the chromophore binding domains in these CBCRs are GAF3 from
SIr1393 of Synechocystis sp. PCC6803; GAF2, -3, and -4 from Nostocaceae AnPix]; TePix] from Thermosynechococcus elongatus. In most proteins, the
chromophore binding site is a cysteine residue residing in the GAF domain. Some CBCRs such as TePix] and the third domain of SyCph2 have a
second cysteine residue in the DXCF motif of the GAF domain (see section 2.1.3 for more details). Only in bPhys, the cysteine is in the N terminal
extension preceding the PAS domain (highlighted by a capital ‘C’ in black). (B) Three-dimensional structure of a plant phytochrome. Left, illustration
of PhyB from Glycine max (Pr state, PDB: 6TL4), a plant phytochrome comprising a PAS domain (yellow), a bilin-binding GAF domain (red), and a
PHY domain (slate). Note that the N-terminal extension (NTE) is missing in the structure. The PAS-GAF region of G. max shows high similarity to
that of the first PAS-GAF structure of Arabidopsis thaliana PhyB (PDB: 4OUR, with RMS Ca differences of 1.3 and 2.0 A for the A and B molecules,
respectively). Right, a detailed view of the PCB-binding pocket in GmPhyB. The D-ring of the PCB chromophore is indicated. In both panels, PCB is
shown in cyan. (C) Comparison of the core regions of the PAS-, GAF-, and PHY domains identifying the structural relationship between these three
domains. The numbering of the f-sheet elements (1—16) is preserved in all three domains; they all show an antiparallel f-sheet arrangement with
strands in the spatial order of 2-1-5-4-3 and a variable connector between strands 2 and 3 that contains an a-helix. The GAF and PHY domains contain
functional insertions in their core regions but at different topologic locations. The “knot” and “tongue” insertions are indicated.

product and then the other bilin chromophores (see section
2.2).

Common to all three phytochrome chromophores is the type
of covalent attachment. They are bound to the protein via a
nucleopbhilic attack of a cysteine residue to the ethylidene- (3'-
position of P®B or PCB) or vinyl substituent (3”-position of
BV) of ring A (see Figures 2 and 3 and section 2.2). Of note,
some BV-binding phytochromes (bPhys and CBCRs) engage a
second cysteine residue for covalent attachment."” It should be
mentioned, however, that the chemical structure of the resulting
chromophore presented in this publication seems to contradict
the chemical reactivity of protein bound bilins. From our

understanding, the chemical modification that the 3”-bound BV
experiences in a first step is a concerted process consisting of a
rearrangement of the A-ring double bond (between C-atoms 2
and 3) to bind a proton to position 2, thereby changing C2
hybridization from sp® into sp® and rendering position 3
(partially) positively charged and allowing a shift of the vinyl
double bond to positions 3 and 3'. At this state, the 3”-bound BV
chromophore resembles a 3”-bound PCB. This chemical
structure can then be attacked by a second, close-by cysteine
present in some bPhy and CBCRs, resulting in a second covalent
cysteine attachment to position 3’, concomitant with a shift of
the double bond electrons to position 3, to which then a proton
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is attached. As a consequence, these BV-binding bPhys and
CBCRs exhibit blue-shifted absorption maxima resembling
those of PCB-binding proteins.

Attempts to find novel chromoproteins with further red-
shifted absorption maxima led to search BV-binding CBCRs (in
analogy to the situation for PCB-binding plant Phys compared
to BV-binding bPhys).'* Interestingly, a GAF domain from the
CBCR JSC1 (g4) could be identified that carries the
intermediate in the BV-to-PCB conversion process, 18’,18"'-
dihydrobiliverdin.'® The formation of this BV-intermediate was
explained by the coexistence of two reducing enzmyes,
generating the dihydro-BV derivative and PCB, potentially as
away to shift the absorption to longer wavelengths." It could be
shown that also BV can serve as chromophore in this CBCR-
GAF domain. The preference for BV or its dihydro-derivative is
explained by the architecture of the chromophore binding site
that prohibits stable incorporation of P®B or PCB. Crystal
structures of these BV- or dihydro-BV-loaded proteins revealed
that the chromophores are bound equally as P®B or PCB via
their 3" position.

2. BILIN-BINDING, RED-LIGHT-SENSITIVE
PHOTORECEPTORS

2.1. Classes of Bilin-Binding Photoreceptors

Considering the functional principle of proteins utilizing
covalently bound bilins as chromophores, two major classes
can be distinguished: on the one hand, the light-harvesting
antenna pigments of cyanobacteria, in which thousands of bilin-
binding proteins are organized in phycobilisomes that gather the
incident light and funnel it to the reaction center for
photosynthetic purposes.”' These proteins function as gateways
and transmitters of incident light, and as such they do not exhibit
a distinct photochemical reactivity except for an outstandingly
high fluorescence under certain experimental conditions, e.g,,
when the energy transfer pathway is blocked. On the other hand,
one finds the photochromic phytochromes and phytochrome-
related proteins that serve as light sensors to generate and
mediate physiological signals to the organism. It will be these
latter ones that present the main subject of this review with focus
on their potential as optogenetic tools, whereas the former ones
will only be touched as potential novel fluorescence tags due to
their long wavelength absorption and emission and their
outstanding brightness (see section 4.2).22’23 For a long time,
phytochromes were not considered useful fluorescence tags.
Pioneering studies determined an extremely low fluorescence
quantum yield for the plant-derived Phys. In fact, emission could
be measured only for the Pr forms, already with a nearly
negligible quantum yield (®y < 3—4.5 X 107%),** whereas no
fluorescence at all could be detected for the Pfr forms. Still
moderate but clearly larger quantum yields were determined for
the prokaryotic phytochromes, as well the cyanobacterial Cphl-
type members and other bacterial BV-binding Phys (®; about
0.07—0.1) that already allowed employment as fluorescent tags.
Still few applications as fluorescence tags were reported so far for
CBCRs. For a recent survey on applications exploiting the
fluorescence of various phytochromes, see Chernov et al.;*> here
we only add an update to this excellent compendium.

With only a few exceptions, all phytochromes and related
photoreceptors are distinguished from other photoreceptors by
their long wavelength absorption maxima in the region from 600
to 800 nm and their photochromicity, i.e., the absorption shift
between the parental and the signaling state. This shift of the

absorption maxima in some proteins may account for more than
100 nm. Both states show photochemical activity, and the
wavelength difference and the extent of conversion, ie., the
quantum yield (vide infra, section 2.2.2) may vary, but for most
Phys appropriate illumination conditions can provoke a
significant conversion between both states.

The most frequently found structural arrangement of the
phytochrome photosensory unit (Figure 3) comprises a PAS, a
GAF, and a PHY domain. The PHY domain shares high
structural similarity to a GAF domain except for the major
difference of the antiparallel S-sheet extension—the “tongue”—
that unfolds and refolds into a short helical motif in the Pfr state.
Comparing GAF or PHY domains to PAS domains, it is
apparent that all three domains share the overall three-
dimensional fold; that is, all three domains exhibit antiparallel
P-sheets architecture that is connected by a-helices (Figure 3C).
This similarity in number and arrangement of secondary
structural elements seems to point to a common structural
ancestor for the three domains and brings the PAS-GAF-PHY
arrangement in “canonical” phytochromes close to an oligo-
GAF arrangement found in CBCRs.** It should be kept in mind,
however, that for canonical phytochromes only a complete
ensemble of these three domains (PAS-GAF-PHY, often named
PGP; in some other applications this fragment is called CBD—
chromophore binding domain) maintains the full photo-
chemical reactivity contrasting the mono-GAF functionality of
CBCRs or Cph2-type proteins.

Variations in the domain composition exist across phyto-
chrome-related proteins, sometimes lacking the N-terminal PAS
domain or containing multiple GAF domains (see following
sections, e.g,, section 2.1.3 and Figure 3). Here, one or more of
these GAF domains, even if expressed as an individual protein,
may have the capability to bind a bilin chromophore. The
chromophore is always located in the GAF domain, even if
covalent binding takes place to an amino acid in the PAS
domain, as is the case when biliverdin-IXa (BV) is used as
chromophore (section 2.1.2). From the historical background, it
was considered that all phytochromes and their variants bind
their bilin chromophores covalently. Here, one has to
discriminate between phytochromes (and —variants) extracted
from their original organism and recombinant proteins
produced in E. coli or yeast. Such recombinant proteins,
modified at their chromophore-binding cysteine residue by site-
directed mutagenesis, were shown to simply embed the
chromophore, to undergo a modified photochemistry, and to
exhibit altered absorption maxima.”” Oka et al. even succeeded
in reinserting the gene of a double-mutated PhyB into A.
thaliana (impeding cysteine-mediated chromophore binding
and generating Y276H for constitutive signaling). These
transgenic plants showed responses to light treatments which
resembled those of the wild type; however, the responses were
weaker.”® To the best of our knowledge, no phytochromes
extracted from their genuine hosts could be found carrying their
chromophore noncovalently. This includes endogenous and
overexpression studies.”” Chromophore biosynthesis in plants
takes place in the plastids, whereas protein biosynthesis occurs
through ribosomes in the cytosol requiring a so far unidentified
transport process of the bilin. The combination of chromophore
and apoprotein on the other hand is an autocatalytic process,
forming a covalent bond between the 3’ or 3" position of the
bilin unit and a cysteine side chain (see Figures 2 and 3). This
bilin lyase activity is intrinsic to all phytochromes and related
proteins and currently exploited in applications by a “two
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plasmid approach” independently encoding the phytochrome
moiety and the enzymes that break down heme groups and
convert them into the required bilin chromophore. This strategy
enables chromophore assembly already during protein produc-
tion in the expression host (see also section 3).

Although in general all phytochrome chromophores originate
from heme groups, the extent of structural variation identified
several classes of chromophores, concomitant with variations in
their absorption maxima that are characteristic to the various
phytochrome subfamilies. The biosynthesis of the phytochrome
chromophore follows the general pathway of heme degradation,
based on the function of a heme oxygenase (HO) under
employment of oxygen and NADPH as redox component (for
details see Figure 2 and section 2.2). Irrespective of the
chromophore variations, the conformation/configuration of the
protein-bound chromophore is equal in all phytochromes: the
holoprotein is formed in Pr, where the chromophore adopts a
Z,2,Z,5,;5,a geometry. The photoproduct, Pfr, shows only one
configurational change: isomerization of one double bond
(between rings C and D; for details see section 2.3 and Figures 1
and 2) (ZZEssa). A subfamily of bPhys, named bathy-
phytochromes, was found in which the parental state
configuration and the photochemistry are opposed to most
other members.”® Accordingly, as bathy-phytochromes adopt
the Pfr state as parental form, their chromophore is found as the
Z,Z,Es,s,a isomer. Interestingly, these “bathy”-bPhys assemble in
their Pr state and convert in the dark into the thermally stable Pfr
form (this is consistent with our chosen definition of the
parental state).’” Their long wavelength “dark” state (in OFF-
mode) is even more attractive compared to other Phys, as the
activation light is still further away from any other photo-
receptors allowing a clean activation.

2.1.1. Canonical Phytochromes. Ever since their initial
description in 1959, phytochromes were understood as the red/
far-red-sensitive photoreceptors in plants.’”** Plant phyto-
chromes are essential at virtually all stages of plant development.
They govern a plethora of physiological functions, and an
estimation yields that about 20% of the entire plant genome
responds to light signals mediated through phytochromes.****
Phytochromes from flowering plants represented the blueprint
for the definition of “canonical” Phys, and for a long time they
have been the only identified representatives of this protein
family with their best studied protagonists from Avena sativa
(oat), Pisum sativum (pea), and Solanum tuberosum (potato).
Initial studies relied on extracted plant material. Following work
on phytochromes increasingly employed heterologously ex-
pressed recombinant protein.””*® As such, phytochromes of
flowering plants represent a small protein family. Within the A.
sativa genome, three phytochrome-encoding genes (PHYA—
PHYC) were identified, equally as in rice (another monocot).
Most frequent studies use Arabidopsis thaliana (a dicot) that
encompasses five PHY-encoding genes (PHYA — PHYE). Some
reports mention six thr-encoding genes in some plants (see
Table S1 in Zhang et al.””), as found e.g, in Zea mays. There are
also gene variants denoted as Al, A2, B1, B2, C1, and C2, clearly
identified as closely related gene duplications. Common to all
these chromoproteins from angiosperms and gymnosperms is
the size of their photosensory unit (comprising approximately
600 amino acids), often also called the chromophore binding
domain (CBD). The C-terminal sequence part included, these
phytochromes have a total length of more than 1,100 amino
acids. Phytochromes from cryptogams, for example, those from
mosses, ferns, and algae, may vary in their number of amino acids

but still exhibit the PAS-GAF-PHY architecture of their CBD.**
Exclusively the phytochromes from land plants and Arch-
aeplastida lineages (including Streptophytes, Charophyte, and
Prasinophyte) and one Cryptophyte carry two PAS domains in a
tandem arrangement between the PHY domain and the C-
terminal portion of the protein. This additional structural
element is not found in bacterial Phys.’

The identification of a phytochrome(-like) protein-encoding
gene in the genome of the cyanobacterium Synechocystis
PCC6803 and the demonstration of phytochrome-like spectral
properties of the gene product after heterologous expression
(cyanobacterial phytochrome #1, Cphl) 0(}Jened the gate to a
much greater variety of phytochromes.””*’ Cphl1 still exhibits
the common three-domain PAS-GAF-PHY arrangement in its
N-terminal part with a clearly identifiable cysteine residue in a
highly conserved peptide sequence of its GAF domain. This
residue is prone to bind the chromophore. Cphl and other
cyanobacterial phytochromes (see section 2.1.2) can be
distinguished from their canonical plant relatives. Three features
make the major differences between plant- and cyanobacteria-
derived “canonical” phytochromes: (i) the chromophore
remains a bilin derivative, but with higher degree of reduction
(PCB, phycocyanobilin) (Figures 2 and 3); (ii) plant
phytochromes carry a tandem repeat of two additional PAS
domains between the light-sensing PAS-GAF-PHY domain and
the C-terminal part; this motif is absent in all prokaryotic
phytochromes; and (iii) the C-terminal part of many
cyanobacterial phytochromes shows signatures of a histidine
kinase (HK) enzyme function®*' that is absent in the plant-
derived phytochromes.**

Of note, signaling in several microalgae could be ascribed to
the function of a C-terminally located histidine kinase (HK).
The above cited publication (Duanmu et al.)'" identified light-
induced, HK-mediated gene expression control in the
picoprasinophyte Micromonas pusilla as a representative for
several prasinophyte lineages. The identification of HK-
mediated signaling in the prasinophytes is of importance, as
these microalgae are considered the ancestor of green algae and
land plants. A comparison with several members of the
streptophyte lineage points to a loss of this signaling pathway.

Into the group of eukaryotic Phys fall also those from the
diatoms. These proteins so far have not been given much
attention besides their identification in the genomes of various
diatoms, the type of chromophore bound, and their spectral
characterization, which are similar to bPhys.*

2.1.2. Bacterial Phytochromes. Driven by the identi-
fication of the Cphl-encoding gene in the genome of
Synechocystis PCC6803, “genome mining” became the most
important tool for the identification of novel phytochromes or
phytochrome-related proteins. Robust sequence motifs, identi-
fication of amino acids instrumental for phytochrome function,
and the PAS-GAF-PHY-HK domain arrangement identified a
still growing number of phytochromes in prokaryotes. Genes
encoding phytochrome-related sequences could be found
neither in an archaeal nor in the genome of the eukaryotic
alga Chlamydomonas reinhardtii;*® in this context please see a
short description on the existence of phytochromes in other
algae (section 2.1.4). Empirically, the sequence motif encoding
the residues around the chromophore binding cysteine (Cys323
in GmPhyA, Figure S1) served for probing genomes for the
presence of genes encoding phytochromes. However, consider-
ing the historical development of phytochrome research, this
approach failed to identify Phy-encoding genes in the genomes
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of nonphotosynthetic bacteria and later-on in those from fungi.
These Phys bind biliverdin IXa (BV) to a cysteine located in a
short sequence preceding the N-terminal PAS domain, and the
chromophore-binding (“plant-typical”’) cysteine in the GAF
domain is replaced by another amino acid (Figure S1).*** Yet,
many of the other sequence motifs and in particular the domain
arrangement of the photosensory module could be mapped,
allowing identification of an ever-growing number of bacterial
phytochromes.

Phylogenetic studies revealed that BV likely represents the
earliest bilin chromophore utilized by photoreceptive chromo-
proteins of this class. The bilin-binding cysteine apparently
evolved several times independently in Phys from various clades
and lineages. A recent, excellently composed review provides
detailed discussions around the topic of phytochrome develop-
ment and phylogeny."’

As there is no rule without exception, a discrimination
between photosynthetic and nonphotosynthetic bacteria failed.
Nature always shows the limits of any classification, just
considering the case of Rhodobacter sphaeroides. This bacterium
commonly grows in a vegetative manner but carries genes
allowing it to switch to a photosynthetic lifestyle. This
conversion is controlled by a protein named AppA, composed
of a blue light- (LOV-based) and a heme-based oxygen sensor
domain called SCHIC (sensor containing heme instead of
cobalamin).*® Thus, under conditions of low oxygen pressure, R.
sphaeroides initiates expression of photosynthetic genes to use
light as energy source.

A curiosity emerged among BV-binding bPhys. Several bPhys
were identified that form biosynthetically in the Pr form and
immediately convert into the Pfr form to adapt this form as the
thermally stable parental state with A, around 750 nm. The
photoproduct of these “bathy-phytochromes” is the Pr form
with absorbance maxima around 700 nm that slowly reconverts
in a thermally driven process into the Pfr state. The best studied
example is PaBphP, the bacterial phytochrome from Pseudomo-
nas aeruginosa.”’ Phytochromes with hypsochromically shifted
photoproducts were considered initially as curiosities, as they
apparently violated the historical dogma of phytochromes, the
physiological Pr-OFF, and Pfr-ON response. The finding of an
increasing number of Phys with hypsochromic photoproduct
maxima, also identified in CBCRs (section 2.1.3), then became
simply a variation in phytochrome photochemistry. It has to be
noted, however, that the mechanisms and intermolecular
interactions between bilin and protein that dictate the position
of the absorption band and the direction of the photochemistry
are only marginally understood.

These long-to-short wavelengths switching phytochromes
and CBCRs offer an additional advantage in optogenetic
applications (see Section 4.3), as their thermally stable parental
(“dark”) state is extremely red-shifted and far away from the
absorption bands of any other photoreceptors.

All Phy proteins that carry the discussed PAS-GAF-PHY
domain exhibit another feature that only became apparent from
the first crystal structure of a phytochrome PAS-GAF fragment.
Crystals of the PAS-GAF fragment from the bacterium D.
radiodurans identified a figure-eight-knot formed within the N-
terminal extension slipping through a loop of the GAF
domain.*’

In contrast to plant phytochromes, the C-terminal regions of
the bacterial phytochromes often harbor an enzymatic activity
that accomplishes the signaling function. Most common are
histidine kinase (HK) domains interacting with their genuine

response regulator (RR) in a mode of a classical two-component
signaling system. Frequently found are one or both enzymatic
functions that regulate the intracellular concentration of c-di-
GMP, a classical prokaryotic second messenger.** For several
bPhys it could be demonstrated that the C-terminally located
enzyme activity is strongly involved in the regulation of the
bacterial lifestsyle. Activation of individual genes or a gene
cluster that completely changes the lifestyle of some bacteria has
been demonstrated by applying a Phy-specific illumination
protocol or, alternatively, by disrupting the Phy-encoding genes.
To mention only few selected examples, carotene biosynthesis
was found to be light-controlled by a bPhy from D. radiodurans.
In Agrobacterium fabrum, infectivity is controlled by the two
identified phytochromes. In the well-studied protagonist
Pseudomonas syringae, Phys regulate changes in motility and
infectivity upon illumination; however, disruption of the Phy-
genes yields a phenotype already in the dark.”” Attention is given
in this context to the Myxococcales, a group of bacteria that can
convert from a unicellular into a multicellular lifestyle resulting
in the formation of fruiting bodies as a more complex form of
living. For one bacterium from this order, Stigmatella aurantiaca,
phytochromes were shown to be master regulators of their
lifestyle. Detailed structural characterization and spectroscopy
of the two phytochromes from this bacterium disclosed the role
of phytochromes in this dramatic change of physiological
behavior.”® More examples of the relation between red/far-red
illumination in nonphotosynthetic bacteria can be found in a
review on the structure and function of bPhys.”'

2.1.3. Cyanobacteriochromes. A survey for multidomain
proteins in the cyanobacteria Anabaena sp. PCC7120 yielded a
multitude of proteins that carry a GAF domain. Their sequence
similarity and their deduced function allowed grouping them
into subfamilies.”” Among these, one particular set of GAF
domains showed sequences akin to the GAF domains of
canonical Phys. More detailed analysis identified these GAF
domains indeed as capable of binding a bilin and yielding
spectral features known for phytochromes and related proteins.
These proteins were termed cyanobacteriochromes (CBCRs).
They show a remarkable chemical reactivity with respect to the
modification of their covalently bound chromophore. Though
most work on their spectral, kinetic, and signaling functions was
performed with recombinant proteins, it seems that in their
native form all CBCRs bind PCB as chromophore, but in some
cases the bound PCB is subjected to structural modifications
yielding phycoviolobilin (PVB) (Figure 2).>* Common to all
CBCRs is also their photochromicity. Yet, the overall domain
structure and the direction of the absorption shift upon
generating the photoproduct are highly variable. CBCRs are
composed of arrangements of several GAF domains, out of
which one or sometimes several show the capability to bind PCB
as chromophore. Their C-terminal parts often harbor enzymatic
functions such as histidine kinases or nucleotidyl- (adenylyl-,
guanylyl-, or cyclic-diguanylyl-) kinases and phosphodies-
terases.”

In fact, the unexpected variability in GAF domain arrange-
ments (instead of the canonical PAS-GAF-PHY motif) obscured
the identification of the first bacterial “phytochrome”. A gene
rcaE was identified in the cyanobacterium Fremyella diplosiphon,
and a knockout experiment pointed to a potential correlation
with the chromatic acclimation. From similarity analysis, it had
been proposed that rcaE encodes a prokaryotic phytochrome
(like)-protein.”® Despite the finding that an rcaE deletion
mutant lost the capability to adapt its antenna composition,
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initial attempts failed to demonstrate chromophore binding in
the heterologously expressed protein,” and also the domain
architecture prediction did not indicate a PAS-GAF-PHY motif.
This was apparently caused by the fact that the RcaE-encoding
gene does not have an ATG start codon. Thus, when the
recombinant gene was designed, the first ATG was used as a
starting point leading to the loss of a larger part of the N-terminal
PAS domain and consequently to a misfolded protein. At that
time, it was not considered a “phytochrome” (and CBCRs had
not been discovered). Reinvesti§ation of this protein identified it
as the “first” CBCR protein.”® Thereby, although published
ahead of Cphl from Synechocystis PCC6803, this latter one was
then considered the first bacterial phytochrome.*”* Despite
sequence similarities to PhyE, resemblance of this protein to
ethylene sensors was suggested.

There seem to exist two large groups of CBCRs that can be
distinguished by the functional chromophore. CBCRs with a
red-absorbing parental state (4., around 650 nm) and a
photoproduct maximum around 540—550 nm are frequently
found; thus, they were termed RGS (red-green-switching).57
Like in the bPhys, CBCRs with both parental states have been
identified, i.e, converting red-to-green and green-to-red; it
seems, however, that the majority of the RGS-switching CBCRs
generate a hypsochromically shifted photoproduct. In contrast,
the BV-binding bathy-proteins seem to form the smaller fraction
in the bPhys. Though simply exchanging the parental (or dark)
state as a green- or a red-absorbing form, both groups of CBCRs
seem to be not much related to each other, as phylogenetic
studies and structural investigation show.”* % There is evidence
that these RGS-switching CBCRs might have evolved from the
dual-Cys group (discussed in the following paragraph).*

The second group of CBCRs, more diverse, but probably
equally comprehensive as the RGS-type one, comprises those
proteins that sport a second reactive cysteine for chemical
modification of the chromophore. The various absorbance
ranges caused by the reactivity of this second cysteine allowed
clustering of CBCRs into several subfamilies.”’ This differ-
entiation arises from the finding that this second cysteine is
located in loops inserted at different positions in the protein and
also from the finding that, in some proteins, the cysteine
reactivity causes an isomerization of the bound PCB into PVB.
In this case, short wavelength absorptions are accomplished via a
chemical modification of the chromophore 7-electron system. A
double bond rearrangement upon cysteine-induced formation of
PVB (see section 2.2) reduces the conjugation to expand only
over the B—C—D rings of the chromophore. This modification
results in shorter wavelength absorption.”*®” In other dual-Cys
proteins, a nucleophilic cysteine attacks the central position C10
of the bilin, causing two electronically separated pyrromethine
units. This further modification of the conjugated system yields
absorbance maxima in the blue/near UV range of the light
spectrum (see Figure 2 and section 2.2).°> Both conjugation
length modifications occur through chemical activity of a second
cysteine (besides the canonical chromophore-binding one). As
exemplified for these two cases, two “second-cysteine” protein
subfamilies could be identified within the CBCR community;
one of them carries the reactive cysteine in a highly conserved
sequence motif “DXCF”, whereas in the other group of proteins
(so-called “insert cysteines”) the second reactive cysteine is in an
additional loop.®* These cysteines, which reside in loops, usually
attack the chromophore at position 10; however, some do not
keep the capability to bind to C10 in the 15-E isomers of the
bilin.*® The situation with the “second cysteine” is much more

complex. Phylogenetic investigation points to a gain-and-lose
situation for these extra cysteines.”® Considering the remarkable
variability of CBCRs, reports of additional lineages with
surprising properties will likely appear in the future.

