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Abstract: Light is essential for various biochemical pro-
cesses in all domains of life. In its presence certain proteins
inside a cell are excited, which either stimulates or inhibits
subsequent cellular processes. The artificial photocontrol
of specifically proteins is of growing interest for the
investigation of scientific questions on the organismal,
cellular and molecular level as well as for the develop-
ment of medicinal drugs or biocatalytic tools. For the
targeted design of photocontrol in proteins, three major
methods have been developed over the last decades,
which employ either chemical engineering of small-
molecule photosensitive effectors (photopharmacology),
incorporation of photoactive non-canonical amino acids
by genetic code expansion (photoxenoprotein engineer-
ing), or fusion with photoreactive biological modules
(hybrid protein optogenetics). This review compares the
different methods as well as their strategies and current
applications for the light-regulation of proteins and pro-
vides background information useful for the imple-
mentation of each technique.

Keywords: light-regulation; non-canonical amino acids;
optogenetics; photopharmacology; photoxenoprotein en-
gineering; proteins.

Introduction

Light plays a decisive role for most forms of life as it stim-
ulates various essential processes in organisms. Phototaxis,
the migration of microorganisms towards light, phototro-
pism, the growth of plants towards light, photosynthesis,
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the turnover of light energy into chemical energy as well as
vision in animals and humans are only some examples of
light-mediated, biological processes. In particular, light of-
fers dynamic control with a high level of spatiotemporal
resolution, which is most paramount for each of these pro-
cesses. In recent years, this attribute of light was exploited to
artificially control diverse biological systems.

One of the most important targets for the imple-
mentation of artificial photocontrol are proteins (Gautier
et al. 2014), as they are key molecules of life and the object
of study in various research areas (Figure 1). The dynamic
light-mediated regulation of protein function allows to
answer fundamental questions and to develop novel tools
in organismal, cellular and molecular research (Figure 1,
left box). To this end, light can be applied noninvasively
and remotely, as it penetrates tissue in in vivo approaches
nanometer to centimeter deep and water-based solutions,
e.g., for enzymatic studies or industrial purposes, even
meter deep depending on the wavelength of irradiation,
and the density and absorption properties of the sample
(Marblestone et al. 2013).

For the design of photocontrol in proteins, three
major methods have been established (Figure 1, right
box). Fundamental to each technique are chromophore
bearing receiver molecules, which absorb light of specific
wavelengths and subsequently undergo different types
of reactions. Two of the three methods employ light-
sensitive small-molecular synthetic receiver compounds
and are thus summarized with the term optochemistry
(Ankenbruck et al. 2018). In the first method, dubbed
photopharmacology (Velema et al. 2014), the receiver
consists of a light-responsive molecular cage (photocage)
or switch (photoswitch) and is attached to a biologically
active moiety. The term originates from the underlying
idea to create light-responsive medical drugs targeting
mostly key proteins of disease (Hiill et al. 2018), which are
only activated at the site of the malady thereby reducing
side effects. While photopharmacology primarily uses
small-molecular ligands that are attached (non)cova-
lently post translation of the target protein, the second
method incorporates a light-responsive non-canonical
amino acid (ncAA) into the target protein during
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Methods of photocontrol

Photopharmacology
Generation of small-molecular effectors
carrying a light-sensitive and a
biologically active moiety that associate
(non)covalently to the target protein

Optochemistry

Photoxenoprotein engineering
Incorporation of light-sensitive non-canonical
amino acids (ncAAs) into the target protein