Probably triggered by the finding that some cyanobacteria
have found an ecological niche and “harvest” far red light
through a modified chlorophyll with bathochromic absorption
within the “transparent window” (Figure 1), a survey was
started aiming to identify CBCRs with absorption in the long
wavelength range.”® Besides screening WT-cyanobacteria, also
mutagenic efforts were performed to modify GAF domains of
CBCRs to bind BV. In fact, a phylogenetic analysis revealed
lineages with long wavelength absorption. Not only BV as
chromophore provided a red shift in absorption, but also PEB in
an unusual configuration (all-Z,syn) in CBCRs from Anabaena
cylindrical. Anacy 2551g3 from Anabaena cylindrica PCC7122 is
so far the protein with the longest absorption among CBCRs
that also shows a most red-shifted fluorescence with 4, =
728 nm and A, = 740 nm;* its fluorescence quantum yield @ =
1.2% is moderate, but this protein might serve as a “lead
structure” initiating further improvements reminiscent to
bPhys.”” Other potentially relevant candidates for applications
might be proteins such as the dual-Cys CBCR Am1186g2 from
Acaryochloris marina that has been converted to bind BV as
chromophore.”® A detailed analysis on this representative for an
entire lineage revealed that proteins from this group bind BV or
its 18’,18"-derivative, keeping an eye on the possibility that these
chromophores might allow an extension of the absorption
further into the red range of the spectrum.'® It is important to
note that in all cases of chemical modification of those bilins that
serve as chromophores, the double bond prone to light-induced
isomerization (between rings C and D) remains intact (Figures
1 and $).

By combining the expression of apo-CBCR-GAF domains
with various heme oxygenases (HOs) and ferredoxin-dependent
bilin reductases (FDBRs), nearly all imaginable bilins have been
incorporated into GAF domains. A very extensive study has been
performed with GAF domains from N. punctiforme and from
Thermosynechococcus elongates.”> Depending on the individual
BV-converting enzymes employed, P®B, PCB, or PEB were
formed and covalently incorporated, and as the selected GAF
domains have the capability to convert the bound bilins, also
“phytoviolobilin” (®VB), PVB, and PUB were found as bound
chromophores. These latter three derivatives were not present in
pure form but together with their origin bilins. It should be
mentioned that, similar as in plant Phys, PEB most probably is
not present in CBCRs as natural chromophore due to the lack of
photoisomerization capability.

Similar work has been reported by Sun et al,”' who
incorporated PEB and PUB into GAF domains from several
CBCRs. Here, the PEB-generating enzyme PebS was used as the
BV-modifying enzyme. The aim of these scholars was the
generation of fluorescent proteins with a strong orange emission.

The wide variation of absorption maxima of CBCRs spans
virtually the entire visual spectrum and beyond. The finding that
the chromophore binding capacity and the spectral properties
remain intact, even for an isolated chromophore-binding GAF
domain expressed as an autonomous protein, makes CBCR-
GAF domains most interesting tools for future optogenetic
applications. Their properties would eventually allow orthogo-
nal applications combining more than one CBCR GAF domain
(see below). In addition, CBCRs exhibit a noticeable
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fluorescence (clearly higher than that of BV-based bPhy), an
aspect that adds to their potential.

2.1.4. Phys in Other Eukaryotic Organisms. Recent
surveys on classes of organisms, for long not considered to
harbor phytochromes, have widened the presence of these red/
far-red sensitive proteins and even brought information on a
much wider range of absorption maxima.

BV as chomophore is also present in a number of
phytochromes from eukaryotic organisms such as fungi and
diatoms. The role of Phys in fungi is well determined by a series
of detailed studies, including gene knockout experiments with an
impact on sexual/asexual reproduction.”” Their phytochromes,
studied in a well-characterized protagonist, Aspergillus (A.)
nidulans, undergo a relatively simple photoconversion with
short-lived intermediates akin to the photoreactions of bPhys.”
Similar to bPhys is also the signal function, in most cases
accomplished by a classical TCS (HK and RR). So far, none of
these fungal proteins has made its way into optogenetic
applications.

Another group of eukaryotic organisms was shown to carry
phytochromes, the diatoms.*”* Several of these microorganism
species, highly abundant in aquatic environments, were recently
studied in detail with emphasis on a potential red light
sensitivity. The authors were driven by the fact that practically
only blue light penetrates a water column to a significant depth,
whereas all other wavelength ranges are absorbed at the surface
or slightly below. Preliminary photochemical experiments were
performed, and behavioral (action spectra) studies and
knockout experiments of Phy-encoding genes clearly identified
an important role of Phys for the lifestyle of diatoms. A
phylogenetic survey was also reported. However, so far, no
optogentic applications came into view.

Much more promising results emerged from a recent survey
that identified phytochromes in many eukaryotic (micro)-
algae.'"’>7® Equally abundant in aquatic environments, the
phylogenetic analysis found several lineages of microprasino-
phytes carrying Phy-encoding genes, exemplified in the detailed
studied Micromonas prusilla as the common progenitor of green
algae and land plants. These eukaryotic Phys carry PCB as
chromophore that, like in the CBCRYs, is subjected to enzymatic
changes of its chemical structure. Sequence alignments in this
group of small eukaryotes point to a prevalence of histidine
kinase-mediated signaling. However, the domain composition as
also the signaling components, located in the C-terminal part of
the protein, show a large variation: some Phys of these
organisms carry—alike, e.g.,, land plants—two PAS domains
between the PHY domain and the signaling components; some
others carry only one or no intermittent PAS domain at all.
Similarly, complete TCS (two component systems) are present,
in some cases together with their fused response regulators; in
some other algae these domains were lost. Besides the important
phylogenetic findings, an even more surprising feature has been
identified in these algae: their phytochromes show a broad
distribution of their absorbances. This aspect, very similar to the
spectral variation seen in the CBCR proteins, is apparently not
restricted to the variation of chromophores in prokaryotes but
finds its equivalent also in these microalgae. While not reported
so far, one might expect optogenetic applications exploiting the
algal “rainbow of colors”.

2.2. The Tetrapyrrole Chromophore

2.2.1. Biosynthesis. Linear tetrapyrroles represent the
chromophores in all phytochromes and related proteins.

These fully oxidized compounds were given the [IUPAC-defined
name “bile pigments” or “bilins” because they are the breakdown
products of the blood pigment hemoglobin and are excreted in
bile. Porphyrines are ubiquitous compounds serving, for
example, as cofactors in cytochromes or heme proteins across
most eukaryotic and prokaryotic organisms (just consider
anaerobically growing microorganisms as an exception).
Following the biosynthetic pathway, first pyrrolic rings
(porphobilinogen) form through condensation of two mole-
cules of 5-(6-)aminolevulinic acid, which themselves derive from
a condensation/decarboxylation of succinyl CoA and glycine (as
one of two biosynthetic pathways, the alternative process starts
from L-glutamate). Stepwise condensation of four pyrrole units
generates a helical conformation that allows cyclization into the
porphyrinic structure. The entire biosynthetic pathway is more
complex than presented here, as e.g., the enzyme catalyzing the
condensation of the porphobilinogen units, hydroxymethylbi-
lane synthase, itself carries a dipyrromethane unit as cofactor
making the condensation a six-pyrrole-unit intermediate. Also
the final ring closure step includes several rearrangement/
reorientation processes that we will not outline in detail here, as
it is well covered in textbooks. These cyclic tetrapyrroles then
undergo a series of modifications depending on their final fate,
among others complexation of central ions such as Mg
(chlorophyll pathway), Fe, or Cu during the synthesis of heme
or cytochrome components. Formation of the bilin chromo-
phores utilized by phytochromes follows the reverse pathway,
through ring-opening of heme groups concurrent with
demetalation through the enzymatic activity of heme oxygenases
(HO).” Of note, the degradation of chlorophyll follows an
entirely different pathway.”® The ring-opening reaction of a
heme group requires NADPH as a redox-active compound and
three molecules of oxygen to extract the iron ion and to yield one
molecule of carbon monoxide (CO) and BV (Figure 2). Most
HOs generate the IXa isotopomer originating from cleavage of
the methine bridge opposite of both propionate substituents;
however, HOs with other topological specificity have been
reported.”’

It is neither fully understood how the transfer of the heme-
split BV to a docked apo-bPhy is accomplished, nor is the
selectivity characterized in detail with which HOs identify their
“cognate” apo-bPhy. Only few experiments address this high
specificity between the two binding partners that in one case (P.
syringae) leads to a selection of only one of two present apo-bPys
as the binding partner for BV transfer.*

2.2.2. Naturally Occurring Modifications of Phyto-
chrome Chromophores. Bacteriophytochromes (bPhys)
employ BV-IXa that derives from the HO-catalyzed porphyrin
ring-opening reaction of heme, concomitant with the loss of the
central iron ion and a CO molecule.

Further modification into the surprisingly large number of
BV-derivatives depends on individual members of highly specific
ferredoxin-dependent bilin reductases (FDBRs). The enzymes
that follow HOs in generating chromophores for Phys might
serve as a classification of the organism, but as a second aspect,
knowledge on their specificity, i.e., the type of modified bilin that
they generate, is of importance also for optogenetic applications.
A vparticular enzyme involved in the generation of the
phytochrome derivative generates holo-Phys with quite different
absorption maxima. An instructive overview on the various bilins
and their chemical relation is found in comprehensive reviews:
Scheer and Zhao®' (specific for ghycobiliproteins) and
Dammeyer and Frankenberg-Dinkel.”* Seven different FDBRs
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are known, varying in substrate specificity and regiospecificity of
reduction: PcyA, PebA, PebB, PebS, PcyX, land plant HY2, and
algal PUBS.

Most surprisingly, two of these FDBRs, PebS and PcyX, have
only been found in cyanophages to date. PebS can itself catalyze
a four-electron reduction to produce PEB. PcyX is related to
PcyA but converts BV to PEB instead of PCB. Another
isomerization activity that converts PEB to PCB has already
been reported for the red algae Cyanidium caldarium.*

Chemically, the generation of the chromophore for plant
phytochromes (P®B) and for related proteins from cyanobac-
teria (PCB) requires further reduction. The reactive enzymes in
these reducing reactions are usually members of the ferredoxin-
dependent oxidoreductases.** The P®B chromophore of plant
phytochromes is produced by a two-electron reduction of BV.
The chromophore of cyanobacterial phytochromes, PCB,
instead, is generated by one synchronized (+4e~ + 4H") step.
So far, reduction reactions to yield PCB from P®B could not be
identified in plants, and the generation of PCB seems to be
restricted to cyanobacteria. Though being discussed here for
land plants and cyanobacteria, reduced bilins (originating from
BV) are not as rare as sometimes assumed. We still find cases
where genes encoding HOs and FDBRs, the enzymes generating
reduced bilins from BV, are found in the genomes of several
organisms, though to the best of our knowledge no genes for
common receptors could be identified. Enigmatic is the lack of a
known bilin-binding protein in the eukaryotic alga C. reinhardtii
(see section 2.1.2), as it requires PCB for phototrophic growth,
although no “classical” phytochrome- or phycobiliprotein-
encoding genes could be identified.”

There are again exceptions to be mentioned: as identified so
far, two streptophyte algae, Mesotaenium caldariorum and
Mougeotia scalaris, carry PCB instead of P®B as chromophore,
as a comparison of the extracted algal material with recombinant
P®B-binding proteins revealed.*>*® These algae lack the PCYA
gene, but additional research identified that, e.g, HY2 from
Klebsormidium flaccidum produces PCB instead of P®B.*” Even
though HY?2 is the enzyme of chromophore biosynthesis in land
plants, in this case it serves for PCB generation. In the case of M.
caldariorum, Wu et al. proposed that P®B is an intermediate
from BV to PCB. It appears as if a simple classification of
enzymes to bilin chromophores does not hold, and more
“exceptions of the rule” are to be expected.

Phycoerythrobilin (PEB, Figure 2) is chemically at the same
reduction level as PCB, just showing a different double bond
arrangement. From a chemical point of view, PEB is related to
PCB through addition of a proton to position 15 of the bridge
between rings C and D that would then cause a shuffle of the 7-
electron system and loss of a proton from position 18, resulting
in a vinyl substituent at position 18 (instead of the ethyl group
present in PCB). Targeting the double bond connecting the
rings A and B of PCB, a proton can be added to position §,
similarly as formulated for position 15 in PEB formation, thus
converting the A-B ring-connecting double bond into a single
bond and generating a double bond in ring A. This compound
has been named phycoviolobilin (PVB, Figure 2). This same 7-
electron rearrangement of both connecting double bonds
(between rings A and B and simultaneously between rings C
and D) into single bonds then results in phycourobilin (PUB).

However, the biosynthetic pathways do not follow a “simple”
chemical explanation. Starting from BV to generate PEB,
cyanobacteria employ two FDBRs: PebA and PebB. This
reaction pathway has been shown to run through formation of

the intermediate 15-16 dihydrobiliverdin. As said, the saturated
bond between positions 15 and 16 does not qualify PEB as a
Phy-chromophore. Instead, it is an abundant chromophore in
the phycoerythrin in the phycobilisomes.

PUB formation from PEB is formally similar to the generation
of PVB from PCB. PUB was first found in cyanobacteria and
isomerized by a PEB lyase RpcG.*® Later, a phycourobilin
synthase (PUBS) was identified in the moss Physcomitrella
patens, able to catalyze a four-electron reaction, reducing the
C15—C16 and the C4—C5 double bonds to yield PUB.*

The formation of PVB is equally complex. The direct
formation from PCB in cyanobacteria, without the involvement
of a lyase, has been discussed in an overview given by Ikeuchi
and Ishizuka.”® They report this reaction for TePixJ; a mixture of
chromophores was found in a time-dependent manner when
PCB was added to the apoprotein. The adduct formation
preceded the PVB formation. Other isomerization reactions
require the covalently bound PCB and are directed by a specific
lyase, probably involving a rubinoid intermediate (transient
addition of a cysteine to position 10 of PCB).”" Information on
PVB-specific lyases, PecE/F, has been found from Mastigocladus
laminosus.”””> These authors have identified the lyase-catalyzed,
ligation-coupled isomerization of PCB to PVB in the process of
chromophorylation of alpha-phycoerythrocyanin.

As alluded to briefly in section 2.1.3, some CBCR-GAF
domains modify the PCB chromophore even into a rubinoid-
type compound without any further modification/isomerization
of the chromophore. This happens via a nucleophilic attack of a
second cysteine (in addition to the Cys required for covalent
binding) to the central position C10, thereby forming a second
covalent bond and converting the C10—C11 double bond into a
cysteine-substituted single bond.>*** PVB, PUB, and also the
rubinoid compounds have been synthesized chemically” but
were never employed in phytochrome assembly experiments.

PEB and PUB are found, besides PCB and PVB, as
chromophores in the light harvesting antenna of cyanobacteria
(phycobilisomes).**”* However, both PEB and PUB are not
naturally occurring chromophores in phytochromes and most
probably also not in CBCRs. The reaction principle of
phytochromes, namely the light-induced isomerization of the
double bond between rings C and D, cannot be accomplished by
these compounds, as the required double bond is converted into
a single bond (Figure 2). In vitro incorporation of PEB as
chromophore into oat PhyA apo-phytochrome generates a
nonisomerizing but strongly fluorescent chromoprotein.”
Among those two nonisomerizing chromophores, PEB was
recently bound to a CBCR-GAF domain in vivo.”" Interestingly,
more than half of the PEB chromophores were converted into
PUB during the assembly process.

Considering the topic of this article, optogenetic applications
of phytochromes require provision of the chromophore. In this
aspect, one may favor bPhys as they utilize biliverdin, the first
and direct degradation product of cyclic tetrapyrroles readily
generated by a HO-encoding gene. In fact, BV formation is a
ubiquitous reaction pathway in nearly all organisms essential to
excrete excess of potentially harmful porphyrinic compounds,
whereas P®B or PCB is present only in plants and cyanobacteria
(the need to provide these chromophores is still a major
challenge in optogenetic applications, see section 3). A further
advantage of BV-bearing phytochromes is given by the z-
electron system that is further extended than that of P®B or
PCB; as such, bPhys show absorbances in the red/far-red
spectral region (A Pr: ca. 700 nm, A, Pfr: ca. 750 nm). Red/
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far-red absorption and emission properties are clearly advanta-
geous over blue light-based applications (discussed elsewhere'),
as longer wavelength light better matches the “transparent
window” (Figure 1). Of interest in this aspect is the moderate
but detectable fluorescence of bPhys in their Pr state with
emission maxima reaching nearly up to 730 nm. Their
fluorescence quantum yield reaches @y = 6—10% (significantly
larger than that of plant phytochromes of ®; = 107*)** after
improvement by site-directed mutagenesis.”” Notably, also
Cphl (and probably closely related Phys, e.g, CphA) shows
some fluorescence, but again with fairly low quantum yield (®y
= 2.4%) that discourages employment of these proteins in
fluorescence-based applications.”” Still at a very low level of
approximately 10%, the bPhy fluorescence has been used in a
number of relevant applications in living animals.”> Similar
quantum Zields have been reported for GAF domains of
CBCRs,”””® and long wavelength-absorbing and —emittin§
representatives of this protein family have been reported,’
making these small GAF domains interesting candidates for
fluorescence and even nanoscopy applications (see section 4.2
for further details).”® For these red light-absorbing proteins,
absorption and emission appear within the “transparent
window” (Figure 1), an aspect of importance similar as discussed
above for the bacterial phytochromes.

The essential need of the relatively large PAS-GAF-PHY
domain arrangement with a molecular weight of more than 65
kDa to maintain spectral integrity, and the tendency to form
homodimers, represent a clear drawback for many applications.
In principle, CBCRs are better suited for applications due to
their wide variation in absorption maxima, significant
fluorescence, and smaller size (ca. 18 kDa). Yet, like most
bilin-binding proteins, also CBCRs utilize PCB as chromophore.
Improved protocols for the §eneration of PCB in animal cells
have already been presented, ~'°" and work has been reported
that aimed to convert PCB- into BV-binding proteins (see also
section 3).22’23’102

2.3. Mechanistic Details

Common features of phytochromes and related proteins are the
photochromicity of the two stable states and the large difference
in absorption maxima of both photochromic states (in some
CBCRs the difference between the two states extends to more
than 100 nm). The large photochromicity allows selective
irradiation of the parental state or the photoproduct state, thus
providing the basis for optogenetic applications of this class of
chromoproteins. Light absorption causes an immediate
population of the excited state surface from which the
chromophore returns to the ground state surface through a
conical intersection, combined with the C15—C16 double bond
photoisomerization (Figure 4).

The chromophore reactions at the excited state surface are
currently under debate with respect to a proposed heterogeneity
of conformations with consequences for the quantum yield of
product formation. Recent experiments have identified a
subpopulation of excited molecules that immediately return to
the ground state without performing any light-driven activity
due to the small energy barrier on the excited state surface.
Thereby, the proportion of molecules that move toward the
conical intersection, where the ratio of forward and backward
reactions determines the quantum yield, has been addressed by
several groups.'**'%*

Early studies determined the chromophore photoisomeriza-
tion taking place at the double bond connecting rings C and D of
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Figure 4. Fast phytochrome photochemistry. (A) Excited state
dynamics of phytochrome A from Avena sativa. Upon absorption of a
photon, the chromophore is promoted to the excited state hypersurface.
There, it travels through several local minima, eventually arriving at the
conical intersection between both energy levels, where it falls down to
the ground state surface, either going back to the S, ground state or
proceeding forward to generate the Lumi-R intermediate. Back-
irradiation of the lumi-intermediate occurring as a side effect of the
experiment is shown (red arrow, adapted from Miiller et al.'® with
permission, copyright Elsevier 2008). (B) Photocycle of plant
phytochrome A from Avena sativa. Kinetics were determined at 20
°C. The individual conversion processes either are biphasic (Lumi —
Meta) or are determined over several, spectrally very similar, but ill-
determined intermediates (Meta-I, -II, and -III)."*

the bilin moiety (“C15—C16 double bond isomeriza-
tion”).'””'%  Although both “ends” of the chromophore
undergo rotations around the A—B- and C—D ring connecting
single bonds, this led to the erroneous assumption that the
double bond isomerization would occur at the bond between
rings A and B (C4—C5)."" The protein environment, however,
restricts conformational freedom sufficient for a cis—trans
isomerization only to ring D (Figure S5). A number of
spectroscopic studies added to and confirmed this identifica-
tion."'”"'" Crystal structures of various phytochromes revealed
so far remarkably large distortion angles for the A and D rings
with respect to the central B—C plane. These distortions seem to
contribute significantly to the absorption maxima.''’ In
particular, the recent development of powerful theoretical
programs allowed precise quantum mechanical calculations to
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Figure S. Pr and Pg structures of the red/green switching GAF3
domain of CBCR SlIr1393. (A) Left, the red-absorbing parental state Pr
(blue, PDB: SDFX, 4, around 650 nm); the chromophore (with
electron density map) is in the ZZZssa configuration. Right, the
green-absorbing photoproduct Pg (magenta, PDB: SM82, 4,,,, around
540 nm); the chromophore (with electron density map) in the
Z,Z,E,s,s,a configuration. The D ring is oriented differently in the Prand
Pg states. The dihedral angles between the rings A—B, B—C, and C—D
are 24°, —1°, and —150° in Pr and —77°, 8° and —120° in Pg,
respectively; they were determined from the crystal structure
coordinates using Pymol. (B) Superposition of the Slr1393g3 Pr and
Pg structures, showing the conformational changes associated with the
photoconversion.

clearly pinpoint the absorbance-regulating element being the
distortional angle between rings C and D over the conforma-
tional changes between rings A and B (although, as said, in some
proteins the A ring shows a remarkable conformational
distortion).''*

2.3.1. Time Domains, Intermediates, and Efficiencies
for Phytochrome Photoconversions. Decay of the vibra-
tionally “hot” chromophore from the excited state surface to the
first detectable intermediate during the “forward” reaction (Pr
— Pfr) occurs within several picoseconds, whereas the reverse
reaction (Pfr — Pr) takes place much more rapidly, requiring
only very few picoseconds.'’”'"® The efficiency of the
photoreaction (quantum yield) has been determined as between
0.15 and 0.2 depending on the protein under study”* and
initially was understood as the amount of Pfr state formed (see
above, section 2.1, the discussion on structural heterogeneity
with impact on the quantum yield). Studies on the reverse
reactions (from the photoproduct back into the parental state)
revealed a higher quantum yield than the respective forward
reaction. Interestingly, the first detectable intermediate for both
directions always shows a bathochromically shifted absorption
maximum. Whereas the formation of the first intermediate is
light-induced, all following conversions are thermally driven and
expand into the time range of several hundred milliseconds

(Figure 4).'°%'"* The photocycles of canonical phytochromes
carrying either POB (plant Phys) or PCB (cyanobacterial Phys)
are very similar to each other with respect to kinetics, quantum
yields, and intermediates. Intermediates that form transiently are
named lumi-R (R for Pr), meta-RI, and meta-RII, and for the
reverse reaction lumi-F (F for Pfr) and meta-F."'® The reaction
pathways from both Pr and Pfr likely occur in a consecutive
manner with each intermediate turnover exhibiting lifetimes
longer than the precedent ones. So far, only for one
phytochrome has a thermal back-reaction from a before-formed
conversion intermediate been reported.''® However, also for the
canonical phytochromes (plant-derived proteins and Cph1 from
Synechocystis), compelling evidence indicates that the parental
Pr state is heterogeneous in its composition, suggested by
slightly different conformations of the chromophore.''” It has
even been proposed that at least two Pr states exist (in thermal
equilibrium) that travel during parallel reaction pathways (with
slightly different lifetimes for the involved intermediates) and
eventually form the Pfr state.!">"'® The Pfr state, instead, has
been found strictly homogeneous in its conformation. During
the Pr — Pfr conversion, a transient deprotonation of the
chromophore has been detected, whereas both starting and final
states (Pr and Pfr) carry a protonated chromolphore, not
considering the dissociated propionate substituents."'” It seems
that the reverse reaction (Pfr = Pr) does not include a transient
deprotonation of the chromophore."'® Contrawise, bacterial
phytochromes carrying BV as chromophore follow much
simpler conversion pathways with only one or two intermediates
during the formation of the Pr or Pfr state.””

Still relatively little information is available on the photo-
chemical reactivity of the GAF domains of CBCRs. A number of
studies describe reactions at the ultrashort time do-
mains.’”'*°""** For conversions in the micro-to-millisecond
range, the best characterized ones belong to the red-/green-
absorbing subfamily. Neglecting some specimen of CBCRs in
which the chromophore chemical structure is changed during
photoconversion (PVB, bilirubin type) thereby complicating the
photoconversion, >>'*° CBCRs with an unchanged PCB
chromophore undergo a relatively simple photoconversion.
Following the instantaneously formed first (“lumi’-like)
intermediate that decays within the picosecond time range,
only one, sometimes two further intermediates with lifetimes
below 100 ms can be observed that eventually form the reaction
product.*”'**

2.3.2. Aspects of Protein Structure. Since the first crystal
structure of a phytochrome fragment was presented in 2005,"” a
considerable amount of structural information has been
gathered, including results for full-length proteins. The pioneer-
ing work describes the PAS-GAF fragment of the bPhy from
Deinococcus radiodurans showing an eight-knot at the N-
terminus that forms cotranslationally. Structures of a full
photosensory module composed of the PAS-GAF-PHY domain
were solved for Cphl from Synechocystis,'*” followed by
structures of various phytochromes also including full-length
proteins."*’ Here, the group of Winkler reported a full-length
structure of a bPhy from Idiomarina sp., A28L, including the
enzymatic domain at its C-terminal end.*" The physiological
activity resides in a cyclic-diguanylyl cyclase (DGC) activity
(also coined as the GGDEF motif following the conserved
functional sequence motif). This finding is of even greater
importance, as most so far crystallized light-regulated enzymatic
activities are histidine kinases and c-di-GMPases and the
counteracting phosphodiesterases (PDEs) that are excellently
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suited for optogenetic applications. The publication from
Gourinchas et al. adds further important information: whereas
the PAS-GAF-PHY domains of bPHY arrange into parallel
homodimers—and the same holds true for histidine kinases—
the DGC domains adopt an antiparallel arrangement. Both HKs
(known from other 3D structures) and DGCs are linked to the
light-regulated units by long a-helical segments.

The authors even elucidated—in part—light-induced con-
formational changes in the bPHY dimers, for which they
employed a sophisticated technique called HDX-MS. This
method compares exchanges of protons by deuterons (HDX)
over the incubation time, identified by high resolution mass
spectrometry (MS). The comparison of the dark- and the light-
activated forms identified regions of the proteins that become
more or less exposed to H-D exchange.

Out of the many phytochromes identified so far, most
optogenetics applications are performed with PhyB from
Arabidopsis thaliana, due to the light-controlled tight and
precise binding of phytochrome-interacting-factors (PIFs).
Structural information for AfPhyB has been obtained in 2014
for the Pr-state of the light-sensitive PAS-GAF-PHY unit. The
work revealed a high structural similarity to the Cph1 and the D.
radiodurans (Dr) structures. The authors reported an eight-knot
structure just as that found for the Dr protein. Further, the
antiparallel f-sheet element in the PHY domain protruding
toward the GAF-embedded chromophore and long helical
elements that pervade the entire lengths of the structure were
identified—even longer than the equivalent helices in the Cphl
structure. The N-terminal extension, which is characteristic for
flowering plant Phys, appeared longer than in the bacterial Phys
and folds back into the vicinity of the chromophore."** Further
structural information for PhyB-type Phys had been obtained:
for PhyB from Sorghum bicolor (PG- and PGP-domains) and for
PhyB from Glycine max (PGP-domain, Figure 3)."*” The same
publication (Nagano et al.) reported also structures of truncated
PhyA proteins (PG- and PGP-domains of GmPhyA).

The crystallization-based structural information obtained
from various phytochromes was recently complemented by a
full-length cryo-EM-based structure of AtPhyA."** The electron
microscopy experiments yielded an electron density with a
resolution of 17 A and combined with docking of domains from
crystallization studies allowed to propose the positions of the
two plant-Phy specific PAS domains (named PAS-A and PAS-B)
located between the PHY domain and the C-terminal part of the
protein.

Still, for many phytochrome(-related) proteins, the crystalline
structure of only one state has been resolved at high resolution.
The photoproduct structures often have been resolved at lower
resolution or have been revealed with alternative methods, e.g.,
X-ray scattering135 or solid state NMR spectroscopy.s‘)’13’6’l 7
Structures of both states, parental and photoproduct, have been
obtained only for the photosensory PAS-GAF-PHY portion of a
few bPhys from, e.g, D. radiodurans,"**"** P. aeruginosa, P.
palustris, or X. campestris (a recent compilation of mostly
bacterial phytochromes was reported by Gourinchas, Etzl, and
Winkler' ™). The very recent application of extremely bright,
ultrashort pulses from XFELs (X-ray free electron lasers) yielded
three-dimensional structural information on the initiation of the
photoprocess and the earliest intermediates for phytochromes
from D. radiodurans and Stigmatella aurantiaca."*"'** In the
most recent paper, the observable time domain was in the range
of 33 ms.'*’ The future will show that applications of XFEL can
be considered a method of choice to follow light-induced

structural changes, even more so, as the authors have succeeded
to extend the time frame for observation into the milliseconds
range. While still pioneering in the field of phytochrome, these
publications yield outstandingly detailed and novel insights into
conformational changes. A comprehensive discussion of these
observed data is beyond the frame of this review, and we refer
the interested reader to the original publications. Structural
information was obtained also for a small number of CBCR-
GAF domains.**'**'*> As only a few structures have been
obtained for full-length phytochromes, structural information
on the light-induced conformational changes of the protein that
yield the biological signal is still sparse.

The pivotal relevance of phytochromes for plant development
has initiated a large number of investigations aiming at
understanding how they communicate with other proteins in
order to mediate the light-generated signal.'*® Their regulatory
function in the cytoplasm,'*” and after photoactivation and
transport into the nucleus, has been discussed in recent
reviews.”* The interaction of phytochromes with nuclear
proteins has been identified to regulate gene expression.
Especially PIF proteins have been utilized in optogenetic
applications, e.g.,, for direct control of gene expression or
targeted protein recruitment (see section 4.4 of this re-
view)."**'*? Moreover, binding of PIF3 or PIF6 to PhyB
appears fully light-dependent (Pr vs Pfr) and extremely stable,
and engineered variants allow utilization also in the cytoplasm.
Moreover, PIF proteins could be shortened to sequences of 20
to 40 amino acids in length while still retaining their binding to
PhyB (see section 4.1.3)."%971*

Being a light-regulated kinase on its own,'*’ several target
sequences for phosphorylation have been identified in plant
phytochromes. These preferentially reside in the N-terminal
region (which may span various lengths in the canonical
phytochromes)'** but also in the “hinge region” that connects
the photosensory PAS-GAF-PHY unit with the C-terminal
portion of the proteins.">® Initiated by the finding that Cphl
relays light-generated information downstream via a C-
terminally located histidine kinase (HK),*”*' the C-terminal
domain of canonical plant phytochromes has been inspected for
a potential HK activity.'>® However, substitution of the
histidines in this part of the protein did not impede their
function, indicating that the C-terminal part may carry a HK-
related Ser-/Thr-kinase activity.*”

Three structural features of phytochromes shall be high-
lighted due to their relevance for potential optogenetic
applications: (i) structural analysis in combination with
vibrational spectroscopy revealed a stabilizing element of the
PHY domain that extends “backward” into the GAF domain. An
antiparallel f-sheet structure (called the “tongue”) comes close
to the D-ring of the chromophore when the protein is in the Pr
state, likely providing a stabilizing function (see Figure 3). Light-
induced conversion into the Pfr state causes a disintegration of
the f-sheet element and formation of a short a-helix.">”">® This
conformational change is considered important for trans-
mittance of information into the C-terminal signaling domain.
(ii) Long a-helical elements stabilize the photosensory PAS-
GAF-PHY unit and arrange the three domains to dangle like
fruits on a tree branch. The helical structures even extend further
into the C-terminal portion of the phytochrome proteins and
likely contribute to signal transmission from the photosensory
part to the C-terminally located enzyme activities. This
structural element is conserved throughout canonical plant
phytochromes and is also present in their bacterial counterparts.
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The helical extension becomes relevant considering that in many
phytochromes, preferentially those of bacterial origin, the
signaling function is accomplished by an enzymatic activity
located in the C-terminal part of the protein (see sections 2.1.2
and 2.4). (iii) Not present in canonical plant-derived
phytochromes, but identified in many canonical cyanobacterial
phytochromes as well as in other bacterial phytochromes and
CBCRs, are enzymatic activities in the C-terminal part. Most
prominent are histidine kinases,””*" some of them fused to their
genuine response regulators, but also diguanylyl cyclases and
phosphodiesterases*® are abundant.”®** Understanding the
“communication” between the light-sensing and the enzymatic
part of phytochromes will open the door to designing hybrid
proteins with light-guided enzymatic activities that do not exist
in nature (or so far have not been discovered).

2.3.3. Synchronized Chromophore and Protein Mo-
tion: Biological Signal Generation and Propagation.
After absorption of a photon, the bilin chromophore of
phytochromes instantly undergoes conformational changes on
the excited state surface (Figure 4). Discussion among the
ultrafast-measuring community indicates a conformationally
heterogeneous population of the chromophore with strong
dihedral angle distortions, preferentially along the bridges
between rings A and B and between rings C and D (Figure S).
However, the final reaction affects the C15—C16 double bond
isomerization.''” The central unit composed of rings B and C is
fully conjugated with a nearly identical z-electron arrangement
leading to fairly planar conformations throughout the entire
photoreaction. The light-excited chromophore undergoes
strong vibrational motions that become evident in an oscillation
of the absorption monitored by picosecond-time-resolved
absorption spectroscopy.'”> Yet, this oscillatory motion is
rapidly damped on a time scale of a few picoseconds, indicating
that the immediate protein environment around the chromo-
phore couples to these motions and absorbs energy for
subsequent thermally driven protein motions.'”> In the
respective parental state, Pr, or Pfr for bathyphytochromes,
the chromophore is protonated and strongly hydrogen-bonded.
This stabilizing network breaks and reforms when the
chromophore adopts the photoproduct configuration. It not
only isomerizes the D-ring of the bilin with formation of a new
hydrogen-bonding network, but the entire chromophore slightly
rotates by a few degrees around an axis orthogonal to the plane
of the chromophore. This ultimately leads to a change of salt
bridges between the propionic substituents at rings B and C and
arginine and histidine side chains, respectively. Further
structural changes have been detected in the N-terminal
extension. Unstructured in Pr, the sequence becomes more
tightly fixed to the A-ring in the Pfr state of the chromophore.">*
The most important aspect for signal transmittance and
optogenetic applications alike is the unfolding/refolding of the
“tongue” (antiparallel f-sheet into a-helix), alluded to above
(see also Figure 3), as it releases the PHY domain and thus
mediates the light-generated signal into the C-terminal part of
the protein. A comparison of structures of the parental state and
the photoproduct, obtained for a CBCR-GAF domain (PDB:
SDFX, SM82, Figure 5) highlights the changed interactions of
chromophore and protein and the changes in the conforma-
tional states of both components.'**

14921

2.4. Physiological Functions Controlled by Canonical
Phytochromes and Cyanobacteriochromes

Phytochromes, especially those of higher plants, are global
players in light-driven plant development (photomorpho-
genesis), and they have been assigned to control about 20% of
all plant genes. However, a detailed presentation of their
variegated functions remains highly challenging to assess. In
plants, phytochromes can interact with their paralogs in some of
their regulatory functions; that is, some physiological processes
require joint activity of more than one phytochrome, and in
other cases each phytochrome type (PhyA—PhyE) may perform
selectively very specific functions not to be taken over by another
Phy. In addition, individual phytochromes communicate for
their activity with other photoreceptors such as phototropins,
cryptochromes, and most probably also with the ultraviolet-
sensing receptor UVR8. Many of these light-driven physiological
processes contribute to the function of plant hormones.
Additional interactions with other actuators can have an
attenuating or intensifying effect. Their ubiquitous appearance,
their phylogenetic relation and origin, and many details of their
physiological functions have been outlined recently in several
comprehensive reviews.” >+

Our knowledge on phytochrome function in prokaryotes is
even more sparse. Beyond the finding that many bacterial
phytochromes relay signals via C-terminal enzymatic activities
using histidine kinases (HKs) and their cognate response
regulators (RRs), phosphodiesterases, or nucleotidyl cyclases,
no further detailed information on the signaling pathway can be
given. The physiological effects can often be described only in a
phenomenological manner. Several physiological functions in
cyanobacteria are clearly linked to Phys, e.g, chromatic
acclimation and virulence. CBCRs were reported to control
many aspects of cyanobacterial physiology and metabolism, in
many cases through the C-terminally located HK-motifs in
interaction with their cognate RRs, just to mention far-red light
photoacclimation (FaRLiP), complementary chromatic accli-
mation (CCA), low-light photoacclimation (LoLiP), photo-
system composition and stoichiometry, short-term acclimation
(state transitions), circadian rhythm, phototaxis, photomorpho-
genesis/development, and cellular aggregation.

The relation of RcaE to chromatic acclimation has briefly
been discussed further above (section 2.1.3). Here, physiological
functions are highlighted a bit more precisely. A detailed analysis
revealed that RcaE induces phycocyanin formation under red
light, but phycoerythrin is controlled by DpxA (by green, but not
by blue light), as demonstrated for Fremiella diplosiphon.'>*'*°
The signaling components of both regulatory elements are HKs
and their cognate response regulators (RRs). The CcaR/Cca$
sytem has already entered the stage as an optogenetic tool. Far-
red light acclimation was demonstrated through the FaRLiP
system, to which the knotless RfpA takes responsibility.'®"'**
Also, sessile or free-swimming lifestyles of some plant
pathogenic bacteria are under control of bPhys.'®> However,
besides the HK/RR system also c-di-GMP as second messenger
constitutes an important optogenetic target. Only several
selected examples should be outlined here in detail: the c-
diguanylyl cyclase SesA regulating cell aggregation in
Thermosynechococcus. It requires the concerted action of three
CBCR-proteins to induce the generation of this second
messenger. TIr1612 has been identified as a light-controlled
repressor of cell aggregation in Thermosynechococcus volcanus.'**
Further, pigment biosynthesis in Deinococcus radiodurans was
reported to be phytochrome-regulated,” but in nearly all these
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examples the signal transduction chain, which finally leads to the
observed effect, has not been identified. Thus, out of the many
regulatory functions that phytochromes accomplish, we will
discuss only those with direct relevance to the topic of this
article. In particular, naturally occurring systems with direct
application potential came into focus for optogenetic
applications.

Early visions of Quail and co-workers put focus on the strictly
light-regulated, very specific and strong interaction between
phytochromes (preferentially PhyB) and individual members of
the PIF family for controlling gene expression.'*” Their seminal
study of phytochrome signal transduction shown by a random
mutagenesis approach using PhyB (and also PhyA) identified
mutations in the tandem PAS domain arrays following the PHY
domain, with clearly observable plant phenotypes.'® This
tandem PAS region is defined as positions 621—873 in PhyA and
655—905 in PhyB. For Arabidopsis PhyA, the authors found a
cluster of effective mutations between the amino acid positions
680 and 840, and similarly for PhyB between 770 and 840. A hot
spot for both proteins was identified between positions 775 and
795. No direct PhyA- or PhyB-interacting partner proteins were
identified in this study, but signaling proteins from the COP-
DET-FUS group were proposed to bind to the identified region
of PhyA or PhyB. This reactivity was not only used for its natural
function for regulation of gene expression but was also exploited
in optogenetics for recruiting proteins to cellular compartments
or to specific intracellular membranes. In fact, the couple PhyB/
PIF represents the majority of phytochrome-based applications.
Interestingly, PhyB-based applications discriminate between
fragments that span either amino acids 1—651 (not comprising
the tandem PAS array) or others extending up to position 908
(sections 4.1.3 and 4.4). After the first structure of a PhyB
photosensory core module (PAS-GAF-PHY) was pre-
sented,"*'** further information on residues contributing to
the PhyB/PIF complex formation remain to be identified. At
least, some more quantitative studies emerge. The association/
dissociation reactions between PhyB and PIF were recently
studied and modeled kinetically using a truncated A. thaliana
phytochrome, with a short piece of PIF6 (PIF6.A variant) that
remains preferentially monomeric in solution.'’ PIF6.A
comprises only 40 amino acids of the entire protein (denoted
as APB.A) yet retains binding properties (280 nM for the Pfr
state and 2 uM for the Pr state). To follow the binding
experiments, PIF6.A was fused with the homotetrameric
fluorescent protein (FP) DsRed in a manner that retains the
monomeric conformation of the PIF fragment, whereas the
tetrameric FP enhances the detection of fluorescence to allow
quantitative measurements. These experiments indicated rapid
binding of PIF6.A to the Pfr state (even close to the diffusion
limit) and nearly no binding capacity of the Pr state for PIF, in
contrast to former experiments. However, the latter experiments
were performed by alternative detection methods."”' The study
also included longer PIF6 variants (APB.A plus APB.B), which
revealed stronger binding due to a slower dissociation process.

3. PHOTORECEPTOR ENGINEERING

Phytochromes were initially utilized in optogenetics due to their
modular domain architecture carrying a photosensory unit in
their N-terminal and a signaling activity in their C-terminal half.
Their natural function as photoreceptors comprises a process as
follows: light absorption generates a biological signal through
chromophore-triggered conformational changes of their protein
moiety. This releases a given enzymatic activity or formation of

complexes with other proteins that become activated, thereby
allowing the plant or bacterium to respond to the environmental
conditions accordingly. Phytochromes bear another property
that makes them promising candidates for optogenetic
applications: already the wild type proteins—without further
sequence variation—absorb and fluoresce in a spectral region
much further red-shifted than any other photoreceptor class.

Bilin-binding bPhys and CBCRs further broaden the options
for optogenetic applications. They benefit from their far-red
light absorption using BV as chromophore, the first heme
degradation product that is ubiquitous in plants, animals, and
bacteria. The other chromophores of canonical phytochromes
(P®B or PCB) are characteristic for plants and cyanobacteria. In
addition, BV shifts the absorption maxima of the photoreceptor
parental state and photoproduct by ca. S0 nm (in some proteins
even further red-shifted to 710/760 nm, always referring to the
Amax values) toward longer wavelengths relative to canonical
phytochromes (4,,,,, values: 700 and 750 nm for the Pr and the
Pfr states of bPhys), moving them into the applications-relevant
“transparent window” (Figure 1). Together with their noticeable
fluorescence of the Pr state (4., > 720 nm), bPhys have already
been applied as fluorescent markers, excellently compiled
recently by Chernov et al,” and are therefore here only
discussed marginally (section 4.5). Fluorescence-based applica-
tions have also been performed employing CBCR-GAF domains
and proteins originating from the phycobilisome antenna
complexes (section 4.6.2).

Complex formation between plant phytochromes and
cytosolic or nuclear proteins, some of which turned out to be
transcription factors, led to the earliest proposals for light-
regulated biological functions such as gene expression.'**
Interactions of phytochromes with other cytosolic photo-
receptors, e.g, phototropins, can be used to direct phyto-
chromes to specific cell compartments or to the membrane, as
was already demonstrated in 2012 in the moss Physcomitrella

147,166 . I . .
patens and in applications combining multiple photo-
receptors.'®” ™'’ Complex formation between PhyB from A.
thaliana and PIF proteins (most frequently PIF3 or PIF6) has
been tuned to a minimal size of both proteins. PhyB could be
truncated to 600 amino acids, still accomplishing reversible
complex formation with PIF, and also PIFs were down-sized to
only 20 to 40 amino acids (depending on the addressed research
topic).””" These truncated proteins might be the preferred
choices when used as tags in protein-recruitment experiments
(section 4.1.3). As mentioned above, these short peptides are
usually fused to larger proteins in order to prevent proteolysis.

There were more direct attempts to employ canonical
phytochromes from cyanobacteria and bPhys based on the
finding that these proteins accomplish signaling through enzyme
activities located in their C-terminal portion, e.g., histidine
kinases””*' or diguanylyl cyclases coupled with phosphodies-
terases.”® Early approaches still required the addition of the
genuine chromophore into cell cultures, which poses a major
experimental issue when developing in vivo applications, and in
fact, several more recently presented optogenetic applications
still depend on exogenous addition of the bilin chromophore.

An important aspect regarding the chromophore availability
during protein biosynthesis is often overlooked: although
apophytochromes show the capability to autocatalytically bind
an added chromophore covalently (even in in vitro experiments
and also in cases when single GAF domains were expressed), the
extent of incorporated chromophore (Aggs/A,g0) is lower in
recombinant phytochromes than in plant-extracted phyto-
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Figure 6. Phytochrome-mediated optogenetic and imaging applications. We restrict the figure to the most frequently applied techniques, e.g., gene
expression control, protein recruiting, or organelle-directed transport. We do not include less frequently applied methods, e.g.,, bioprinting,
photoacoustics, protein splicing, or biosynthetic process control. (A) General engineering strategies of photoreceptors. (i) Covalent linkage to an
output effector, i.e., utilizing natural architecture (“A”-“A”) or engineered hybrid proteins (“A”-“B”) not existing in nature. In these engineered variants,
the design of the linker between both domains is usually important for the functionality. (i) Light-induced homodimerization. The light-dependent
conformational changes in regulatory mechanisms of dimeric enzymatic functionalities. (jii) Light-induced heterodimerization enables interactions of
phytochromes or photoswitchable FPs with their binding partners. The couples PhyA/B and PIFs represent the majority of phytochrome-based
applications. Another example is the RpBphP1 and RpPpsR2 couple, where red light (660 nm) interrupts the interaction. (iv) Engineered bPhys,
CBCRs, and APC (allophycocyanin) as a source of near-infrared fluorescent probes. (B) Selected cellular applications include the regulation of gene-
expression, enzyme activity, organelle transport, gene editing, and subcellular localization with red light. See main text for detailed discussion and
further applications. (C) Phytochrome-based optogenetic tools find applications ranging across different organisms including prokaryotes, fungi,

animal systems, and plants.

chromes. Also, in bacterial, BV-binding Phys and in CBCRs, the
yield of chromophore binding is moderate, even if PCB and
apoprotein are coexpressed. Apparently, the apophytochromes,
when expressed under their genuine cellular conditions,
experience better conditions to incorporate the chromophore,

and the present chromophore might also help folding of the

polypeptide chain into its three-dimensional structure and
protect the holoprotein from intracellular digestion.

The dependence of phytochromes on chromophores (BV or
PPB/PCB for plant phytochromes or the canonical phyto-
chromes from cyanobacteria) called for strategies that prevent
the need for their exogenous addition. Consequently,
biosynthetic strategies have been developed early on. In bacteria,
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a two-plasmid approach” or, alternatively, a fused gene
construct turned out to be efficient.”” The two-plasmid
approach requires transforming (or transfecting) the phyto-
chrome-encoding gene (or a Phy-related protein) and
simultaneously inserting genes encoding enzymes that break
down heme groups (HO, heme oxygenases) into BV along with
enzymes that further reduce BV either to P®B or PCB.
Alternatively, the fused-gene approach simply combines the
DNA of both plasmids.

To improve the endogenous generation of PCB (alternatively
P®B), several engineering attempts have been tested. The initial
step in the synthesis of all bilin chromophores is the ring-
opening reaction that also results in the removal of the central
iron ion. As this reaction is performed by HO in combination
with redox-active enzymes, involving molecular oxygen and
NAD*/NADH-switching enzymes, authors probed the minimal
component composition for biosynthesis. The combination of
HO-PcyA (heme oxygenase + PCB:ferredoxin oxidoreductase)
was sufficient for PCB synthesis in vitro combined with Fd
(ferredoxin) as a one electron carrier.’”’ In this study, also
simpler systems were tested comprising only a heme oxygenase
and a PCB:ferredoxin oxidoreductase, e.g, HO-PcyA from
Thermosynechococcus elongates (even without considering the
compatibility with the host organism). However, this approach
yielded only low to moderate amounts of chromophore-
furnished phytochromes in E. coli. Insertion of the heme to
PCB bioconversion pathway to mammalian cells initially raised
hurdles caused by the compartmentalization of the heme
synthesis pathway between cytosol and mitochondria, but
severallg(()ijustments made these approaches reliable (see section
4.1.3).

4. OPTOGENETIC APPLICATIONS

The intention to introduce phytochromes and related proteins
into the field of optogenetics had a bumpy start. Plant
phytochromes, the most prominent representatives, were long
seen as rigid and unexciting proteins with a large molecular mass
and a virtually nonexisting fluorescence. Furthermore, their
physiological functions, though paramount for plant develop-
ment, were never quite clearly understood. When later, light-
regulated pythochrome transport into the nucleus was found
(besides other, even more obscure activities in the cytosol),"*’
their function appeared even more complex. Other photo-
receptor classes followed the initial popularity of channelrho-
dopsins much earlier, preferentially the flavin-based LOV-,
BLUF-, and cryptochrome proteins. These photoreceptors
showed functional and structural properties more feasible to
manipulate, and just considering LOV domains, genetic
modifications including the generation of hybrid proteins
appeared straightforward (complied by Losi et al.).!

Screening the literature for phytochrome-based optogenetic
applications reveals a phenomenon also known from other
classes of photoreceptors: the number of published proposals,
perspectives, or reviews surpasses the number of publications
reporting original experimental work. Many reviews discuss, e.g.,
the possibility of orthogonal applications combining the long
wavelength-absorbing phytochromes with (preferentially) blue
light-absorbing, flavin-based photoreceptors. A number of
contemporary reviews provide overviews on selected topics
highlighting for instance bacterial phytochromes and their use
both as fluorescent markers™ and light-regulators of enzyme
activities such as dinucleotide cyclases'*’ or cyanobacterial
phytochromes,"”" including the most recently discovered class

. 172,173
of cyanobacteriochromes.'”>'”* A well-structured, comprehen-

sive review by Hughes introduces the reader to nearly all fields of
optogenetic variation, covering most of the relevant literature,
but also discusses potential obstacles and drawbacks.'”*

The far-reaching impact of initial optogenetic applications
using other photoreceptors leveraged phytochromes to slowly
conquer their place in the field and catalyzed an “explosion” of
newly characterized phytochromes with entirely unexpected
properties during the last two decades. After better under-
standing their physiological functions, these features served as a
blueprint for the employment into three branches. First, the
interaction of the tandem PAS motif in plant phytochromes with
interacting factors offers countless possibilities to design light-
responsive protein-interaction switches. Second, the C-termi-
nally located enzyme activities in bacterial phytochromes,
intensively studied and well understood in other bacterial
systems, were ready to be exploited. Third, protein engineering
attempts led to phytochrome variants with fluorescent proper-
ties suitable for their use as fluorescent probes. In the following
sections we review the potential of phytochromes for use in
optogenetics, capitalizing on their activities as light switches for
controlling protein homo- and heterodimerization, as well as
enzymatic activities. Besides that, we further discuss their use as
fluorescent reporters in the near-infrared light spectral region. As
an overview, the various applications are schematized in Figure
6. The different photoreceptors utilized for the development of
various optogenetic applications are summarized in Table 1.

We dedicate the beginning of this section to applications that
explicitly address gene expression control, as most of the Phy-
based applications dwell on this fundamental process. The
following (sub)sections describe optogenetic influences of
downstream signaling or other physiological processes, trans-
port of or into individual cell organelles, or recruitment to
particular compartments. We are aware that Phy-based
applications are just about to leave their infancy; thus, many
optogenetics applications are still proof-of-principle reports,
even though in some examples red/far-red regulations have been
demonstrated in living animals or plants (in contrast to, e.g., the
channelrhodopsins that are already fully immersed in medical
applications in animals and even in humans).

4.1. Transcriptional Gene Expression Control

Most applications of transcriptional control rely on the very
early proposed system based on the interaction between PhyB of
A. thaliana and one of the several PIF proteins, preferentially
PIF3 or PIF6,"* discussed in the following subsections for yeast,
animal, and plant cells (sections 4.1.2, 4.1.3, and 4.1.4). A
number of applications followed this approach in a similar way,
utilizing the canonical cyanobacterial phytochrome Cphl and
other interacting proteins instead of the PIF proteins.

A second branch of phytochrome-based applications in
optogenetics for gene expression control makes use of the
naturally existing, light-driven signaling cascade found in
bacterial phytochromes that functions via light-regulated
enzyme activities. Bacterial phytochromes are rich in histidine
kinases (HKs) transmitting signals to response regulators (the
classical “two component signal transduction system” best
characterized as the Che-components). But also, adenylyl and
guanylyl cyclases, and the couple of enzymes that adjust the
concentration of cyclic-di-GMP, diguanylyl cyclases and
phosphodiesterases, are functionalities found widespread.
These light-regulated enzyme activities are of particular interest
for selective use in mammalian cells, as HKs are found sparsely in
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higher organisms, and also c-di-GMP is a common second
messenger in prokaryotic organisms. Considering the c-di-GMP
applications, gene expression control could be coupled also to
these enzyme activities, as it was found that several transcription
factors can modulate their affinity to individual DNA sequences
through binding c-di-GMP. These applications will be discussed
in section 4.2.

4.1.1. Systems in Bacteria. The first chimeric optogenetic
switch to control gene expression in bacterial systems was a red/
far-red tool developed and implemented in E. coli cells by
Levskaya and collaborators in 2005.'”> They engineered a
transcriptional system termed Cph8 that combines the
cyanobacterial red/far-red light-sensitive photoreceptor Cphl
from Synechocystis PCC6803 with the EnvZ histidine kinase
domain of the EnvZ-OmpR histidine kinase and response-
regulator two component signaling system (TCS) from E. coli.
Cph8 is phosphorylated in the dark, relaying the phosphate to
OmpR that in turn activates expression of a target gene from an
ompC promoter. Red light (650 nm) converts the Cph8
photoreceptor into the inactive (unphosphorylated) form, while
far-red light (70S nm) leads to dephosphorylation and
activation. As a proof of principle, the authors projected a
light pattern onto a lawn of cells engineered for LacZ expression,
thus yielding a bacterial photograph, as LacZ produces a black
precipitate in the presence of S-Gal.'”>'”® Further work later
integrated Cph8 combined with a synthetic quorum sensing
system into a genetically encoded edge detection algorithm.'””
The engineered cells were able to recognize an image/light
pattern, process the information (light vs dark), and
communicate it to neighboring cells by releasing diffusible
signals. Through Boolean logics processing, the cells produced a
corresponding visual output of the light/dark edges. This
mathematical modeling-guided experimental approach employ-
ing optogenetic tools opened up novel perspectives for the
engineering of pattern forming and cell-based image recog-
nition/processing systems, synthetic ecosystems, and the study
of complex logic and cell-cell communication-dependent
regulatory networks.

The pioneering work of Levskaya et al. impressively
demonstrated the potential of using phytochromes to regulate
cell signaling events in bacterial cells.'”> It also generated
awareness of obstacles and the notion that follow-up experi-
ments would require careful design precautions. One paramount
challenge is the design of the linker between a photosensory unit
(PSU) and a HK when generating a hybrid protein. There is
excellent systematic research in the field of the LOV-domain
proteins.'”® However, apparently there is not a true 1:1 dubbing

of this design principle for phytochromes. The group of J.

Application

244

cAMP production in vitro

Mode of
function

Enzyme
(aC)
Abbreviations: AC, adenylate cyclase; DGC, diguanylate cyclase; GC, guanylate cyclase; ICC, intramolecular conformational change; PCM, photosensory core module; PDE, phosphodiesterase; PPI,

E 7 Wu'”"'%% designed a full catalogue of chimeric proteins,

% 3 reported in two successive publications. In all cases, the authors

E g used the PSU from Cphl and combined it with a collection of 16

g 2 HKs from E. coli. It was claimed that for each of these new

o . chimeras five constructs for the linker had been designed and

~ g realized. As reporter, a fluorescent protein was placed under the

_5 . § control of the corresponding response regulator. However, as

g & g shown for one example (NarX/NarL, a TCS involved in nitrate/

g g § s 8 Z nitrite regulation), none of the five linker variants showed

g 9"‘ T3 5 ] convincing discrimination between light and dark conditions (at

t PRISE 2 best a ca. 3-fold increase of marker protein expression under
> z % gg lE illumination).

= ?53 2 The Cph8-EnvZ-OMR showed its usefulness for fermenta-

= & ¢ & tion processes. Lee et al.'®" demonstrated ON- and OFF-gene
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expression in a (photo)-bioreactor and developed a protocol for
routine procedures of protein expression.

A second approach toward light-regulated gene expression
control made use of another CBCR of said Synechocystis
PCC6803, namely CcaS, the sensor of the light-regulated CcaS/
CcaR TCS. Direct implementation of CcaS/CcaR in E. coli
provided reversible green (535 nm)/red (672 nm) light control
over gene expression from a CcaR target promoter (cpcG2).'”
A detailed analysis of this system was presented by Davidson et
al, implementing pulse-width modulation (PWM)—the
response pace to light pulses of various length and intensities."**
The authors extended the application to the control of bacterial
growth by placing metE under light control. metE encodes an
essential methyl transferase converting homocysteine into
methionine. Green light induced the enzyme, whereas red
light impeded further bacterial growth of the metE-genomic
deletion strain. A customized version of the system found
subsequent application in Synechocystis PCC6803 cells for the
production of biofuel and biomaterials.'®® Introducing the
Synechocystis hol and pcyA genes required for PCB biosynthesis
from heme into E. coli enabled the production of functional
phytochromes, not necessitating exogenous PCB addition.””"”

These two optogenetic systems based on engineered TCS
depict the capabilities and potential in terms of precise
spatiotemporal and quantitative control of gene expression.
However, these early examples suffered from low dynamic
ranges and leaky basal expression levels. In addition, their
otherwise pioneering work required combining up to three
plasmids in order to bring all necessary components together
and is incompatible with strains utilizing tefR in genetic circuits,
because cph8 was constitutively transcribed from the PLtetO-1 in
E. coli, lacking tetR."** Thus, in order to streamline the systems
and improve their applicability, Schmidl et al. redesigned the
light switches.'"®* The genetic refactoring strategy included
exchange of promoters, optimization of expression conditions,
and combination of components into single plasmids, which
resulted in lower leakiness and an enhanced ON/OFF switching
from about 10-fold up to 72- and 117-fold dynamic ranges for
Cph8 and CcaS, respectively, especially by reducing the
leakiness. In addition, their improvement also yielded a broader
range of applicability and target bacterial strains.'**

A follow-up study by the same group sisgniﬁcantly extended
the toolbox of two-component systems.'®> Starting with both
systems, Cph8 and CCaS/R, domains between these two
systems were swapped and combined by extended mutagenesis
to improve the communication between the two domains and
the binding capacity to given DNA sequences by addressing the
DNA-binding domains (DBDs). The improved OmpR domain
was then fused to a set of other DNA binding domains from B.
subtilis and Synechocystis. In these constructs, the variability of
the DNA recognition sequences was probed by a series of
mutations. A further optimization was achieved by exchanging
the sensors of these TCS systems, e.g., by utilizing the sensing
domains from S. oneidensis. This bacterium responds to
extracellular electron acceptors through its inherent TCS. As
an output from these screening efforts, a catalog of DBDs was
developed with a wide range of possible applications.

The Tabor group expanded the toolbox and chromatic palette
of photoreversible light gene switches with a UV-violet/green
and a red/near-infrared system. The former uses the same
CBCR TCS-based principle, in this case the UirS/UirR pair and
the cognate promoter c¢siRI and constitutes the most blue-
shifted photoreversible optogenetic tool in bacteria."®® The

latter, in turn, relies on the near-infrared bacterial phytochrome
RpBphP1, a bathy bPhy from the purple photosynthetic bacteria
Rhodopseudomonas palustris. RpBphP1 binds and inactivates the
transcriptional repressor RpPpsR2 upon exposure to 760 nm
light (BphP1 has a particularly red-shifted absorption maximum
in the parental state), and this interaction is interrupted with red
light (660 nm). The BphP1/PpsR2 pair was combined with a
customized strong target E. coli promoter, resulting in the optical
switch with the longest activation wavelength among existing
optogenetic tools in bacteria."®’”

A number of applications, including gene expression, employ
bacterial (BV-binding) phytochrome photoreceptors (bPhys).
As all signaling functions of bPhys derive from the C-terminally
located enzyme activities, they are discussed in section 4.2.

4.1.2. Systems in Yeast. The first optogenetic tool for the
control of cellular processes, namely gene expression, was
developed and implemented in yeast. Quail’s group harnessed
the split transcription factor principle known from yeast-2-
hybrid systems to engineer a reversible red/far-red light-
inducible gene switch in Saccharomyces cerevisiae."** Plant
phytochrome B (PhyB) and PIF3 were fused to the GAL4
DNA-binding and activation domains, respectively. Gene
expression was then driven from a synthetic Gal4-responsive
promoter (Gally,g-LacZ) upon irradiation with 660 nm light
and in the presence of exogenously added PCB. The
illumination conditions (intensity, pulse duration, etc.) and
incubation conditions were later further optimized by Hughes et
al."*® More recently, Sorokina and colleagues engineered an
improved system based on phytochrome A and FHY1/FHL
(FHY1, far-red-elongated hypocotyl 1; FHL, FHY1-like) with
higher induction levels and reduced leakiness compared to the
original PhyB/PIF3 pair.'® Recently, the PhyB-based switch
was combined with a customizable synthetic TALE DNA-
binding domain to achieve control over the expression of
endogenous or heterologous promoters (PhiReX system).'”
The same group further utilized the light switch to establish a
Cre recombinase regulation system (L-SCRaMbLE) capable of
inducing the activity of a split Cre in response to red light.'”" By
substituting a previous chemical estradiol inducer with red light,
the authors achieved 179-fold induction of recombination upon
light exposure. However, the recombination activity depends on
the time and chromophore concentration.

In addition to these highlighted examples, there are several
other, more specific applications that will be discussed in the
following subsections.

4.1.3. Systems in Animal Cell Culture and In Vivo
(Animals). The first red/far-red light-reversible transgene
expression switch for animal cells transferred the concepts
developed in yeast and bacteria to mammalian cells with some
important modifications.'”” Relying on the light-regulated
interaction of A. thaliana PhyB and PIF6, the bistable toggle
switch followed the split transcription factor design and
consisted of the following: (i) the N-terminus of PIF6
comprising residues 1—100, including the active phytochrome
binding (APB) domain sufficient for selective binding to the Pfr
form of PhyB, fused to the C-terminus of the E. coli tetracycline
repressor TetR, (ii) the PAS-GAF-PHY domains of PhyB
(residues 1—650) fused to the VP16 transactivation domain
from the Herpes simplex virus, and (iii) a synthetic reporter
construct with repeats of the TetR-specific tetO operator cloned
upstream of a minimal human cytomegalovirus immediate early
promoter (Pycnymin) driving the expression of a gene of interest.
Red light-mediated PhyB/PIF6 interaction reconstitutes the

https://doi.org/10.1021/acs.chemrev.1c00194
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functional transcription factor, which is tethered to the promoter
by TetR to trigger transcription. A deep characterization of the
system showed its broad applicability, among efficient control in
different mouse-, human-, hamster-, and monkey-derived cell
lines as well as human primary cells. The system further benefits
from a high dynamic range of expression induction (ca. 60-fold),
low leakiness, and adjustable gene expression profiles through
light dose and chromophore concentration dependency. The
system provides spatiotemporally resolved control and is fully
reversible, and the neglectable dark reversion in animal cells
leads to a bistable toggle switch-like behavior. Moreover, the
system acted in a tissue engineering approach for the control of
neovascularization and angiogenesis upon spatiotemporally
resolved red light-induced expression of human vascular
endothelial growth factor (hVEGF) in CHO-K1 cells applied
over chorioallantoic membranes of chicken embryos.'”*

Another sophisticated PhyB/PIF6 system was designed by
Yen et al. for light-controlled DNA manipulation.””> The
authors brought the Cre/loxP function under red light control.
Depending on the experimental conditions, Cre/loxP (Cre =
cyclic recombinase) can promote excision or inversion of lox
sequence-flanked DNA. Still, the control of this function in time
and space required further improvement. The method of choice
to achieve light-guided control has already been demonstrated in
mouse brain tissue and in Drosophila utilizing a blue light-
regulated switch.'”*"%?

Yen et al. split the Cre enzyme into its N- and C-terminal parts
and fused them individually to PhyB and PIF6, thereby
generating a PhyB-CreC/PIF6-CreN system called CreLite.
Recombination of DNA sequences was successfully demon-
strated in zebrafish embryos by injection of recombinant
mRNAs and PCB early into the one-cell stage. Identification
of the individual animals was accomplished by whole-body
expression of a red fluorescent protein, whereas spatially
localized Cre activity was demonstrated by activating expression
of genes encoding fluorescent proteins emitting at different
colors in selected LED illuminated light spots. The authors state
that their method allows (i) deep tissue penetration for gene
expression due to the utilization of red light and (ii) live imaging
after Cre-mediated induction.

Injection of PCB in order to generate a functional optogenetic
in vivo system is accompanied by significant drawbacks caused
by the mechanical disturbance of the experimental setup.
Biosynthesis of PCB in various cell types was accomplished, e.g.,
in mammalian cells, complementing the expression system by
avoiding the need to supply the chromophore exogenously (see
section 3)'9%'91%¢ and also providing better conditions of
apoprotein and chromophore assembly. Transfer of the PCB
biosynthesis pathway from bacteria (see section 2.2.1) to
mammalian cells initially raised issues due to the compartmen-
talization of the heme synthesis pathway between cytosol and
mitochondria. This problem was previously solved by genetic
engineering of HO and PcyA for mitochondrial targeting, where
the final steps of heme synthesis occur.'” Short hairpin RNA
(shRNA)-mediated knockdown of biliverdin reductase A
(BVRA) that degrades biliverdin IXa to bilirubin and PCB to
phycocyanorubin, further boosted the bioavailable cellular PCB
concentration in mammalian cells. In a follow-up study, the
addition of genes encoding a ferredoxin and a ferredoxin:-
NADP* reductase (Fd and FNR) to this enzymatic machinery
additionally optimized this bioconversion pathway.'®" Exploit-
ing their improved PhyB/PIF6 complexing system, the authors
dubbed former work targeting cell protrusion formation based

on a blue light-activated effect;'”” see section 4.4. Kyriakakis et
al.'”® followed this approach and again investigated the
bottleneck in the reduction reactions after the generation of
BV. Concentrating on PCB synthesis, two different enzymes
were used originating from Synechococcus PCC 7002 or from
Thermosynechococcus elongatus termed sPcyA or tPcyA,
respectively. The minimal combination was complemented
with two further genes of mitochondrial origin, encoding Fd and
FNR (ferredoxin:NADP"* reductase) leading to improved PCB
yields. The possibility to either rely on exogenous addition of the
chromophore or employ a biosynthetic pathway provides
additional flexibility. Intracellular generation and immediate
incorporation of PCB might be advantageous in many
experiments, as it supports proper folding of the protein.
Alternatively, if cell culture experiments were performed where
samples are usually exposed to environmental (continuous)
light, these would not require protection from accidental
activation prior to the addition of the chromophore.

In most cases, the engineering of optogenetic tools requires
precise knowledge of the functional and dynamic properties of
the involved molecular components to facilitate a streamlined
design along with testing of different variants and configurations.
As exemplified for the the red light-regulated gene switch, the
maximal induction rates and leaky expression levels in a given
cell type strongly depend, among other cues, on factors and
parameters (i) at the target construct: the configuration of the
synthetic promoter (number of repeats of the operator
sequences and their separation distance from the minimal
promoter region) and the reporter gene of choice and (ii) on the
structure of the switch itself: domains of the photoreceptor (e.g.,
PhyB residues 1—650, alternatively employing a fragment
spanning amino acids 1-908), fusion of NLS (nuclear
localization signal) to it, and expression from individual plasmids
vs transcription from a bicistronic expression unit (use of IRES
sequences, etc.). '”® For instance, replacement of TetR by the
E. coli macrolide repressor protein (E-protein) or the
pristinamycin repressor PiP led to an increase of 2.5- and 1.8-
fold in expression of reporter levels in comparison to the TetR-
based system in CHO-K1 cells, respectively.'”” Also, alternative
interaction partners including orthologs or truncated and
mutated variants are possible.""”*" PhyB-interacting PIF3
and PIF6 can be reduced to around 23—25 residues. The smaller
size facilitates the construction of tandem repeat motifs, which
may enhance light-dependent responses.'>" This indicates how
one can tune the dynamic responses of the switch through
modification/exchange of the different constituent modules
allowing customization of the system ad-hoc for use in different
cellular contexts. It is therefore possible to adjust the expression
of the target protein of interest in terms of leakiness and amounts
needed. Examples include the expression control of tran-
scription factors for the study of signaling pathways. Here, a tight
system is most desired (OFF state should be really off), whereas
for the production of a biopharmaceutical in a bioreactor, or the
expression control of an enzyme, high levels are usually required.
Along these lines, the development of mathematical models
parametrized with experimental and available literature data
provides a quantitative understanding of the dynamics of the
light-inducible systems and can be used to guide experimental
designs in terms of the molecular configurations and induction
conditions (light intensity, irradiation protocols, pulsing
schemes, etc.), resulting in optimal induction characteristics
for the application and cell system of choice.'>**"*%*

https://doi.org/10.1021/acs.chemrev.1c00194
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Also, the photobiological and functional properties of the
bacterial RpBphP1-RpPpsR2 pair were exploited for the
engineering of optogenetic tools in animal systems. In particular,
RpBphP1 uses the chromophore biliverdin, readily available in
eukaryotes, and responds to light of longer wavelength in the far-
red/NIR spectral region. The ground state of RpBphP1 (Pfr)
photoconverts to the active Pr state, at the highest sensitivity
with light of 740—780 nm. Light of ca. 636 nm returns the
photoreceptor into the inactive Pfr state, but also dark relaxation
contributes significantly to this process. Both forms, however,
show a considerable spectral overlap, making periods of
darkness essential for full dissociation.””> Following the
approach of the PhyB-based split transcription factor switch,
RpBphP1 fused to TetR and RpPspR2 to VP16 with an NLS
sequence acted as gene expression system combined with a
tetO, operator upstream of a minimal promoter. Illumination
with light of 740 nm led to ca. 40-fold induction rates of
expression of a reporter in transiently transfected HeLa cells.
The interaction can be interrupted upon incubation in the dark
and accelerated with additional 636 nm light. HeLa cells
transfected with the system and subcutaneously injected into the
interscupulum area of hydrodynamically transfected mice or
livers showed the applicability of the system for in vivo use,
profiting from the deeper tissue penetration and lower toxicity of
far-red light.””’ The basic system was later improved by
shortening RpPpsR2 to a single-domain, Q-PAS1, which is
sufficient for efficient interaction with RpBphP1 and shows
reduced oligomerization.””"*%* The BphP1-Q-PAS1 switch was
combined in different molecular configurations with the Gal4-
UAS system to achieve far-red-light-controlled inhibition of
transcription by disruption of DNA binding and to regulate
chromatin epigenetic states upon tar%eted recruitment of an
epigenetic modifier to a reporter gene. 04,206

Recently, a near-infrared optogenetic transcription regulation
system has been developed based on a single evolved
photosensory core module of a bacterial phytochrome from
Idiomarina sp.””” The development termed iLight is relatively
small, thus encouraging viral delivery strategies, as demonstrated
by the authors using adeno-associated viral vectors. iLight was
employed to control gene transcription repression in bacteria
and activation in cultured mammalian cells, primary isolated
neurons, and intact mouse tissues in vivo. Of note, iLight may be
used in combined (spectral multiplexed) optogenetic experi-
ments with blue/green light-responsive systems such as
channelrhodopsins.™”

Identification of the CRISPR-Cas9 system revolutionized
gene editing experiments. It is a powerful tool to manipulate
both DNA and RNA sequences, to adjust the expression of
endogenous genes via recruitment of activation or repression
factors, or to change epigenetic DNA patterns. Shortly after the
initial reports of applications utilizing CRISPR in 2013,29%2%7
new studies grew exponentially in number. The outstanding
capabilities of this system called for further designs that would
elegantly allow control of temporal activities. In fact, systems
were developed that converted the “gene-scissors” into
optogenetic tools. Bubeck et al. brought the expression of
“anti-CRISPR” proteins under control of the LOV2 protein
from A. sativa, thereby regulating the activity of the CRISPR/
Cas system by blue light.”'” Gao et al. compared the chemical
activation of a CRISPR/dCas system to a blue light-regulated
one. Interestingly, the authors reported a test experiment
employing the PhyB/PIF system in their supplementary data.”"'
Nihongaki et al. generated a blue light-regulated CRISPR/Cas

pubs.acs.org/CR
system,”"> and Polstein and Gersbach presented a similar

approach.””® The first red light-driven activation of the
CRISPR/Cas system was reported by Shao et al.”** In their
application, they employed light-regulated enzymes targeting a
signaling network to induce gene expression. For this, the far-
red/red bPhy of R. sphaeroides, void of its PDE domain, was
used. Upon illumination, this switch generates c-di-GMP, and
when combined with a constitutively active PDE (YhjH), the c-
di-GMP concentration is kept at minimum in the dark. For
downstream control, the transcription factor BldD from
Streptomyces coelicolor served as template for a hybrid trans-
activator that in the presence of c-di-GMP dimerizes and binds
to its tailored, chimeric promotor to initiate the expression of a
gene encoding an MS2-p65-HSF2 protein. Together with a
constitutively expressed dCas9 variant (d = dead, a mutant
lacking endonuclease activity), MS2 recruits the p6S-HSF2
transcriptional activator to the DNA target site by binding to an
engineered gRNA that harbors the MS2 recognition sequence.
Implemented in human HEK-293 cells, far-red light (FRL)-
activated CRISPR-dCas9 effector (FACE) went through further
rounds of optimization enabling a series of applications. The
changes include the MS2 proteins from the synergistic activation
mediator (SAM) for enhancement of stem-loop structures. An
advantage of the red light-driven system over the formerly
described blue light-controlled variants is a deeper penetration
of the light in living animals. This became evident when
genetically engineered cells, embedded into hollow fibers, were
inserted into the dorsum of living mice. A nearly 200-fold
increase of the red light system over a 9-fold increase using blue
light proved the advantages. The authors also succeeded in
activating simultaneously the expression of several genes of
interest. Some specifically designed constructs allowed targeting
genes for, e.g., muscle mass and regeneration; other constructs
yielded promising results in iPSCs (induced pluripotent stem
cells), where after adapting the FACE system selectively,
NEUROG2 (neurogenin-2, transcription factor involved in
neural differentiation) could be up-regulated by red light.
Following this treatment, a number of other neuronal markers
were expressed. The same group extended the applications of
their far-red light activated gene-expression system to gene
editing by generating a split Cas9 protein.”"> Once again under
control of the c-di-GMP-generating GGDEF domain from the
bathy-phytochrome BphS (from Rhodobacter sphaeroides), the
authors split Cas9 into an N- and a C-terminal half, each
separately fused to two proteins from Clostridium thermocellum,
Coh2 (N-terminal portion of Cas9), and DocS (C-terminal
portion) that are known to form a tight heterodimeric complex.
The N-terminal portion of Cas9 was furnished with an NLS
motif. This construct, NLS-Cas9(N)-Coh2 was brought under
expression control of a light-driven c-di-GMP regulated system,
whereas expression of the DocS-Cas9(C)-NES construct was
driven from a constitute promoter Pycypy. The system had very
low background activity in the dark, and a comparison between
blue light and (far-) red light irradiation yielded an at least 5-fold
better penetration for the long wavelength light source.
Application examples chosen by the authors were gene editing
in mouse liver hepatocytes and in the PLK1 oncogene using a
mouse xenograft tumor model. This proof-of-principle might
open the door for promising future research on somatic and
stem cell differentiation, in vivo gene-editing, and even
applications in the field of regenerative medicine.”'**"*

Tabor and co-workers pursued the strong interaction between
PhyB and PIF6 and developed a light-controlled system for
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transport of virus particles (adeno-associated virus, AAV) into
the nucleus of a mammalian cell.*'® AAV serves as a most useful
vehicle for many different subcellular transport processes. The
viral genome was furnished with the PIF6-encoding gene
(several variations) to expose PIF6 motifs on the capsid surface.
Cells expressing the interaction partner PhyB containing an NLS
served as a suitable target. With these modifications, the authors
found an increase up to 600% of viral particle entry into the
nucleus of HEK-293T cells. Considering the well-documented
transport properties of AAV, the authors propose their system as
well suited for therapeutic research efforts.

In a recent, further improved approach avoiding the need to
engineer target cells, Horner et al. devised a red light-controlled
gene delivery strategy based on engineered adeno-associated
viral vectors.”'” The developed OptoAAV system allows highly
spatially resolved control of gene delivery to mammalian cells,
extending to single-cell resolution. The design relies on
displaying the active phytochrome binding domain of PIF6 on
the viral capsid, by genetic fusion to the N-terminus of the viral
capsid protein VP20. Simultaneously, specific mutations ablate
the natural tropism of the virus. Light-controlled virus
transduction using 660 nm red light into mammalian cells is
accomplished using a PhyB-fused adapter protein to mediate
specific cell binding to cell surface proteins, e.g, utilizing
DARPins (designed ankyrin repeat proteins) as fusion partners.
The authors demonstrated sequential and spatially defined
delivery of different transgenes into native mammalian cell lines
and primary cells with single cell resolution.”"’

4.1.3.1. Orthogonal Control of Cellular Functions:
Combining Photoreceptors of Different Wavelengths. Given
the fact that biological photoreceptors cover the entire visible
light spectrum and beyond, extending to the UV and infrared
regions, systems that combine various photoreceptors can
generate differentiated responses to individual light conditions,
just like plants do. Multichromatic expression systems have been
reported for bacteria, combining red and green two-component
systems (section 4.1.1)."”° To enable multichromatic gene-
expression control in mammalian cells, Miiller et al. first
developed a strong mammalian cell transgene expression system
based on the Arabidopsis photoreceptor UV resistance locus 8
(UVRS) protein and then combined it with their PhyB-based
expression system as well as a previously described blue light-
responsive Neurospora crassa Vivid (VVD)-based expression
tool (LightON).**"**” An analysis of the individual subsystem
guided by a mathematical model assisted in the identification of
multiplexed illumination regimes that enabled multichromatic
multigene control by differentially expressing three genes in a
single cell culture. The authors applied the combinatorial setup
to reconstitute biological processes of neovascularization and
angiogenesis. They used blue (465 nm) light to express VEGF 44
(165-residue splice variant of the human vascular endothelial
growth factor) in engineered HEK-293T cells for initiating the
formation of new blood vessels in a transwell-connected
monolayer of endothelial cells emulating the blood vessel wall.
The next day, UVB (311 nm) light was applied for producing
angiopoietin 1 (Angl), leading to blood vessel maturation.
Measuring the permeability of the cell monolayer using
fluorescently labeled dextran revealed the biological effect of
this sequential production of secreted biomolecules: an initial
increased permeability correlated with the blue light-mediated
signaling of VEGF 4. The following day, the maturation-
inducing effect of UVB-induced Angl prevailed and triggered a
subsequent decrease in monolayer permeability. Due to

overlapping absorbance spectra of the involved photoreceptors,
control of the individual targets, however, only works in a
sequential time order, starting with the longest wavelength.
Shorter wavelength illumination sources would trigger induction
of the longer-wavelength photoreceptors (e.g, UV light would
also excite VVD- and PhyB-based systems, but red and blue light
have no effects on the UVR8-based system). The crosstalk
between Phys and other photoreceptors has to be carefully taken
into account. It is evident from Figure 1 that the strong
absorbance of the Soret band of Phys shows a significant overlap
with flavin-based photoreceptors. As illumination into the Soret
band has been demonstrated to initiate photochemistry in Phys,
a selection of excitation wavelengths in combined applications is
essential to clearly discriminate between processes caused by
two different photoreceptor systems. To address the bottleneck
of the sequential time order and render UV-, blue, and red-/far-
red-based gene expression systems truly orthogonal to each
other, the authors applied a mathematical model to analyze the
requirements for orthogonal triple-wavelength exgression
control, resulting in the following modifications.'® First,
additional application of 740 nm far-red light suppressed the
PhyB system under UV or blue light illumination. Second,
orthogonality between the UV and blue systems required the
development of a novel blue light system with rapid dark
reversion, replacing the VVD-based LightON. The authors
identified that light induces the reconstitution of the VVD TF
with the on-rate k,,I where Iis the light intensity. Associated TFs
activate the expression of the target gene and dissociate with a
constant off-rate k. Since the time scale of association and
dissociation is fast compared to gene expression, the light-
dependent TF formation lies in a chemical equilibrium that
depends only on the light intensity, on the association constant
K= k,y/kof; and on the total number of monomers. The model
identified that a decreased association constant of the blue
system would result in a lower cross activation by UV light. As a
reduced association constant can be achieved either by lowering
the k,, and/or by increasing k,; the authors resorted to the
development of a novel blue-light system. They made use of the
TULIP system with rapid reversibility and an active-state half-
life time of only 17 s.*'® TULIPs consist of an engineered variant
of the LOV2 domain from Avena sativa phototropin 1 with a C-
terminal epitope tag fused to its LOV2 Ja-helix (LOVpep) and
activate through complex formation with a high-affinity PDZ
domain upon blue light illumination. Combined with pulsed UV
light administration (2 min every 30 min) the authors achieved
orthogonal, three-color, individual reporter responses.

Signaling pathways were also independently controlled using
photoswitches responding to different light colors. Kramer et al.
combined the PhyB/PIF optoSOS system with a CRY2 blue
light clustering approach to orthogonally control RAF/ERK and
the AKT signaling pathways in mammalian cells.”"”

Verkhusha and co-workers further completed the phyto-
chrome-based toolbox for optogenetic applications by improv-
ing the specificity of interacting proteins. They achieved this by
combining the BphP1/QPAS1 system with “intrabodies”
(iBs).”* iBs comprise shortened fragments of antibodies of
various sizes which are specific in epitope recognition. iB
applications without light regulation are well studied.
Estimations count about 10 antibodies covering approximately
90% of the human proteome and 1.5 X 10° single domain
antibodies, thereby representing a library of enormous extent
that according to these authors is awaiting photoreceptor
control. Adding the absolute specificity of antibodies, the

https://doi.org/10.1021/acs.chemrev.1c00194
Chem. Rev. 2021, 121, 14906—14956


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.

acs.org/CR

authors unreel the entire scenario of optogenetic applications.
As a light-gated tool, the above-discussed system BphP1/PpsR2
from R. palustris was utilized (section 4.1.1).>*' PpsR2 has been
down-sized and made monomeric. The authors demonstrated
recruitment of proteins to the plasma membrane and to other
cellular compartments, as well as import into and export from
the nucleus using NLS and NES fusions, respectively, in HeLa
cells. As performed in former studies, the authors present
orthogonal applications adding a blue light-activated system to
the red-/far-red-responding bacterial phytochrome. They
demonstrated that the engineered iBs do not cross-react in
this dual photoreceptor setup. In addition, the orthogonal
illumination allowed, in a construct combining a PpsR2 domain
with an NLS-LOV domain, its nuclear import upon blue light
illumination. Red light illumination, however, activated
membrane-tagged BphP1, leading to translocation of the
bifunctional construct to the membrane instead. The specificity
of iB-binding was exploited by selective binding of antibody
fragments to various fluorescent proteins or cellular factors
(example given vhhGFP4 binds to A. victoria GFPs but not
mCherry) which were genetically tagged to proteins of interest.
Finally, the authors also followed former investigations of actin
movement control and, as was shown using blue light activation,
the guiding of an endogenous GTPase.

4.1.4. Systems in Plant Cells. The implementation of
inducible systems for the control of gene expression is essential
for the study of plant signaling and metabolic networks. There is
a set of chemically regulated switches available. However, as
discussed above, these systems suffer from inherent limitations,
in particular the poor spatiotemporal resolution and quantitative
control and lack of reversibility. The superior properties of light
as an inducer have not yet been widely exploited in plant
systems, most probably due to the fact that plants need light to
monitor their environment and as a source of energy, for growth
and development. Ambient light therefore would activate the
optogenetic systems. Due to these reasons, the implementation
of optogenetic tools in plant systems lags behind in comparison
to microorganisms and animal systems. Until recently, only two
alternative approaches overcame the experimental limitations
and showed proof of principle applications. One is based on a
bacterial green light receptor, CarH, and another on PhyB."””***
The former can make use of the reduced interference of green
light on endogenous light signaling networks, while the latter can
be activated by red light but actively turned off with far red-light.
The red/far-red light-responsive split-transcription factor switch
developed for use in mammalian cells (see section 4.1.3) was
customized and optimized for expression in plant cells
(promoters, DNA-binding protein, plasmids) and introduced
in Arabidopsis, Nicotiana tabacum, and the moss Physcomitrella
patens protoplasts.'””*** The system exhibits a high dynamic
range of induction (ca. 400-fold), is very tight in the OFF-state
in darkness or under far red-light, and is highly sensitive (high
activation rates at light intensities as low as 0.5 uE m™s7!). A
proof of principle application demonstrated the implementation
as a tool for studying signaling networks, such as the
phytohormone auxin-perception machinery. The light switch
permitted the interrogation of the sensing system by controlling
the levels (overexpression or downregulation upon expression of
an antisense miRNA) of the auxin receptor TIRI, and in
combination with a genetically encoded sensor for the
phytohormone auxin, it was possible to quantitatively and
noninvasively monitor the effects of the manipulation of the
system and to understand the fine-tuning of the auxin

14931

response.’”” In addition, the system can be used for the
noninvasive, chemical inducer-free production of biopharma-
ceuticals, as shown in this case for the production of hVEGF in P.
patens protoplasts, a biotechnologically relevant host cell system,
orthogonal to most other employed organisms for biosyn-
thesis.'”” The implementation of optogenetic switches based on
Phys opens up interesting perspectives for the control of cellular
processes in plant cells, as the possibility to revert between ON
and OFF states (toggle switch behavior) with two different
wavelengths of light permits keeping the system off just by
supplementing far-red light in the plant chamber.”**

A completely alternative engineering strategy was just
implemented to overcome the ambient light dilemma. A system
termed PULSE (Plant Usable Light-Switch Elements) is
insensitive to broad-spectrum white light and activates
specifically in red light."*® In order to tolerate the portion of
red light present in ambient light conditions, it combines
transcriptional repression and activation of a synthetic bipartite
promoter using two different photoswitches (Figure 7). A “Blue-
OFF module” uses the LOV-based transcription factor, EL222,
that dimerizes and binds to its target DNA sequence under blue
light.”*> When fused to the EAR repressor domain designated
SRDX, EL222 can inhibit transcriptional activation.'®® Due to
the fact that blue light is a significant component in ambient
light, the promoter is repressed under standard cultivation
conditions, thereby preventing unintended activation. The
“Red-ON module” complements the dual-controlled promoter
and overwrites the repression of the “Blue-OFF module” when
intended. The “Red-ON module” consists of the above-
mentioned PhyB/PIF6 photoswitch, so that monochromatic
red light specifically activates the promoter. PULSE thus enables
effective optogenetic manipulation of plant gene expression
under standard growth conditions and has already been
successfully applied in plant cells and whole plants. An
accompanying mathematical model contributed to a description
of the experimental behavior and was used to define conditions
for targeted perturbation of a gene of interest with desired
amplitude and period. The possibility to perform optogenetic
experiments in whole plants despite white light interference
gives access to a variety of potential applications, including light-
dependent control of plant immunity, development, and
CRISPR/Cas9-based technologies.

4.2. Red/Far-Red Light-Regulated Enzyme Activities in
Bacterial Phytochromes

The discovery of a bPhy with a dual enzymatic motif embedded
in the C-terminus by Gomelsky and co-workers raised strong
interest in developing optogenetically controlled enzymes. The
seminal paper by Tarutina et al. reported a diguanylyl-cyclase
and phosphodiesterase in the bPhy from Rhodobacter sphaer-
oides.*® Both enzyme activities, designated as GGDEF- and EAL
domains based on highly conserved sequence motifs, balance
the intracellular concentration of the bacterial second messenger
molecule cyclic-di-GMP (c-di-GMP) formed from two
molecules of GTP (GGDEF domain) and hydrolyzed by the
EAL domain into two 5'-GMP molecules. The c-di-GMP
signaling pathway is nearly exclusive for bacteria and might by
itself provide relevant properties for its application. In fact, many
bacteria, among them human pathogens including staph-
ylococci, streptococci, enterococci, and mycoplasma, do not
contain c-di-GMP-dependent pathways. Gomelsky et al. thus
suggested to introduce the light-controlled ¢-di-GMP control
into those bacteria to allow an orthogonal control of bacterial
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Figure 7. Mode of function of the PULSE system under different
illumination conditions. PULSE constructs. The Bogp (B, blue light
activated) module is based on EL222 (LOV domain protein). A
repressor protein (REP) is fused to its Ja-helix and is set free upon blue
light illumination. This Bogp is combined with Roy (R, red light
activated), consisting of the first 650 amino acids of the PhyB
photoreceptor (PhyB,_¢s,) fused to the transactivation domain (ACT)
and the DNA-binding protein E (MphR(A)) fused to the first 100
amino acids of PIF6 (PIF,_,y). The Bogz and Roy modules are
constitutively expressed (promoter P yiss)- A synthetic promoter
Py, comprising the target sequence of the protein E and of EL222,
(etr)s, and (C120);, and the minimal promoter Pycyym drive
expression of the gene of interest (GOI). (A) No illumination applied
(Dark): neither of both light-regulated systems is active. (B) Red light:
illumination causes binding of PIF6 to PhyB, thereby guiding the ACT
domain to the minimal Pycypymi, promoter initiating expression of the
GOL (C) Ambient light (this condition equals selective blue light
illumination, not shown) activates the blue light-regulated system that
overrides the PhyB/PIF6 system by binding to its genuine C120
operator and blocks the promoter via REP; adapted with permission;'®®
copyright with the author.

activity,”*® and they also laid the basis for employment of the
GGDEF-EAL domain couple for optogenetic applications
(Elbakush et al.**”). In a most detailed manner, the authors
identified the c-di-GMP-signaling pathway in the human
pathogen Listeria monocytogenes. By demonstrating up- or
down-regulation of an entire virulence regulon including PrfA,
the master regulator of virulence, they introduced this particular
signaling pathway as a target for future optogenetic applications.

This fundamental knowledge on light-regulated GGDEF/
EAL enzyme activities served as a blueprint for the generation of
several hybrid proteins. In a series of papers, the Gomelsky
group expounded a wide variation using c-di-GMP-governed

physiological processes. They generated additional flexibility as
they brought both enzyme activities under control of two
different light qualities. The cyclase activity remained red/far-
red light-regulated, whereas the phosphodiesterase function
became blue light-regulated.”** Two homologous proteins from
either Allochromatium vinosum or Magnetococcus marinus, both
composed of an EAL- (PDE-function) and a BLUF domain,
were studied (BLUF, blue light sensing using FAD, flavin-based
photoreceptors). The M. marinus-derived protein showed a
superior, ca. 30-fold activity increase upon illumination. The
authors also proposed the c-di-GMP system for therapeutic
applications™ (see also Shao et al.**" further below).

Gomelsky and co-workers designed a hybrid protein by fusing
the adenylyl cyclase CyaBl from Nostoc punctiforme with the
red-/far-red-switching photosensory domain of RsBphPl
GGDEF/EAL.>*! They demonstrated the function of this
designed protein by a light-controlled cAMP-dependent
behavior change in the nematode C. elegans. In this paper, the
authors point to the difficulties in combining two domains
originating from different proteins, again by heavily varying the
length of the connecting linker. In addition, adenylyl cyclases
(ACs) of three different origins were exploited. For all linker and
AC variations, the photochemical properties were robust and
remained unchanged. The architecture of the helical linker
originates from LOV domains regulating HK enzymes, although
ACs adopt a dimeric arrangement with head to tail orientation.

Etzl et al. functionally exchanged the GGDEF/EAL-couple in
the bPhy of D. radiodurans with an A-/GMP cyclase from
Synechocystis PCC6803, Cya2.”*> Cya2 is annotated as a
guanylyl-cyclase (GC). Yet, few amino acid exchanges increase
its capability to act also as an AC. In this effort generating hybrid
proteins, the authors redesigned the photo-to-enzyme linker and
could confirm the formerly reported importance of maintaining
the helical turn degree for proper function. More than a dozen
constructs with different linker lengths were prepared, revealing
again the linker of natural length and also with addition of seven
amino acids (n+7 helicity motif), leading to highest activity and
best light-dark response. Overall, the best dynamic range (ratio
of enzyme activity in light vs dark) was just about 4-fold for the
AC and 14-fold for the GC hybrid protein (in vitro experiments).
As further valuable information, the authors also provided a
crystal structure of this hybrid protein. This structural
information is of particular relevance, as the photosensory
module shows a parallel arrangement of the PAS-GAF-PHY
domains of both protomers, whereas the cyclase part, as also
known from other cyclases, adapts a head-to-tail arrangement.
The AC capacity to activate nematode locomotion was then
compared to the construct formerly prepared by Gomelsky et al.,
IlaC22 k27, by generating transgenic animals expressing either
cyclase in cholinergic motor neurons (it is worth mentioning
here that Gomelsky and co-workers have further improved the
yield and velocity of cAMP production of these “Ila”-series of
bPhy-induced AC tools).”*”*** Both hybrid cyclases showed
comparable light-induced stimulation of the locomotion in the
nematodes.

Light-regulation of c-di-GMP-dependent processes using
bPhys is remarkably beneficial, as c-dinucleotides precisely
regulate important physiological pathways. Gomelsky and co-
workers further developed this signaling pathway to control gene
expression by switching between red and far-red light.”** They
modified the interplay between guanylyl cyclase and phospho-
diesterase by a number of variations, including selected
mutations that impact on the photochemical function of this
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protein. Furthermore, they replaced the GGDEF domain by
another, more potent cyclase, SIr1143 from the cyanobacterium
Synechocystis PCC6803. A gene encoding an E. coli-derived PDE
(YhjH) was additionally added to the bPhy-BV-encoding
operon, yielding a nearly complete suppression of the c-di-
GMP concentration in the dark. Upon irradiation, the level of c-
di-GMP increased more than 50-fold. Having improved the lit-
dark ratio, the authors coupled this modified photoreceptor
separately to two different gene expression-regulating factors, to
the Crp-like protein Clp from Xanthomonas axonopodis and to
MrkH from Klebsiella pneumoniae. Whereas the affinity of Clp to
its genuine promotor decreases upon c-di-GMP binding, MrkH
has an opposite effect, leading to increased binding. Function-
ality and light control of both systems could be demonstrated.

The dependence of bacterial lifestyle on the intracellular c-di-
GMP concentration was probed by the group of Gomelsky,
applying the above-described bicolor approach®® to the
microaerophilic bacterium Azospirillum brasilense.”>* The
setup evades potential interactions between GGDEEF- and
EAL-domains by bringing the enzyme activities under control of
two different light qualities and thereby offers maximal flexibility
for behavioral manipulation. A. brasilense actively follows an
oxygen gradient and accumulates in thin layers at microaerobic
concentrations, yielding a clear readout of physiological
responses. Gomelsky and co-workers identified a maze of c-di-
GMP-regulated components including transcriptional regula-
tors, riboswitches, metabolic enzymes, and signal transduction
proteins. Among those, also the chemoreceptor Tlpl was
identified, which is involved in regulating tactic activity in A.
brasilense. Tlp1 showed reduced activity in the presence of c-di-
GMP, leading to the proposal by the authors that binding of c-di-
GMP to Tlpl via the PilZ domain causes an allosteric
conformational change and thereby a reduced sensitivity of
Tlp1 toward carbon sources (tested with malate and fructose).

Tabor and co-workers addressed the bottlenecks of the
concept from Gomelsky that couples the c-di-GMP concen-
tration to gene expression, among the dependence of
approximately 200 E. coli genes on c-di-GMP."® Instead, they
bypassed the action of c-di-GMP and directly coupled a bacterial
photoreceptor to gene expression through a very short
regulating element. RpBphP1 from Rhodopseudomonas palustris
is a member of the bathy-phytochromes (adopting the Pfr form
as parental state) with one of the most red-shifted absorption
maxima (4, = 760 nm). Instead of utilizing an enzyme activity
as devised by Gomelsky et al. in the above-discussed publication,
the authors found that this bPhy sports a two-helix motif at its C-
terminal end (HOS motif) which interacts with the transcrip-
tional repressor PpsR2 upon irradiation in the Pr state. Binding
of the HOS motif inhibits the repressor function of PpsR2 and
releases it from the promotor site, thereby allowing selective
gene expression. Adaptation of various E. coli-inherent promotor
sequences to this system led to gene expression control with an
outstandingly wide dynamic range reaching up to an 80-fold
induction comparing dark and lit states.

The report of direct gene expression control through this two-
helix-signaling motif resulted in a remarkable publication by
Bellini and Papitz, with initial identification and structural
characterization.”*® In the crystal structure (2.9 A resolution),
RpBphP forms an antiparallel homodimer such that the two
chromophore-binding PAS-GAF-PHY domains are distant from
each other, whereas the two HOS (2-helix output sensors)
arrange directly antiparallel. This structural element gave an
explanation for the function of RpBphP: it can form a complex

with the repressor RpPpsR2 under far-red light and release this
protein from the promoter to induce expression of photosyn-
thesis genes under low oxygen pressure or microaerobic
conditions.”>" The structure-based proposal of the authors
offers two pathways for the Pr form of RpBphP1: either it forms a
heterodimer with RpPpsP2, or it remains homodimeric, thereby
delimiting expression of photosynthetic genes. This alternative
fate was thus termed “light-induced promoter swap” (for details
see section 4.4).

A creative experiment performed by Fussenegger and co-
workers exemplifies the futuristic potential of optogenetics for
integration into complex regulatory biological networks (see
section 4.5.4 for details).”*® This approach contradicts the long-
standing assumption that cyclic or open-chain dinucleotides
were seen as second messengers selectively active in bacteria.
However, so far few, very specialized pathways controlled by
these dinucleotides have been identified in mammals. Therefore,
bacterial phytochromes such as those found in Rhodobacter
sphaeroides (RsBphG1) may intervene the control of such events
via red/far red light-dependent formation and degradation of c-
di(G/A)MP. RsBphG1 was thus employed to use light in order
to keep c-di-GMP levels low and to override the function of the
inherent human PDE activity. This setup enabled the authors to
control STING (stimulator of interferon genes) activity, a
human sensor for c¢-di-GMP that in turn regulates a strong
response of the immune system with remarkable outcome for
future biomedical applications (see section 4.5.4).

Generation of hybrid proteins based on bPhys was also
targeted in a study performed by the Moglich group. They had
previously reported a detailed analysis on the linker region
between the photosensory and the signaling domains in artificial
photoreceptors, initially outlined in blue light-sensing histidine
kinases.”*’

In another study, Gasser et al.”*® presented one of the still few
examples of a hybrid optogenetic tool composed of the
photosensory part of a bPhy (PaBphP from Pseudomonas
aeruginosa and in follow-up experiments from the bPhy of
Deinococcus radiodurans™’) and a human enzyme. The authors
noted a structural similarity between the histidine kinase module
of PaBphP and the human phosphodiesterase HsPDE2A with
cAMP/cGMP hydrolysis activity.

Originally driven by small chemical ligands that bind in one of
two N-terminal GAF domains, an intramolecular stimulus
transmitted through a coiled coil structure-linking sensor and
effector activates the PDE, reminiscent of the communication
between the light-sensing unit and the histidine kinase domain
in the bacterial phytochrome. Despite a high similarity between
the linker domains of both full-length proteins, the fusion
constructs suffered from insolubility issues that the authors
solved by changing the photosensory unit of P. aeruginosa to that
from D. radiodurans. Linker elements of various length showed a
clear functional preference when maintaining helicity. Following
the in vitro functional characterization, the authors succeeded in
demonstrating light-regulated hydrolysis in CHO cells using a
fluorescence-based assay and finally in Zebrafish embryos. The
dynamic range (dark vs light) was about six, still a moderate
number; albeit, the finding strongly resembles naturally
occurring enzyme activities in phytochromes. Interestingly, no
exogenous addition of the BV chromophore was required.

In a recent publication, the same group generated a “zoo” of
LAPD-offsprings.””” C-terminal sequences of some 15 PDE
photosensory units were analyzed with N-terminal sequences
from five PDEs of different origins for the formation of novel
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hybrid proteins. In the case of the photosensory units, special
emphasis was given to a maximal conversion (dependent on the
distance of the absorption maxima of the Pr- and Pfr-maxima),
thermal stability of the photoproducts, and completeness of
photochemical recovery. After in vitro characterization, novel
hybrid LAPDs were tested in HEK-TM cells in a sophisticated
assay: genes encoding various LAPDs were tagged with
mCherry-encoding DNA and brought into HEK cells expressing
a c(NMP-gated Ca-selective channel. The cells were then loaded
with the Ca-sensitive dye Fluo4-AM and treated with the
forskolin-derivative NKH477 that stimulates intracellular cAAMP
synthesis. Under these conditions, the Ca-sensitive cNMP-gated
channel opens, allowing a Ca-influx into the cells leading to an
increase in Fluo4-AM fluorescence. The assay is now based on a
reduction of the Ca-dependent fluorescence by illuminating the
expressed LAPD-derivatives that cause light-dependent cAMP
hydrolysis.

4.3. Applications Employing Cyanobacteriochromes
(CBCRs) as Enzyme Regulators

Although representing a protein class discovered just about 15
years ago, with many properties still remaining not fully
understood, the wide variety of absorption maxima found in
CBCRs has called the attention of scientists to employ the
separately expressed CBCR-GAF domains (ca. 150—180 amino
acids in length) for generating hybrid proteins. Such approaches
may possess several advantageous characteristics of optogenetic
applications: the wavelengths of absorption are more red-shifted
than those of other photosensory units, e.g., the LOV- and the
BLUF-domains, and many of these GAF domains show good to
moderate thermal stability of their photoproduct, thereby
allowing experiments to continue in the dark after a short light
pulse for activation. Most CBCR proteins carry either a HK or a
GGDEF-/EAL-enzymatic activity.'”” Hybrid proteins were
generated by exchanging these enzymatic domains for an AC
domain following impressive results obtained with blue light-
regulated ACs.”"”**" A major challenge in combining two
domains originating from different proteins resides in an
optimally designed helical linker region between both domains.
Examples were reported for LOV-domain-containing hybrid
proteins.'”***”*** The combination of a red-green switching
CBCR-GAF domain (SIr1393g3 from Synechocystis PCC6803)
and an AC derived from the cyanobacterium Microcoleus
chthonoplastes PCC7420 showed a 3-fold enhanced AC activity
in the green-absorbing (photoproduct) state.”** The increase in
activity is moderate but comparable to that of the native
protein.”*' A similar increase by a factor of 3 for cAMP
formation between red and green irradiation has been reported
for a hybrid protein composed of a red/green-switching CBCR-
GAF domain (from AnPix]) and the AC domain of CyaB1 from
Anabaena PCC7120.”** This CBCR carries three chromophore-
binding GAF domains (g2, g3, and g4),”* of which GAF2
showed functional discrimination for the two wavelengths of
irradiation. Interestingly, a blue/green-switching CBCR has
recently been reported that carries a blue light-inducible AC
function in its natural composition.246

The employment of the red/green-switching CcaS/CcaR
system by the Tabor group is of relevance (see section 4.1.1)."7°
The response regulator of this histidine kinase system, CcaR,
directly binds to a promotor site and up-regulates in its native
host Synechocystis PCC6803 the bilin chromophore production
for the antenna system.247 In this contribution, Tabor et al. used
CcaR in a proof-of-principle experiment with the LacZ

promotor.'”® This system has been recently improved by the
same authors through a series of PAS-domain deletions and
point mutations, yielding a third-generation photoswitch.”** An
interesting observation about the minimal size of optogenetic
systems was reported here. The CcaS protein is composed of
three GAF/PAS domains, out of which only the first one carries
a PCB chromophore. However, it can be shortened by removing
the two intermittent PAS domains and directly connecting the
HK domain to the chromophore-bearing GAF domain. These
variations influenced both dark state leakage and green state
activation, resulting in a strong dynamic range with an almost
600-fold increase in activity comparing both states.

4.4, Subcellular Localization and Control of Signaling
Pathways

Nowadays, the PhyB/PIF system is well established in a broad
range of applications. This happened gradually, owing to the
experimental characterization of the interaction that allowed
fine-tuning, depending on the intended experiments. Rosen and
co-workers™*® provided a classical description of the hetero-
dimerization parameters and their effect on one of the most
fundamental processes in living cells, actin filament formation.
Besides providing information on holophytochrome formation
(zinc blot), they determined complex formation between an N-
terminal PhyB fragment and the APB of PIF3 by gel filtration
chromatography along with quantitative binding parameters
using ITC-titration (ITC, isothermal calorimetry, Ky = 575
nM). The chosen proof-of-principle application depicted an
important signaling pathway that demonstrated the applicability
of the PhyB/PIF3 couple, with profound relevance for future
experiments. Cdc42 is a Rho-family GTPase known to form a
complex with WASP (Wiscott-Aldrich-Syndrome-Protein). In
this complexed form, WASP stimulates actin assembly and
filament formation through its target, Arp2/3. Arp2/3 is a
multiprotein complex serving as a kind of scaffold or chaperon
for the attachment of actin molecules to the existing filament.
Rosen et al. generated the PhyB chromophore, P®B, in vivo in
yeast allowing the production of holo-PhyB. They fused Cdc42
to a truncated version of PhyB (residues 1—651). The PIF3 APB
domain comprised the first 100 residues and was fused to WASP.
Under regular conditions, WASP undergoes a conformational
change upon complexation with Cdc42 and thereby activates the
Arp2/3 complex. The same effect, now under rapid light control
through the PhyB/PIF3 interaction, could be shown in this in
vitro experiment. Red light illumination overrides the inherent
WASP activation, whereas far-red light brings the system to its
regular physiological activity. Actin assembly was followed by
monitoring the fluorescence of the added pyrene, a known
fluorescent actin-intercalating agent.

The discussed gene expression control experiments based on
the interaction of PhyB and PIF proteins (performed by
Shimizu-Sato et al. in yeast) '* were further refined by Levskaya
et al. with the purpose of inducing light-driven morphological
changes of living mammalian cells.”” Fusion to the APB domain
of PIF6 enabled recruitment of the yellow fluorescent protein
(YFP) to plasma membrane-anchored PhyB (residues 1—908).
In order to localize PhyB to the membrane, the photoreceptor
contained a C-terminal genetic fusion to the CAAX box
prenylation motif derived from the Kras protein. By alternating
spatial laser excitation with 650 and 760 nm light, the authors
demonstrated reversible YFP membrane recruitment over >100
cycles. Reminiscent of experiments previously performed using a
blue light-activated system,'”” red light could provoke Rac-
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mediated cellular protrusions (that remained stable after the
light was switched off). In this application, PH-DH tandem
domains from the Tiam protein fused to YFP and PIF caused
lamellipodia formation upon red light illumination (Tiam, T-
lymphoma invasion, and metastasis-inducing protein; PH-DH
domains, pleckstrin homology-Dbl homology domain; the latter
domain is synonymous with the Rho-GEF domain).

Alternatively, when the target proteins were exchanged
(ITSN-DH-PH, intersectin, and Cdc42-G-protein), filopodial
extrusions could be generated. By employing PhyB constructs of
different length, the authors concluded a redundancy for the C-
terminal portion in this application. However, in their use case,
reversible PIF-binding required the PhyB tandem PAS domains.
The authors also proposed to combine their system with
intracellular PCB synthesis, an idea which has repeatedly been
addressed.'””'”" They dubbed a seminal blue light-regulated
work by Hahn, Schlichting, and co-workers, who originally
brought Racl, a small GTPase stimulating actin reorganization
and lamellipodia formation, under the control of a LOV
protein.'”” Activation with blue light releases a regulating “Ja’-
helix. Uda et al. adapted this concept to red li¥ht regulation to
demonstrate the formation of cell protrusions. "’

Another contribution of the Verkhusha group demonstrated
the utility of bacterial phytochromes for the monitoring of G-
protein activity (Shcherbakova et al.).”>' Using a series of
rational design approaches led to the development of the
monomeric near-infrared (NIR) FP miRFP720, derived from
bPhys of Rhodopseudomonas palustris (in particular PAS-GAF-
truncated forms of RpBphB2). miRFP720 is an offspring of the
formerly generated miRFP670 obtained by several rounds of
mutagenesis. Both 670 and 720 nm light-emitting proteins
constitute a matching NIR FRET couple which is compatible
with CFP-YFP imaging and blue-green optogenetic tools. The
authors used their probes to build an NIR biosensor for the Racl
GTPase that allowed combined usage with optogenetic blue
light systems to control Racl activation in real time. Further on,
Shcherbakova et al. combined these near-IR FRET acceptors
with various other FP-derived donor proteins to tag interaction
pathways, again employing the FRET effect. This setup allowed
studying GTP/GDP exchange (i.e., G-protein OFF function)
and the interplay between GEFs (G-nucleotide exchange
factors) and GDI (G-nucleotide dissociation inhibitors).
Multiplexing the light-sensitive tools (i.e., combined use without
interference), antagonistic activity of Rho and Racl could be
demonstrated. Diving deeper into this regulatory network, the
authors disclosed the activity of ROCK (Rho kinase activities);
also, these kinases are paramount for the precise regulation of
Rho and Rac proteins. The long wavelengths for excitation and
emission of these bacterial phytochromes facilitated combined
application with a blue light-absorbing LOV domain system.

Graziano et al. made use of PhyB for membrane recruitment
of PIF fusion proteins to control PIP; (phosphatidyl-inositol-
(3,4,5)-trisphosphate) signaling pathways.”>” Instead of directly
controlling GTPases such as Racl, the authors focused on the
downstream events caused by the p,y-heterodimer after
dissociation of the G-protein to initiate the phosphorylation of
PIP, to PIP; via recruitment of the phosphoinositide-3 kinase
(opto-PI3K). To achieve this aim, they fused PIF to an iSH2
domain that binds the regulatory p83 domain of PI3K. A
relevant activity under control of this cascade is the guanine-
exchange factor P-Rex1 that activates Rac and opens the door to
actin polymerization. Their approach made use of pulsing or
continuous light stimulation, an advantage intrinsic to

optogenetic systems. The injection of chemicals, for example,
permits such stimulation regimes because chemicals suffer
diffusion and the stimuli are difficult to remove once added.
Interestingly, persistent light-driven generation of PIP; resulted
in a transient increase of selective Rac activity, a clear finding for
adaptative circuits regulating this biological system.

Toettcher et al. employed the opto-PI3K system for
establishing a computer-aided real-time feedback control system
that adjusts the local light intensity to compensate for cell to cell
variability.”> Their computer-aided feedback controller first
performs microscopic monitoring of the extent of membrane
PIF recruitment via fluorescence. As this process happens
instantly, the controller then automatically adjusts the local
intensity of the 650 nm LED via proportional integral control,
generating a customized activity across an area, thereby
compensating biological variation.

Yousefi et al. used the PhyB/PIF6 photoswitch for
extracellular stimulation of T-cells, major constituents of the
immune system.””’ The T-cell antigen receptor (TCR) on the
surface of T-cells recognizes foreign molecules derived from
pathogens with high specificity. According to the kinetic
proofreading model, T-cells discriminate self from foreign
ligands by the different ligand binding half-lives to the TCR. The
authors used the reversible interaction of the photoswitch to
challenge the kinetic model by defining the time a ligand may
bind to the receptor using red and far-red light control. Here, the
light intensity determines the cycling rate and thus the binding
duration. They genetically modified the TCR by fusion of a short
PIF6 fragment to the extracellular receptor moiety and
irradiated the cells with light of 660 nm and/or 740 nm while
using a tetrameric variant of the PhyB photoreceptor, which was
recombinantly produced in E. coli (see also section 4.5.5).
Assisted by a mathematic model, the authors found that the
kinetic proofreading at the TCR occurs with a half-life time of 8
s. Additionally, the authors could reveal a cross-TCR
antagonism using their optogenetic assay in a follow up
publication.”** Their work was further accompanied by a
detailed protocol describing the experimental steps required to
produce the tetrameric ligand for the opto-TCR system, to
measure ligand—TCR binding by flow cytometry, and to
quantify T-cell activation by calcium influx.”>®

Yang et al. used the budding yeast as work horse for a
systematic approach to improve and fine-tune the PhyB/PIF
couple.”*® The authors reduced the size of both proteins (PhyB:
residues 1—908, PIF6: residues 1—100) and selected 20
different organelle-specific proteins as targets for anchoring
PhyB (tagged for identification with mCherry). Twenty
different locations were chosen, including plasma membrane,
cytoplasm, nucleus, nucleolus, bud neck, myosin ring, spindle
pole body (SPB), endosome, and peroxisome. Nine were
selected for further work, as the other candidates caused growth
behavior or insufficient anchor capacity. Light-regulated ON
and OFF reactions took place within seconds with slight
retention when the anchor position was at the inner side of the
nuclear membrane. This may be due to the fact that the
fluorescent tags themselves show a relatively large molecular
mass and the nuclear pores allow ready passage of the
components. The complex formation could even be followed
in a quantitative manner by “titrating” the reaction with various
ratios of red and far-red light (650 nm over 750 nm).
Interestingly, anchoring of the PIF construct was successful
also within the endosome (targeting protein Snf7), but light-
induced release from PhyB was not observed; the authors
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membrane-localized PhyB with a cytoplasmic PIF6-tagged SOScat construct, leading to Ras activation and nuclear translocation of BFP-Erk2; PhyB,
PIF6, and Erk are tagged with red, yellow, and blue fluorescent proteins. Right (Output): top, stem cells (PC12 Opto-SOS) differentiate after
stimulation with either 100 ng/mL NGF or red light, measured by neurite outgrowth after 24 h; bottom, selective activation of individual modules by
the Ras/Erk pathway, PKCf, or pSTAT3, depending on the mode of light activation (long-time signal or pulsed signal); PKCf is a member of the
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speculate that the PIF protein is retained in the endosome. Yang
et al. also applied their location control system to regulate gene
expression by making use of the galactose (Gal) signaling
pathway. Gal80 is a transcriptional repressor for Gal-responsive
genes. The presence of galactose removes the repressor from the
promoter, initiating transcription of Gal-responsive genes. In the
absence of galactose, Gal80 rapidly shuttles between cytoplasm
and nucleus. To control this metabolic pathway, the authors
bound PhyB to the plasma membrane and linked Gal80 to PIF.
In fact, dependent on the wavelength applied, Gal80 localized
inside or outside of the nucleus and Gal-responsive genes were
switched on or oft.

In this same publication,”*® the authors accomplished cell
cycle of S. cerevisiae by fusing ClIb2 to PIF. CIb2 is the primary
mitotic cyclin in budding yeast, which accumulates during G2
and M phases and degrades at the end of mitosis. CIb2 is widely
distributed in the entire cell. It forms a complex with Cdkl
(Cdc28), which controls a wide range of substrates to
coordinate the early stages of mitosis and progression from
the metaphase-to-anaphase transition. In brief, when CIb2 is
recruited to the nucleus, it has an impact on the nuclear fission
essential for delivering genetic material to the daughter cell.
CIb2 regulates this process together with several other factors
(e.g, Clbl). In a manipulated strain, thus, light control regulated
the activity of CIb2. Under far-red light (system OFF) these cells
divided as expected. Under red light illumination, however,
more than 83% of all cells failed to split into two nuclei. Similar
effects could be triggered by recruiting PIF-linked CIb2 to the
spindle pole body. Using the well-characterized budding yeast,
the authors demonstrated impressively the facilities of the
PhyB/PIF complex.

Reichhart et al.”*” found a strict switch between monomeric
and dimeric forms of Cphl (after removal of the inherent C-
terminal histidine kinase module) following red/far-red light
irradiation and exploited this property to light-regulate an

important pathway in human cells. They codon-optimized the
Cphl-encoding gene, yielding an improved expression without
cytotoxicity in HEK-293 cells and fused it to the fluorescent
protein mVenus. Encouraged by these results, they targeted the
important, strictly dimerization-dependent signaling pathway of
receptor tyrosine kinases (RTKs). These receptors are known as
major regulatory components in cell growth control and
important targets for cancer treatment therapies when
malfunctioning, e.g, due to mutations. As RTKs carry a
membrane-intrinsic element, the Cphl portion was fused to
the C-terminal, intracellular part of two ligand-dependent
tyrosine kinases (the fibroblast growth factor receptor 1 and
the neurotrophin receptor trkB). This led to a significant light-
dependent activation of the mitogen-activated protein kinases/
extracellular signal-regulated kinase (MAPK/ERK) or phospha-
tidylinositol-3 kinase/Akt (PI3K/Akt) pathway by more than a
factor of 20, compared to the recorded value in the dark. To
make the receptor inert to its natural stimulus, the authors
replaced the extracellular domain of the receptor with a
myristoylation domain.”*” As a control, the authors compared
their Cphl-based system with a dimerization-inducing modified
FKS506 ligand. They found that no FKS06-driven dimerization
occurred in the dark, but in light they clearly documented the
phytochrome-catalyzed effect. Also, they demonstrated the
preference of red over blue light-activated systems using
synthetic tissues mimicking muscle, skin, and skull models.
Ras and Erk proteins became a hot spot for optogenetic
control, due to their paramount relevance for regulating
important physiological processes. Also the Toettcher group
addressed the complex, again employing the PhyB/PIF system
(a detailed protocol has recently been published).””® The
authors developed a screen to assay transcription and down-
stream control of the involved proteins.”*” In mammalian cells,
the Ras/Erk pathway modulated the expression of immediate
early genes (IEGs) at one of several hierarchically arranged
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nodes. The expressed gene products have been identified as key
components of several responses, including learning capacity
and memory, cell proliferation, and initiation of cancer
formation. Transcription of these genes rapidly peaks ca. 1—
2 h after initiation, making them well-suited targets for light-
induced regulation. Several stimuli influence this pathway,
among them a genuine activator platelet-derived growth factor
(PDGF). Stimulation of the RAS/Erk system by light using the
membrane-attached PhyB construct and a PIF-tagged Ras
activator (Opto-SOS)** yielded nearly exclusive stimulation of
the Ras/Erk pathway. A comparison with an alternative
activation using the PDGF growth factor showed that both
stimuli caused comparable transcription levels of early genes.
Adding dose—response studies and frequency—response experi-
ments, the authors presented a very prescient project (Figure 8).
As discussed above, an advantage of optical systems is the
possibility to apply pulsed illumination. Interestingly, regular
light pulses yielded stronger responses of the expressing cells
compared to continuous illumination or irregularly applied
pulses. For comparative experiments, the authors relied on
population-averaged RNA sequencing.”” This method did not
suffice to produce data for individual genes, leading the authors
to assay also the gene products of several IEGs. Here, they could
clearly identify additional regulatory mechanisms conducted
through regulating the phosphorylated or unphosphorylated
state of the Erk protein, which initiates a negative feedback
mechanism. Such experiments that unravel outstandingly
complex and interlaced regulations of gene expression and
protein fate again demonstrate the potential of phytochrome-
based optogenetic tools.

Interestingly, in a follow-up study, Toettcher et al. compared
their previous PhyB/PIF-based experiments with a blue light-
driven setup.”®" In Drosophila embryos, their results revealed
that the blue light system, which was based on a LOV domain
from Avena sativa, yielded better control with superior precision
and reproduction than the Phy-based setup. The authors
followed embryogenesis during the first 4 h after fertilization,
driven—as in their former study—by the master regulators for
development, the Ras/Erk proteins. The authors state the low
and unstable maturation of the phytochrome component
accompanied by the challenge to inject the PCB chromophore
as drawbacks of the red light system.

The paramount role of tyrosine kinases in a number of
physiologically relevant pathways and the attempt to bring these
major regulators under light control has also been picked up by
Verkhusha and co-workers,'®” who have recently discussed the
pros and cons of the ensemble of light-activated kinases in two
comprehensive reviews.””>**® The authors fused two different
receptor tyrosine kinases to the photosensory module (PAS-
GAF-PHY) of the bPhy from D. radiodurans. Alternatively, they
extended the photosensory part by adding the coiled coil motif
of the C-terminal histidine kinase. The chosen RTKs, TrkA and
TrkB, as most other members of this protein family, are
membrane-associated proteins with at least one a-helical trans-
membrane motif (Trk, tropomyosin receptor kinase). They
activate through homodimerization, accomplished upon ligand
binding to the extracellular portion, in particular neurotrophic
growth factors. In the active form, Trks then trigger downstream
phosphorylation cascades and have been shown to initiate tumor
formation upon loss of regulation. Here, the authors circum-
vented the dimerization through ligands but instead brought the
cytosolic, enzymatically active fraction of the Trks under red/
far-red light control. They generated “opto-kinases” with

activities comparable to their native, ligand-gated siblings. It
was possible to reversibly light-regulate the PI3K pathway,
calcium signaling, induce neurite outgrowth in PC6-3 cells, and
activate MAPK/ERK signaling in cells implanted in mice.
Moreover, the TrkA-based opto-kinase could induce apoptosis
in neuroblastoma and glioma cells but not in other cell types,
including neurons. As a proof of principle, the authors added the
AsLOV?2 blue light receptor to demonstrate multiplexing two
optogenetic tools in the same cell.

The numerous published applications that employ the PhyB/
PIF system to recruit proteins to membranes or intracellular
compartments for controlling diverse cellular activities corrob-
orate the versatility of the approach. Rapid photoresponse and
dual-wavelength-controlled reversibility to precisely control ON
and OFF states, combined with a high binding constant of the
couple and the possibility to combine it with UV to green light-
responsive tools, are major hallmarks of the phytochrome
optogenetics.

The key property to reversibly switch phytochromes between
the Pr and Pfr state, and thus the PIF interactions with dual-
wavelength control, stimulated the employment of these red
light systems for a broad range of applications where reversible
control is of advantage among the control of protein localization
across organelle borders. In natural signaling cascades, proteins
often shuttle between cytosol and cell nucleus depending on the
signaling status. The nuclear pores thereby serve as a barrier
separating proteins with nuclear from cytosolic activity. For
example, transcriptional regulators or modulators thereof often
utilize this regulatory principle. In fact, phytochrome signaling in
plants involves light-regulated nuclear/cytosolic shuttling of the
photoreceptors themselves. This was most prominently studied
for PhyA and the associated transport facilitators FHY1 (far-red
elongated HYpocotyl 1) and FHY1 Like (FHL).”** But also
PhyB undergoes a translocation into the nucleus upon binding
to PIF proteins; this has successfully been demonstrated in vitro
using isolated nuclei of the unicellular green algae Acetabularia
acetabulum.”®> These findings inspired the use of the natural
nuclear transport mechanism in mammalian cells.”****” Here,
coexpression of PIF3 combined with red light illumination
resulted in nuclear import of PhyB (residues 1—908) fusion
proteins either containing mCherry or an artificial TetR-based
transcription factor. Interestingly, PIF3 formed nuclear bodies of
enriched local concentration that colocalized with nuclear
imported PhyB. These substructures were resolved after
illumination with far-red light. Further engineering of PhyB
with a nuclear export sequence allowed reversible nuclear
protein transport using sequential illumination with red and far-
red light to repeatedly shuttle proteins between cytoplasma and
nucleus over several cycles. The authors made use of the nuclear
import-based gene expression system to demonstrate spatially
confined expression of an FP using a cellphone-to-cell
communication. For this, the authors placed cells on a
smartphone display to project a red image. Their work also
documented the first application of the PhyB/PIF system in vivo
in zebrafish embryos.

Buckley and co-workers addressed in great detail the
challenging question of vertebrate development control by
light*®® by delineating a work protocol using zebrafish embryos
as a model system.”® Here, they pushed further the question of
spatiotemporal control, while still facing the drawback to inject
the chromophore PCB externally. Tagged with fluorescent
proteins, these authors furnished a PhyB fragment (PAS-GAF-
PHY) with the CAAX membrane attachment to show
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recruitment of PIF-fused constructs upon red light illumina-
tion.”® In addition, they demonstrated the similarly rapid and
efficient release from the membrane, initiated by far-red light to
switch the system off. The authors selected Pard3 to apply the
localization control with light. Pard3 is a major regulator in
animal (zebrafish) embryo development contributing to
epithelial development in many systems. It localizes gradually
to the tissue midline prior to lumen formation during neural
tube development. A Pard3-EGFP-PIF6 fusion protein localized
to apical rings in neuro-epithelial cells and enveloped layer cell
membranes, similarly to endogenous Pard3. Red light
illumination induced sequestration of the Pard3 construct to
plasma membrane-localized PhyB and concurrent depletion
from its previous location. Pard6, a natural binding partner of
Pard3, colocalized to the recruitment spots, suggesting that the
PIF-fusion did not influence their natural interaction. The
authors further interfered into cell division by asking whether
cells would inherit this Pard3 protein asymmetrically upon
irradiation. Localizing the Pard3 protein through its PIF tag to
one selected location of the cell membrane during cell division
led to passage of a majority of the Pard3 constructs to only one of
the daughter cells. Optogenetic control of protein inheritance
during mitosis provides one example of ample possibilities to
gain precise control over cell and developmental biology
processes in vivo and even in multicellular organisms.

The increasing number of highly variable applications that
make use of the PhyB/PIF couple witnesses the versatility of the
optogenetic approach. Allard et al. published a further example
targeting an entire complex of cell development regulations.””’
They observed that under certain conditions, cells grow larger
than normal, for example in tumors, when cells lack functional
size-homeostasis pathways. The authors hypothesized that they
could obtain control over cell size regulation in the yeast S.
cerevisiae by transiently blocking bud initiation. In yeast, the
process of budding initiation (daughter cell formation) is
relatively well understood and likely regulated while passing
through cell cycle states (S/G1/G2/M). A main regulator in cell
size homeostasis is Bem1, a cell polarity factor that localizes to
one pole of the cell initiating budding. The authors fused Bem1
to PIF6 and furnished PhyB with a mitochondrial membrane
anchor, aiming to purposely mis-localize Bem1 upon red light
illumination. As control for their experiments served a
temperature-sensitive cdkl allele (cyclin-dependent kinase 1),
known to lack the capacity to enter the S-phase. In fact, red light
illumination of the cells recruited PIF-tagged Beml (opto-
Beml) to the mitochondrial membrane and caused continuous
isotropic growth instead of initiating the budding process.
Switching to far-red light released optoBeml within seconds
into the cytoplasm and rapidly (within minutes) caused return
to cell homeostasis and initiation of budding and cytokinesis.
Controlling illumination conditions at various different time
points led the authors to conclude that besides a cell size marker,
a timer must also exist that regulates the S/G2/M duration
across the full range of daughter sizes.

The group of Kapitein addressed the transportation of cell
organelles using size-reduced variants of PhyB and PIF6.””" The
authors fused the two proteins of the light switch to kinesin and
dynein motor components. PhyB connected to Rab-11, a small
GTPase that induces cell trafficking, and PIF6 was fused with
kinesin-3 derived Kifl. Using red light, the authors distributed
recycling endosomes that were tagged with the PhyB-Rab-11
fusion construct in the cytosol of COS-7 and U20S cells. More
than 96% of all tested cells showed indications of cargo

repositioning in response to red light. Exchange of Kifl by
another member of this protein family yielded similar results.
Fusing PIF to BICD, which adheres to the nuclear membrane
and recruits dynein, caused accumulation of the endosomes at
the microtubule organizing center (MTOC). Additionally,
combination with the LOV domain-based TULIP system”*
enabled independent repositioning of different organelles.

A recent study demonstrated cell differentiation in an E. coli
model based on the CcaS/R system developed by Tabor et
al,'’® proposing that this proof-of-principle work will yield
valuable information also in other, higher organized organ-
isms.”’* Bowman, Gomelsky, and co-workers employed E. coli as
an organism that under regular conditions generates daughter
cells identical to the mother cell. In contrast, many bacteria
commonly show differentiation upon cell division such that, e.g,,
a supporting mother and spore cell (B. subtilis) or a sessile
mother and motile daughter cell are generated, as is the case in C.
crescentus. Such asymmetry can be pinned to the number of
proteins that are located in one or the other end: 383 in B. subtilis
or 135 in C. crescentus. The authors of this study speculate that it
might be possible to induce asymmetry upon cell division and
furthermore to control that process by light. A master regulator
in C. crescentus is PopZ, a pole-forming scaffolding protein that
forms self-aggregates and recruits other proteins to one pole of
the future daughter cell. Also, in CcPopZ-transformed E. coli,
PopZ aggregates locate close to one pole (under conditions of
moderate to low concentrations). In order to control the
concentration of c-di-GMP, the authors added two additional
components to the assay, a diguanylyl cyclase (DGC) and a
phosphodiesterase (PDE). The latter gene was fused to popZ
and brought under control of a light-dependent promoter. The
authors selected the c-di-GMP concentration as tunable tool, as
many physiological processes are controlled by this second
messenger, making a control of the intended asymmetry readily
detectable. It was thus possible to generate daughter cells with
high or low ¢-di-GMP concentrations. A first biotechnological
application of induced asymmetry—after addition of two genes
essential for the synthesis of neutral lipids to the system (acyl-Co-
A reductase and wax ester synthase from A. baylii)—was the
generation of “normal” cells that generated neutral lipids. The
above-described PopZ-PDE construct was also cloned under
control of the CcaR promoter of the red-green switching CBCR-
system, CcaS/CcaR. The test for optogenetic control of
asymmetric cell division yielded more than 80% of cells with
asymmetric behavior upon activation with green light (pulsed,
over 3 h). Applying red light to deactivate the CcaS/R system
left less than 10% of cells in a differentiating state. A further proof
for asymmetric development was performed with a comple-
mented nonmotile AmotA-motB E. coli strain (Mot proteins are
components of the flagellar stator). Against this background,
motA and motB were transformed under CcaS/R control and
again rescued motility upon continuous exposure to red light.

4.5. Synthetic Materials, Proof-of-Principle Experiments,
and Other Applications

4.5.1. Light-Induced Protein Splicing. Protein splicing is
a natural phenomenon where an intervening protein sequence
(intein) excises itself autocatalytically from a precursor protein
under concomitant ligation of the flanking sequences (exteins).
Inteins also exist as split couples where each intein fragment
carries one extein, giving rise to protein trans-splicing leading to
the ligation of independent polypeptides with a conventional
peptide bond. Trans-splicing intein fragments generally possess
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Figure 9. Proof of principle for remote control of insulin levels. Center, far-red light-emitting LEDs were hydrogel-implanted intraperitoneally into
diabetic mice allowing them to move freely. Cells with a light-responding insulin-expressing pathway were embedded into hollow fibers that were
implanted subcutaneously into the animals. The light-regulated expression system (right-hand part) is based on BphS (FR-activated c-di-GMP cyclase
from Rhodobacter sphaeroides) and the constitutively active human phosphodiesterase YhjH. BphS in its activated form induces synthetic FRTAs
(synthetic far-red light responsive <mammalian> transactivators) that bind to the promoter region and induce expression of the GO, here insulin or a
short variant of GLP-1 (shGLP-1). Remote control (left-hand part): Schematic representation of a programmable smartphone-regulated electronic
control system. Freely moving mice exposed to a field generator chamber are blood-controlled for glucose levels; results are transmitted to the
smartphone; upon reaching a threshold, the software activates FR-emitting implanted LEDs. Figure adapted with permission (Shao et al.).>*

Copyright: the American Association for the Advancement of Science.

a high binding affinity to each other, so that trans-splicing occurs
upon reconstitution of the so-called Hedgehog/INtein (HINT)
fold. For example, for the two naturally split fragments of the
generally well-splicing NpuDnaE intein from Nostoc puncti-
forme,””> a binding affinity of 1.2 nM was reported.””* However,
under certain circumstances split intein fragments may have a
lower binding affinity or are less active. Tyszkiewicz and Muir
used the PhyB/PIF3 switch to enhance the splicing efficiency of
the artificially split S. cerevisiae vacuolar ATPase (VMA) intein in
yeast cells upon red light illumination.””®

4.5.2, Photoacoustic Tomography Employing Bacte-
rial Phytochromes. Li and co-workers introduced an
interesting application of bPhy proteins that simply capitalizes
on their long wavelength absorption and the high efficiency of
heat delivery by phytochromes. In fact, even in in vitro
experiments using plant PhyA, a strong heat release could be
determlned in the forward reaction upon excitation of the Pr
state.””® The light absorption is not directly detected, but rather
the heat release accompanying photoisomerization allows
visualization by a variety of opto- or photoacoustic (PA)
methods.””” The authors combined the rapid photoresponse of
a bPhy from Rhodopseudomonas palustris (RpBphP1) with
photoacoustic tomography (PAT).””® RpBphP1 is a member of
the bathy-phytochromes (adopting the Pfr state as the parental
state and forming the Pr state as photoproduct) with negligible
fluorescence. The authors took advantage of several properties
of this system: (i) the most bathochromic absorption properties
intrinsic to RpBphP1 with respect to all other chromophores in
mammalian cells, (ii) the large extinction coefficients of this
bPhy, (iii) the use of ubiquitous BV as chromophore, (iv) the
fact that tissue penetration of red light is particularly deep
compared to light of shorter wavelength, and (v) the very low
photochemical conversion yield, i.e., the very high efficiency of
heat release. The Pfr state (4,,,, = 750 nm) determined the ON
state, readily obtained in short time with 630 nm laser light,
whereas the Pr state (4,,,, = 700 nm) switched the protein into
the OFF state, obtained by 780 nm irradiation. A direct
comparison with other signal-generating components, e.g., oxy-

hemoglobin (HbO,), immediately demonstrated the advantage
of RpBphP1: at the two irradiation wavelengths (630 and 780
nm), the extinction coefficients of bPhys are approximately 40-
and 70-fold larger than those of HbO,. The R. palustris protein
also excels compared to other red-shifted derivatives of bPhy,
e.g., the nonphotoswitchable iRFP720.

Comparison with other signaling components was initially
performed in cell culture (U87 human glioblastoma cells). PAT
yielded stronger signals than comparable signaling components,
reached deeper into tissues, and enabled identification of an
induced tumor in the kidney of mice. Even second-generation
metastases could be identified. The method may detect tumors
with a minimal size of about 300 pm. This corresponds to the
detection of approximately 3000 U87 cells, based on an average
U87 cell size of ca. 10 ym.

In a follow-up study, again dedicated to PA, the authors
improved the instrumental setup and compared the constructs
derived from the Deinococcus bPhy with those from Rhodo-
pseudomonas.””’ In the same publication, the authors further
developed the photoacoustic application by generating a split
derivative of the Deinococcus bPhy, where the PAS- domain was
separated from the GAF-PHY domains. Light-regulated
reassembly of this variant allowed monitoring the interaction
between target proteins using photoacoustic methods.

By changing the photoswitching protein in PA to Agpl
(bacterial phytochrome from Agrobacterium tumefaciens) and
improving the excitation and analysis parameters, Mark and co-
workers””” obtained high resolution 3D images of tumors in
cultures of human cells. Advanced hardware that involved a
constantly switching dual-wavelength irradiation combined with
a computed signal analysis significantly contributed to their
success. As the authors point out, permanent switching between
two states requires high quantum yields, which makes Agp1 with
a factor of >10 for the “forward” and the “backward”
photoreaction yields well suited for this application.

4.5.3. Bioprinting. Huang et al. devised a method for
optogenetic bioprinting of microbes. They employed one of the
genuine functions of c-di-GMP, i.e., controlling biofilm
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formation.”™ Separately controlling the cyclase and phospho-
diesterase activities in the Pseudomonas aeruginosa bPhy, with
red and blue light, respectively, yielded a bicolor-regulated c-di-
GMP switch which guided aggregation of P. aeruginosa
according to the projected illumination patterns. As single
cells could be addressed, the authors estimate reaching a spatial
resolution of ca. 10 ym.

4.5.4. Designing Future Medical Applications. The first
medical applications relying on optogenetic control of c-di-
GMP-dependent pathways were recently reported by Shao et
al.”*° These authors presented a state of the art study: they
combined the bPhy-based c-di-GMP synthase, which shows
nearly no activity in the dark, together with a constitutively
active phosphodiesterase YhjH. The resulting c-di-GMP
regulation system highlights extremely low cyclic messenger
concentrations in the dark.”*" This system was combined with a
second module comprising a c-di-GMP-binding transcription
factor BIdD fused to a trans-activation domain. This construct
binds to DNA in response to increasing c-di-GMP concen-
trations. The following medical application was designed
outstandingly sophisticated: cells expressing this light-regulated
system were embedded into hollow fibers of hydrogel capsules,
which were subcutaneously injected into a diabetes-developing
mouse model. The implant further contained far-red light-
emitting LEDs, which could be activated in an electromagnetic
field. Having cloned the genes responsible for the generation of
mouse insulin and the human GLP-1 protein under the control
of the above-described transcription factors, the authors
succeeded in decreasing the blood glucose concentration upon
irradiation with far-red light (Figure 9). With a futuristic vision
of smartphone-assisted semiautomatic treatment of diabetes, the
same authors (Shao et al.)**” coupled a digital glucometer to a
smartphone activation- and control-software for regulating
illumination conditions. Gomelsky”** foresees people roaming
on the streets wearing fashionable LED wristbands under the
control of a smartphone irradiating implanted cells engineered
to produce genetically encoded drugs.

A fascinating study, alluded to briefly in section 4.2 with far-
reaching future application gotential, was presented by
Fussenegger and co-workers.”>° These scientists employed a
PDE-deletion variant of a bacterial phytochrome from
Rhodobacter sphaeroides (RsBphG1). This protein binds BV as
chromophore and entails both enzymatic activities, a diguanylyl
cyclase, and a phosphodiesterase (GGDEF and EAL domains).
Thus, the formation and degradation of c-di(G/A)MP can be
controlled via red-/far red illumination. Removal of the bacterial
PDE domain ensured that no cross-talk between the generating
and degrading domains of RsBphG1 might interfere with the
designed experiment. In fact, control experiments clearly
demonstrated a light intensity-dependent generation of c-di-
GMP that, after switching the light source off, rapidly returned
to a minimal basal level. This was apparently caused by inherent
non light-regulated PDEs. In contrast to the long-standing
notion that cyclic-dinucleotide-dependent pathways are char-
acteristic for bacteria, there are di(G/A)MP-dependent
processes in human cells. Cyclic-di(G/A)MP molecules are
formed in human cells by enzymatic activity of cGA synthase
that identifies cytosolic DNA as a substrate, thereby generating
an “alarm” signal.”*" The subsequent pathway responding to
these c-dinucleotide-signaling molecules belongs to the human
innate immunity that responds through STING (stimulator of
interferon genes), a cyclic-di nucleotide sensor. In brief,
activated STING triggers phosphorylation of the interferon-

regulatory-factor-3 (IRF3) by the tank-binding kinase-1, upon
which IRF3 translocates to the nucleus to bind to IRF3-specific
operators and induces type-1 interferon promoters. This regime
seemed promising to probe the function of a bacterial
phytochrome in mammalian cell cultures or in living mammals.
Thus, the authors inserted RsBphGl into one such pathway
instead of relying on the inherent, human nonlight-regulated
PDEs, thereby maintaining the ¢-di-GMP concentration light-
controlled at a basal level. Using this engineered light-controlled
pathway, the authors constructed a sophisticated experimental
setup based on the light-regulation of the c-di-GMP second
messenger. An EEG (electroencephalography) head-cap cap-
tured brain activities of pretrained volunteers and forwarded
them to a computer interface for translation into a correlating
electrical current controlling connected LEDs for adjusting the
activity of the optogenetic system. Test persons were trained for
biofeedback (keeping a value of the mediation-meter in a
defined limit), concentration (computer gaming), and relaxing
(meditation). This cybernetics BCI (brain—computer interface)
then enabled mind-controlled regulation of transgene expres-
sion depending on the mental state of the person. Further
refinement of the experiment through combination with a
wireless-powered optogenetic implant containing designer cells
provided proof-of-concept data for secreted embryonic alkaline
phosphatase (SEAP) reporter expression in vivo, controlled by
the human interferon (hIFN) promoter in a mouse model. This
is for sure a proof of principle work, but the futuristic vision of
the authors proposes that patients could either learn to generate
specific mental states (e.g., pain relief), or rely on disease-related
brain activities (epilepsy, neurodegenerative disorders, etc.) to
trigger therapeutic implants producing corresponding doses of
protein pharmaceuticals in real time.

Another cyclic nucleotide-dependent signaling pathway gave
rise to optogenetic control of mammalian sperm beating.”*> A
former study demonstrated that sperm motility can be adjusted
by blue light employing the light-dependent adenylyl cylase,
bPAC.”* Recent work from the groups of Wachten and Méglich
now pushed further these studies on cAMP-controlled signaling
pathways by inserting the light-dependent cAMP-degrading
phosphodiesterase LAPD into mice sperms.”*¥*” These
investigations bear high social significance, as in humans
approximately 15% of all couples planning to conceive suffer
from infertility. In about 30—40% of these cases, the cause of
male infertility remains unknown (idiopathic male infertility).

Wachten and Moglich also applied blue light up- and red light
down-regulation of cAMP for a functional analysis of primary
cilia that are present in nearly all vertebrate cells.”** Nonmotile
(primary) cilia can be considered as antennae that translate
sensory stimuli into a physiological cell response and are
essential for vital processes in cells. Accordingly, ciliar
misfunctions (ciliopathies) are usually severe and cause loss of
essential functions. An example given by the authors is AC3, a
transmembrane adenylyl cyclase that is involved in many actions
of cilia. Mutations or loss of expression of the adcy3 gene
encoding AC3 cause serious consequences, such as severe
obesity and high risk of developing type-2 diabetes. A major
limitation in understanding ciliary functions is the lack of tools
to probe selective regions of the cilium by a certain assay without
simultaneously affecting the entire cell body. In this study, the
authors overcame this bottleneck and achieved selective control
of primary cilia with nanobodies directed against fluorescent
proteins which were connected to trafficking epitopes that guide
them to the primary cilium. The photoactivatable cyclases
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(PAC) and phosphodiesterases (LAPD) were fluorescently
tagged and thus bound by the nanobody without compromising
their light-controlled function. The researchers could document
that without nanobodies, both PAC and LAPD localized to the
cell body. The transport and localization of the light-controlled
enzymes into the cilium were also accomplished with nano-
bodies, where the above-described manipulation of the cAMP
concentration could be performed. After demonstrating the
successful ciliary localization of the light-controlled enzyme
functions in cilia of HEK cells, the authors went one step further
to an in vivo system: employing zebrafish embryos, they showed
the precise localization of the light-controlled activities in
zebrafish cilia. Further attempts to regulate the linear growth of
cilia by controlling the cAMP concentration were so far not fully
convincing.

Another recent study describes optogenetic control of gut
bacteria in order to promote the longevity of the host.”* In this
work, Hartsough et al. genetically engineered an E. coli strain that
secretes colanic acid under the quantitative control of light
within the gut of Caenorhabditis elegans using the CcaS/R system
to induce the colanic acid operon with combined PCB
biosynthesis. The compound produced by the non-natural
symbiont provokes a local effect in protecting intestinal
mitochondria of C. elegans from stress-induced hyper-
fragmentation, which resulted in extension of the host lifespan
in correlation with the intensity of green light under which the
organisms were cultivated.

4.5.5. Biotechnological Applications and Optogenetic
Biomaterials. An “analytical” tool, e.g. for mass-spectroscopic
in vitro workflows based on the PhyB/PIF6 couple, has been
developed by Horner et al.">* The analytical protein purification
system can maintain identical buffer compositions throughout
the purification, thereby minimizing the coelution of weakly
bound components. As purification tag for proteins of interest
(POIs) served a size-reduced PIF6 protein containing only 22-
amino acids that remains capable of binding to PhyB. A PhyB-
functionalized chromatography resin captured PIF6-POI
constructs under red light (immobilization step), similar to
most commonly used affinity chromatography materials.
However, the elegant option to release the PIF6-tagged POI
with far-red light represents a particularly mild elution
condition, yielding highly pure eluates. These highly selective
elution conditions are advantageous, e.g., for mass-spectroscopic
analysis of cobinders to determine the identity of eventual
complexes. As proof of concept, the authors selected a tyrosine
kinase (ZAP70), expressed in ZAP70-null Jurkat T-cells,
purified, bound to, and released from the column, to identify
ZAP70-associated proteins.

An alternative approach contrasting previously mentioned
examples to control cellular activities with light relies on the
construction of light-regulated biomaterials that interface
cellular systems. Due to the dual-wavelength response, the
PhyB/PIF photoswitch excellently serves as functional compo-
nent for developing cell-compatible artificial extracellular
matrices that can respond to light, e.g., by releasing embedded
factors or changing their mechanophysical properties. The
group around W. Weber capitalized on their experience with
both optogenetic systems as well as functional biomaterials and
developed a generic light-controlled “opto-trap”, capable of
reversibly binding and releasing biomolecules with high
spatiotemporal control.”*® The authors coupled PhyB to various
material scaffolds (agarose, glass, hydrogels) and fused cargo
proteins directly or via adapter proteins to a PIF6-tag. In this

14941

way, they could reversibly release and recapture cargo proteins
with spatiotemporal control or subsequently trigger mammalian
cell responses that resulted from cargos activating extracellular
receptors. The approach also opens new design concepts for the
design of complex therapeutics and integrative diagnostic
devices that require deliberate control of biomolecule
abundance and activity.

Following similar paths, Jia et al. coupled PhyB to artificial
extracellular membranes serving as a scaffold for guiding pattern
formation and structural assembly processes in vitro.””’ The
authors used red light to print among other components the
bacterial self-assembling FtsZ protein on these membranes and
studied nucleation and assembly into filaments and large-scale
structures such as artificial rings.

The PhyB/PIF switch has further enabled adhesion control of
entire mammalian cells.”*® In this paper, the authors describe
how cells expressing a modified integrin cell adhesion surface
receptor (Optolntegrin) adhere to a tailored PhyB-furnished
extracellular matrix (OptoMatrix) upon red light activation. The
so activated integrins were capable of inducing downstream
mechanosensory signaling pathways. As the authors conclude,
the PhyB/PIF interaction creates a mechanical force rendering
the integrin conformation active.

Yiiz et al. also bridged soft and hard matter. The group
established a bicolored cell-sorting regime via adhesion to solid
surfaces.”® In a most straightforward manner, they chose the
CRY/CIBN for blue, and the PhyB/PIF6 couple for red light
selection. CIBN is a truncated helix-turn-helix-CRY2-interacting
protein. MDA-MB-231 cells were chosen to demonstrate their
design. This cell line is commercially available and well
characterized. The cells were stably transfected with pDisplay
vectors that anchor POIs, here either CRY2 or PhyB, via the
secretory pathway to the cell surface. Via His-tags, the
interacting partners CIBN or PIF6 were immobilized to glass
surfaces that were functionalized with Ni-NTA groups. The
remainder of the glass surface was coated with nonadhesive PEG
molecules. Binding of both CIBN and PIF6 was demonstrated
selectively through the Ni-NTA/His-tag interaction. All four
interacting proteins were fluorescence-tagged to detect their
localization. Most elegantly, selective red or blue light irradiation
brought either PhyB or CRY to the glass surface; imidazole
triggered their subsequent release. The system demonstrated
reasonable amplification upon illumination: dark vs light
adhesion was enhanced by a factor of approximately 5.5 for
the blue light-triggered system and about 4-fold for the PhyB
system. The selectivity was also tested: blue light illumination
brought about 30% red light-sensitive cells to the surface; the
opposite light regime (red light illumination) adhered ca. 15% of
the blue-sensitive cells.

To purely control the mechanical properties of polymer
materials, Horner at al. utilized the cyanobacterial phytochrome
1 (Cphl) as the functional component cross-linking poly-
(ethylene glycol) hydrogels.””” The synthesized hydrogel
materials reversibly respond to red/far-red light exposure with
significant changes in their stiffness. Precisely adjusting these
parameters served as tool for the study of mechano-signaling
pathways responses in human mesenchymal stem cells or to
control the migration of primary immune cells in 3D. The
approach opened a novel avenue for investigating fundamental
questions regarding the way cells react to dynamic mechanical
environments and provide a platform for designing remote-
controlled tissue engineering devices such as optically controlled
drug depots.
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In a synthetic-biological design that combines different
protein logics on a material scaffold, the concerted interplay of
an “AND”-gate, memory device, and time-delay module yielded
a circuit which rendered biomaterials capable of counting light
pulses.””" Calibrated by a mathematical model, the smart
biomaterial contains protein cargos embedded via light- and
protease-cleavable linkers, allowing the discrimination of initial
versus repeated exposure to far-red light. These materials can
process input light stimuli and respond with differentiated
outputs, a behavior reminiscent to electronics or living systems.
The authors demonstrated the release of different proteins
which were embedded in the material, controlled by the light
pulse counting state of the material. This way, a sequential
availability of enzymes released by the material could be
controlled using the same stimulus (here far-red light).

The synthesis of phytochrome-based biomaterials usually
requires high quantities of recombinantly produced photo-
receptors. In order to obtain these amounts, bacterial
production systems commonly serve as suitable hosts due to
their widespread use, fast growth, simple implementation of
chromophore synthesis, and ability for high cell density
fermentation. A recent protocol greatly facilitated the
production pipeline by optimizing production conditions,
yielding multigram scales of recombinant ghytochrome photo-
receptor protein per 10 L fermentation.””” In another detailed
protocol, the authors further describe the large-scale production
of the used biotinylated variant of the photosensory domain of A.
thaliana PhyB (PhyB-AviTag) in E. coli for use in extracellular
optogenetics with a single, optimized expression plasmid that
combines the phytochrome gene with the genes required for
PCB biosynthesis.””

Also, the CBCR-based green light-inducible TC-system
CcaS/CcaR entered the biochemical toolbox. Nakajima et
al*”* placed the Ag43 gene (encoding Antigen 43, an E. coli-
derived self-aggregation system) under control of a modified
cpcG2 promoter, addressable by CcaR. Ag43, an autotransporter
protein from E. coli, is an essential protein for aggregation and
biofilm formation during infection. Ag43 is composed of three
domains: a signal peptide for secretion into the periplasmic
space, a -domain that forms a selective channel in the outer
membrane to transfer an a-domain for extracellular display, and
the @ domain, which is a linker for self-aggregation. High affinity
among the a-domains triggers self-aggregation, which leads to
cell precipitation. Green light activated the system and triggered
precipitation of cells, visible by ODy, reading after 20 min with
a plateau after 60 min. This study was performed following the
two-plasmid-approach, i.e., generating the CcaS chromophore
PCB in vivo.

The CcaS/CcaR system seems to gain increasing attention in
biotechnological applications. The group of Tabor turned their
interest to B. subtilis, a well-established production host for
generating important proteins and relevant intermediate
products targeting pharmaceutical processes.””> However,
employment of B. subtilis as biochemical generator requires
distinct knowledge of its complex and time-dependent genetic
circuits. Tabor and co-workers considered that B. subtilis
required a set of improvements in order to serve a solid factory
for light-controlled bioproduction.”*® While initially working on
Cphl, the authors employed the CcaS/R system and boosted
PCB production by a set of mutations that altered the promoter
site and improved expression of the PCB-generating enzymes.
Next, they coupled the optimized photoreceptor system to
several well-characterized, B. subtilis-specific promoters that

were routinely used in biotechnological applications. The
authors succeeded in enhancing the fluorescence of a fluorescent
protein by a factor of 70 in green over red light-illuminated
samples.””®

The capture of carbon dioxide and discussions on biomass
and biofuel generation place cyanobacteria in the center of
current ecological and economical green energy projects and
topics associated with global warming. The inherent photo-
receptor variety of cyanobacteria (here: Synechocystis PCC6803)
opened a proof-of-principle experiment ready for transfer to
other PCB-producing microorganisms. The current application
targets photosynthetic organisms. Miyake et al. presented an
amazing application employing the genes encoding holin and
endolysin under control of the cpcG2 promoter (see also other
applications in section 4.1.1).””” Holin and endolysin were
originally found in the T4 phage and cause bacterial cell lysis
upon induction. The optogenetic approach induces the
expression through the green light-activated Ccas/CcaR system
(see sections 4.1.1 and 4.4). As a result, the authors observed a
clearly visible decrease in the growth rate. This was accompanied
by a significant increase of cellular phycocyanin release into the
medium and a considerable fraction of dead cells. Combined red
and green light illumination provoked these effects. However,
red light alone did not suffice to induce the system. Performing
the experiments directly in cyanobacteria circumvented the need
for PCB supply. A preceding publication by the same group
described in detail the fine-tuning of the cpcG2 promoter for the
CcaS/CcaR couple utilizing a fluorescent protein (GFPuv).'®
Here, combined red and green light illumination caused a clear
increase in product fluorescence compared to red light
illumination alone.

4.6. Fluorescent Tools

4.6.1. Bacterial Phytochromes as Fluorescent Proteins
(FPS). Phytochromes and related proteins possess an only
moderate fluorescence quantum yield compared to commonly
used fluorescent proteins (FPs). However, their yields could be
increased by changing the chromophore (e.g., PEB for PCB in
Cphl and in the Phy from Mesotaenium caldariorum, see also
section 2.2.2) or by mutagenesis following a directed evolution
protocol.””**® These early findings opened the path to further
improvement, so far preferentially entered with bPhys.
Especially the employment of bPhys as fluorescent markers—
despite their low quantum yield—is due to other properties.
First, their fluorescence lies in the most red-shifted spectral
range within the “transparent window” (Figure 1). Second, they
bind biliverdin as chromophore which is available, e.g., in
mammalian cells. The fluorescence quantum yield of wt-bPhys,
exclusively in their Pr state, is around 3—8%. Mutagenesis
approaches led to improvements of nearly 100% (between 8 and
15%).”” However, the overall fluorescence quantum yield
remained low, though applications employing the fluorescence
of bPhy (-derivatives) had been performed and recently
presented in a comprehensive review.”

Since then, improved variations of these bPhys were
generated, and new systems were detected and successfully
employed worthy of updating the collection of applications.””” It
was particularly the long-wavelength emission of bPhy-derived
FPs that allowed combination with other FPs and tissues or
cellular compartment-specific multicolor detection. This was
accomplished by Cook et al, who used “Brainbow” for their
studies, a set of multicolor FPs.>% They performed screening
assays in developing brain regions of zebrafish embryos to
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identify optimally suited far-red-emitting FPs. Part of their
investigation concerned photobleaching effects of selected far-
red emitting FPs, an often neglected aspect.

With all variations, one may assume that the upper end of
fluorescence quantum yields for bPhys is probably in the order
of 15%. Thus, further enhancement of fluorescence yield,
together with their outstandingly large extinction coefficient in
the order of 8 X 10* — 10°, should yield a remarkable brightness
and thus useful tools. Stepanenko et al. chose the opposite way,
keeping in mind the low fluorescence of BV-binding bPhys.*"!
Instead of capitalizing on the BV-binding properties of bPhys,
the authors chose to enable the utilization of PCB in favor of BV
by performing a mutagenesis approach on iRFP713 from R
palustris, formerly presented by the Verkhusha group.’*” They
succeeded in generating proteins with clearly enhanced
fluorescence quantum yields (between 0.4S and 0.5), however
with shorter emission maxima due to the use of PCB. There is
another inherent drawback to overcome when employing bPhys
as fluorescent proteins. Because bPhys, just like other canonical
phytochromes, tend to dimerize, the resulting fusion constructs
are relatively large. Accordingly, efforts have been made to
generate monomeric derivatives that retain strong fluorescence
emission, but also other systems have been introduced during
recent years.303’304

In fact, the Verkhusha group succeeded in tailoring a bPhy
from Rhodopseudomonas palustris into a single monomeric GAF
domain.’®® This construct was employed as the activation
domain of a calcium sensor in a FRET experiment.’’® The single
bPhy GAF domain was fused to the calcium-binding domain of
the calmodulin/M13 peptide and subjected to several rounds of
improvement by extensive mutagenesis. As fluorescence could
be screened on Petri-dishes, improved variants were conven-
iently identified. In addition, the emission peak at 764 nm makes
this fusion protein the most bathochromically emitting
fluorescent calcium sensor. Application of bPhys with focus on
animal systems was recently well presented in the review by
Verkhusha and co-workers.”> The composition was recently
updated by the same authors, including multicolor excitation/
emission and monitoring of FRET-based physiological
processes such as cell protrusions and even discrimination of
dividing from nondividing cells.*”’

4.6.2. Fluorescent Proteins Derived from Cyanobacte-
rial Phycobiliproteins or from BV-Binding CBCR-GAF
Domains. Recent reports initiated the development of
fluorescent tools with cyanobacterial origin using linear
tetrapyrroles as chromophores. Two classes of bilin-binding
proteins came into focus: the cyanobacteriochromes (CBCRs)
and derivatives of the phycobiliproteins originating from
cyanobacterial antenna complexes (phycobilisomes).

CBCRs exhibit the remarkable advantage to unite all major
properties of canonical phytochromes in a single GAF domain:
chromophore lyase function, photochromicity, and signal
generation by, e.g., enzyme activity control. Moreover, many
GAF domains from CBCRs tolerate elevated temperature and
pH changes and, in addition, show a fluorescence quantum yield
larger than that of bPhys and their derivatives. Their usefulness
for fluorescence microscopy has been demonstrated upon
expression in E. coli.”””® CBCR-GAF domains could even be
engaged in a FRET experiment: a hybrid protein composed of a
flavin-binding LOV domain (A, = 450 nm, A, = 525 nm, @y =
0.3) and a CBCR-GAF domain (SIr1393g3 from Synechocystis
PCC6803, A, = 650 nm, A, = 675—680 nm, @y = 0.3),

connected by a flexible linker, showed a FRET efficiency of
approximately 229%.>"°

Screening of CBCR-GAF domains from Nostoc punctiforme to
identify proteins with novel absorption properties led—besides
the identification of several red-/green- and also orange-/green-
switching proteins—to the discovery of a photoinactive GAF
domain that instead showed a strong fluorescence with emission
peaking around 680 nm (GAFS in a multi-GAF CBCR,
Npl:2164g5).309 The authors propose an energy-transducing
function (a FRET process) to neighboring GAF domains in the
same protein for this GAF domain. The same protein originally
binding PCB was further modified for BV. Again, it showed a
strong fluorescence, now with a significantly longer emission
maximum around 700 nm.”"’

A comprehensive study on a selected CBCR-GAF domain by
Oliinyk et al. probably opens the door further for these proteins
to be employed in optogenetics and as fluorescence tags.”'' The
authors systematically modified a CBCR-GAF domain from the
cyanobacterium Nostoc punctiforme (NpR3784) for fluorescence
applications. They demonstrated conversion into BV binding,
multiplexed application, and FRET properties. In addition, the
authors determined the crystal structure (1.95 A) of the widely
mutated protein and demonstrated in vivo experiments in
animals.

Also Wu et al. presented promisin% properties of a CBCR-
GAF domain from Spirulina subsalsa.”’” This protein showed a
relatively large fluorescence quantum yield of ca. 14% with a
slight increase after mutagenesis.

Zhao and co-workers could further increase the fluorescence
quantum yield of CBCR-GAF domains by incorporating PEB
into GAF domains. Their examples include All2699¢1,
SIr1393g3, TIr0911, and others, thereby combining the small
molecular size of these GAF domains with the high extinction
coefficient and fluorescence quantum yield of PEB or PUB.”"
These two bilins are chromophores of the antenna components,
but they are not naturally occurring as a chromophore in
phytochrome(-related) proteins, as they carry a single bond
(C15—C16) instead of the double bond essential for photo-
isomerization.”® Reports characterized PEB as a strongly
fluorescent chromophore when incorporated into recombinant
oat PhyA,3 *and together with its high extinction coeflicient, the
authors could ;enerate bright proteins emitting in the orange
spectral range.”’

Of special mention are CBCRs that under natural conditions
bind BV as an adaptation to life conditions in selectively red-
shifted ecological niches.'”” One can imagine that these proteins
serve as a further improved unit to shape CBCR-GAF domains
for long wavelength-absorbing and -emitting optogenetic tools.

Verkhusha et al. emphasized advantages of CBCRs over the
other class of bilin-binding proteins originating from the
cyanobacterial antenna complexes, the phycobilisomes.”"’
However, detailed analysis and design efforts yielded some
phycobiliproteins with remarkably favorable properties. These
antenna proteins, each of small molecular mass (mostly 15—20
kDa), aggregate under natural conditions into large light-
harvesting antenna complexes of hundreds of subunits forming
the light harvesting phycobilisome. Each monomer bears,
depending on the species considered, one or even two covalently
bound PCB- or PEB-chromophores.” Thermostability, long
wavelength absorption and emission, and their large extinction
coefficient and fluorescence quantum vyield predestine these
antenna proteins for optogenetic applications, yet their tendency
to noncovalently aggregate into supercomplexes stands against
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their employment. The problem of amphipathic protein sections
causing aggregation has recently been overcome for several of
these proteins, e.g, ApcE, by removing distinct sequences
including a transmembrane peptide.’’* These now soluble
proteins represent a valuable addition to the palette of bright
fluorescent tags.

More phycobiliproteins have been studied and optimized with
great success by the group of Zhao. A very promising approach
to enlarge the toolbox of strongly fluorescent proteins followed a
formerly introduced gene-fusion protocol of the same group that
yielded an in vivo assembled red-green-switching (“RGS”)
CBCR protein, Slr1393g3 from Synechocystis.”’ Using their
knowledge of all enzymes that convert biliverdin into various
modified bilins (Figure 2), these scholars fused the gene
encoding the apoprotein with the genes for the enzymes
generating various bilins and thereby applied this gene-fusion
approach also to phycobiliproteins.”’> As, in contrast to the
phytochromes, not all phycobiliproteins carry a lyase function
required for autoligation of the chromophore, three genes were
fused encoding a “super’-enzyme, consisting of a heme
oxygenase and a BV-reducing, PCB- or PEB-generating enzyme,
from which selective lyases specific for the phycobili-apoprotein
were employed to generate PUB or PVB. A strict 1:1 genetic
ratio led to success: a catalog of soluble, small, and fluorescent
proteins was generated with emission maxima ranging from 506
to 641 nm, making these proteins promising tools for orthogonal
applications. By this approach of fused/combined gene
expression, the yield of chromophore loading was, for the best
constructs, 2.7-fold higher than the loading yield obtained from
the expression of both genes independently. This finding of an
apparently optimized, mutual control of protein and chromo-
phore biosynthesis might be of particular importance, also for
other biological photoreceptors, for instance, when performing
functional optogenetic experiments in hosts devoid of the
required chromophore. Considering the high extinction
coefficient of bilins (in the range of 10° M™' cm™) and the
high fluorescence quantum yield (up to 99%), outstandingly
bright fluorescent tools were reported.”"

In a follow-up study, Zhao and co-workers successfully
incorporated PEB as chromophore into homo- and hetero-
dimeric and -trimeric biliproteins multiplying the fluorescence
of each single monomer.”'® Their multiple chromophorylation
generated proteins with remarkably high brightness. The
combination of two different phycobiliproteins provided
binding of two different chromophores (with two distinct
absorption maxima), allowing even multicolor irradiation or
applications where large Stokes shifts are necessary. The authors
referenced an FP-derivative, iRFP670, and compared the
brightness of these two proteins in HEK-293T cells, in which
the diad of the biliprotein outperformed the FP-derivative by a
factor of 5.9. The favorable absorption and emission parameters
of biliproteins allowed Zhao and co-workers to generate a fused
protein composed of mCherry, a “classical” FP, and a biliprotein
in which the emission of the FP optimally overlapped with the
absorption of the biliprotein, thereby generating a FRET couple
with a large Stokes shift of 79 nm (A, of mCherry, 587 nm;
emission maximum A,,, of the biliprotein, 666 nm).*"” Again,
this construct was compared to iRFP670 and outperformed this
protein by a factor of 42 in mammalian cells. The authors
consider this protein as excellently suited for multicolor
applications.

It shall be mentioned that very few proteins, either from
CBCRs or from phycobiliproteins, have been reported that bind

biliverdin as chromophore in their natural form in order to meet
the transparency window. Here, one would preferentially refer to
those cyanobacteria that have adapted to an ecological niche
with long wavelength irradiation, an approach that has already
been followed successfully.'”*'® Interestingly, nature found
also another way: as an alternative, antenna proteins have been
identified from equally long wavelength-adapted cyanobacteria
that incorporate PCB noncovalently (carrying a tyrosine at the
position of the PCB-binding cysteine),”'” thereby further
shifting absorption and fluorescence by about 30 nm.”” These
proteins originate from a thermophile, Chroococcidiopsis
thermalis, offering a greater thermal stability for a variety of
applications. Interestingly, the wild-type protein did not
incorporate BV. Thus, the authors asked whether one might
be able to convert the long wavelength-absorbing, PCB-
incorporating protein into an even further red-shifted BV-
binding derivative: several rounds of mutagenesis yielded a
derivative that binds BV covalently, significantly shiftin:
absorption and emission maxima to longer wavelengths.’
Binding of the BV chromophore causes a slight reduction in the
fluorescence quantum yield compared to the wild-type protein,
but considering the large extinction coeflicient, relatively bright
fluorescence tags were presented. A random mutagenesis
approach yielded a number of proteins, all with relatively long
absorption and emission maxima extending up to 720 nm (Table
1 in Ding et al.**). Some of these derivatives even served as
FRET couples. The authors succeeded in generating monomeric
forms, overcoming the above-mentioned drawbacks of
aggregation for intracellular applications. This protein from C.
thermalis, for further work termed BDFP1.0 (1,,,, = 709 nm, & =
68,200 M™! cm™, @y = 0.056), showed a brightness half that of
IFP2.0 (taken as reference). IFP2.0 was generated by Yu et al.
from the bacterial phytochrome of D. radiodurans by a series of
DNA-shuffling and random mutagenesis experiments that first
yielded monomeric forms of this bPhy and further improved its
brightness.””" Interestingly, these brightness comparisons with
other FPs did not hold when used in, e.g., HEK cells, probably
due to differences in chromophore maturation and availability.
The stability of these C. thermalis-derived proteins at low pH was
demonstrated by expression in Lactobacillus lactis. Employing
other hosts, these proteins could be localized by fluorescence
microscopy when used as tags to selected proteins in HEK cells
and also in the nematode C. elegans. The properties of these
“long wavelength-acclimated” proteins were further improved in
a follow-up publication with special emphasis on combining
several proteins in FRET experiments.’””

The usefulness of such novel fluorescence tags was further
demonstrated by fusing them to various proteins indicative of
individual cellular compartments and structural elements, e.g.,
histones, nuclear localization sequences, actin, keratin, or
TOMM?20, a mitochondrial import-receptor subunit.”*’ The
protein employed here (BDFP1.9) was improved with respect to
monomer/dimer formation by designed mutagenesis. Compar-
ing crystal structures of this protein to data from former work,*'*
the authors identified amino acids that promote dimerization.
Akin to phytochromes, also biliproteins exhibit a large extinction
coefficient of their bilin chromophore. Their intrinsically high
fluorescence quantum yields, resulting in an extreme brightness,
make them promising candidates for future generations of
fluorescent proteins. In fact, recent applications of these
modified biliproteins benefit from their properties for direct
application in mammalian cell cultures and even in an animal
system.322
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The currently most optimized proteins from this “pipeline”
are further improved monomeric derivatives with large
extinction coeflicients and a noticeable fluorescence quantum
yield (& up to 130,000 M~ cm™', @y up to 0.01—-0.012). The
intrinsic excitation and emission wavelengths are within the
transparency window of mammalian cells,>** and in fact,
developed FRET triad fusions were S5-fold brighter than
IFP2.0 in HEK cells.

It might well be that CBCR proteins could be tailored to
higher fluorescence in both parental and photoproduct states.
Due to their photochromicity, they might become suitable for
nanoscopy applications such as FPALM, STET, or STORM, as
prelirnina?r experiments with the GAF3 domain of Slr1393
indicated.”® A recent application based on derivatives of
mCherry illustrates the path to follow.”** Fluorescence images
with the highest resolution were presented, and one can imagine
that the favorable parameters intrinsic to the small CBCR-GAF
domains with respect to photostability, extinction coefficient,
and quantum yield may guide future applications.

It appears as if fluorescence-based applications employing
bPhy- and phycobiliprotein-derived tools have no limits. It has
been demonstrated that phycobiliproteins could be engineered
to monomeric strongly fluorescent proteins utilizing internally
available BV with emissions extending up to 720 nm. Concerns
initially raised about the properties of these proteins that may
stand against their use for optogenetics and fluorescence
experiments have clearly been solved or demonstrated as
nonrelevant in a series of proof-of-principle experiments.
Solutions to these problems have been depicted, and the
structural elements that convey di- and oligomerization have
been identified. Similar strategies including structure-based
mutagenesis or further genomic analyses will likely also identify
novel CBCRs and provide novel assets to the infrared optical
tool box. A comprehensive overview brings together the wide
spectrum of apglications, even proposing most fascinating future
investigations.” >

5. WEBSITE PLATFORMS, MODELING, AND RELATED
HARDWARE

During the past decade, literature databases have increasingly
accumulated published second generation optogenetic ap-
proaches with a rapid pace. Keeping an overview of all existing
basic approaches, identifying suitable tools for experimental
problems, and differencing neuronal ion transporter systems
from modern optogenetic tools is challenging when relying on a
conventional literature search, especially when freshly entering
the field. To overcome these initial hurdles, the online platform
“OptoBase” (https://www.optobase.org/) generates a guided
entry point and assists in identifying appropriate optogenetic
systems. The web page maintains an up-to-date compendium of
relevant literature and compiles search algorithms to orient
interested researchers to identify the best suitable candidates
under consideration of user input restraints.

Nevertheless, optogenetics remains a scientific discipline with
many variables to take into account. Often optimizations aim to
reduce noise (activity in the dark state) or to improve the
dynamic range of light induction requiring large numbers of
parallel experiments. In particular, if hybrid proteins were
designed from a light-sensing module of organism A, and a
signaling domain of organism B, the connecting linker sequence
usually requires thorough experimental testing and optimiza-
tion. Tabor and co-workers engaged themselves in providing
hardware at a reasonable price to enable precisely this: a wide

range of wavelengths for irradiation and a wide dynamic range of
intensities,”* even running computer-programmable irradiation
programs allowing oscillation at various frequencies.””” Their
hardware platform, called IRIS, provides parallel treatment of a
24-well plate, to which, independent to each of the wells, the
Light Plate Apparatus (LPA) delivers two wavelengths
selectable between 315 and 1550 nm with an intensity control
over 3 orders of magnitude and with millisecond resolution.
IRIS has been benchmarked using a red-/green-switching
system originating from Synechocystis PCC6803 cyanobacter-
iochrome (CcaS/CcaR'’***), with a Cry2-based (blue light
regulation) system, and with the PhyB/PIF6 system. All three
test experiments yielded impressive precision and control of the
reaction conditions. A likewise programmable “light box” has
been described providing an irradiation range with eight LEDs
from 385 up to 850 nm.>?” The authors, however, modified a
Tecan plate reader, thereby setting the price of this device much
higher. The IRIS system has recently been further improved
including thorough calibration protocols and a better and more
precise validation of dynamic responses.”**

In a follow-up approach, Moglich and co-workers further
developed their hardware tools, by generating a programmable
switchboard that allows continuous or pulsed illumination with
LEDs at several wavelengths.329 In this manuscript, the authors
also provide a detailed building plan and several fully automated
protocols for pulsed or continuous illumination. Their setup was
built using their former devices for blue light illumination, now
including several applications of phytochromes. Test runs for
long wavelength irradiation were performed with a hybrid
photoreceptor protein. Based on a construct called PaaC, in
which the photosensory module of D. radiodurans was fused to
the photoactivated adenylyl cyclase Cya2,”** Méglich and co-
workers exchanged the PAS-GAF-PHY module to the one from
Deinococcus deserti that showed more favorable properties
(light/dark contrast, lower dark activity) than the Dr part.”*
For further applications it is worth mentioning that Cya2 can be
readily changed from GTP- to ATP-selectivity by exchanging
just a few amino acids.

To facilitate high-throughput data generation using up to
three-color optogenetic experiments, Bugaj et al. devised an
open-sourced illumination hardware and software platform,
termed optoPlate-96.*>" The device enables simultaneous and
individual illumination of common red- and blue-light-sensitive
optogenetic systems in 96-well microwell plates or in groups of
wells in 384-well plates. Each of the 96-well positions
individually harbors three light sources which can be addressed
via an Arduino microcontroller, generating convenient ways of
producing results from samples treated with many different
illumination protocols. The entire instrument can be assembled
from commercially available and 3D-printed parts in about 3—
4 h without the need of specialized equipment, vastly
contributing to generating alternatives to otherwise highly
specialized and expensive illumination sources. A software
developed by Thomas et al. provides a graphical user interface
for code-free programming of simple and advanced optoPlate-
96 illumination schemes.””

Another microcontroller-based illumination device called
“light activation at variable amplitudes” (LAVA) for 24- and 96-
well culture plates has been developed by Repina et al.**>***
LAVA can mount LEDs of a single wavelength suitable to
perform temporal as well as spatially confined optogenetic
experiments due to the possibility to optionally insert a
photomask. The authors used LAVA to induce patterns of
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Wnt signaling in human embryonic stem cells using a Cry2-
based photoclustering approach (optoWnt), leading to LRP6¢c
oligomerization and the transcription of f-catenin target genes.
A graphical user interface facilitates LAVA programming, and
building instructions are deposited and documented in the form
of a protocol.”**

Olson and Tabor extended the similarity between compo-
nents of synthetic biology, hierarchically organized regulators,
and complex nodes, at which cells distinguish pragmatically
between several options with a mathematically controlled
computing device.””

Progress in focusing illumination in tissues, thus overcoming
further the inherent problem of light scattering, has recently
been presented in a living mouse brain tissue. Based on
channelrhodopsins, which allow facile excitation and recording
of neuronal activity, the group of C. Yang from Caltech set up a
sophisticated optical system specialized for in-depth light
penetration and spot focusing in such living tissues.’*® Optical
and functional comparisons to more conventional techniques
clearly demonstrated the advantage of a technique called
“wavefront shaping” or “wavefront engineering”, known for a
while but not employed in optogenetics so far. The authors
demonstrated activation of a channelrhodopsin in a neuron of an
excised brain patch at a depth of 800 ym. In a follow-up
experiment, the group of Yang teamed-up with the group of
Verkhusha and adapted this technique for a bPhy (PAS-GAF-
PHY domain from D. radiodurans).”’ Initially demonstrating
the working principle in an artificial highly scattering material,
the researchers laid out the focusing advantage of this technique
for comparable applications in mouse brains and tumor biology.

6. CONCLUSIONS AND PERSPECTIVES

Phytochromes, especially the bacterial representatives, took
time to gain ground in optogenetic applications. The survey for
naturally occurring, phytochrome-interacting proteins, per-
formed very early on, offers great opportunities for selective
activation of genes or gene clusters.””® The many members of
bHLH proteins identified in plant genomes (of which only the
PIF were exploited to a larger extent) provide candidates with so
far unknown, distinct activities regulated by light.

The PhyB/PIF couple still holds multiple potentials for
applications, albeit so far not fully exploited. The many
functional and flexibly used size variants that have been
accomplished for both proteins make this system highly
versatile. In addition to note is that often one or both proteins
carry fluorescent tags. The number of applications in which this
protein couple engages permanently grows and has already
become equally versatile as the LOV domain-based systems.
Both photoswitches show the simplicity of being activated by
remote control. However, both have their own strengths and
weaknesses. The PhyB system entails the unique property of
dual-wavelength regulation, contrasting the relatively slow
processing photocycle of LOV domains that only in a single
case was demonstrated to be light-activated in both ON and
OFF directions.>*® In addition, Phys and phycobiliproteins
stand out over other photoreceptors in presenting inherently
long wavelengths in absorption and fluorescence emission that
cannot be accomplished in the flavin-based photoreceptors. Blue
light systems, instead, often benefit from readily available
chromophores, whereas phytochromes often require either
exogeneous addition of the bilins or engineering of a suitable
chromophore biosynthesis pathway in the target organism.

14946

Detailed characterization of the properties of cyanobacter-
iochromes is being performed in various laboratories and will
most certainly provide additional input to foster optogenetic
applications. In fact, knowledge of their full functional repertoire
is still in its infancy. CBCRs complement the Phy-based
applications in an optimal manner: they are distinguished by
their small size and their wide range of absorption maxima
facilitating multicolor applications. These proteins are expected
to enrich the pool of optogenetic and fluorescent tools with
further-reaching applications, particularly in combination with
modern (super-resolution) microscopy. At the current state, it is
worthwhile to consider both optogenetic switches and optical
imaging functions for further improvement.

The engineering of Phys into fluorescent proteins has just
begun, but beneficial properties can already be identified. A
bright near-infrared fluorescence biolabeling is paramount for
observing and tracing individual molecular events over an
extended period of time. Here, the large extinction coefficient
and the high fluorescence of bilin chromophores is probably
unbeatable.

In the future, we expect optogenetic systems to mature
further, increasingly transitioning into applied biosystems and
meaningful medical applications that may, in the long term,
significantly reshape biomedicine and basic research. Bilin-
binding proteins have been shown to possess potential for such
applications. Mind-controlled or monitoring and immediate
feedback of medical applications are surely far-reaching at
present. However, their principal functionality has been
demonstrated in test cases. Especially future profiling, molecular
engineering, design of hybrid proteins composed of domains
from different proteins, and the discovery of novel photo-
switches with distinct properties may pave the way in generating
robust and convenient optogenetic systems. These approaches
will see parallel progress in the development of hard- and
software to make the technology easily accessible. Due to the
ever-growing knowledge of the individual photoswitches, we
foresee a rising number of orthogonal and multiplexed
applications in optogenetics. All these future developments
will further improve the principal idea to spatiotemporally
stimulate manifold biological processes, solely guided by light in
a noninvasive manner, without interfering with the delicate
metabolic equilibria of living systems.
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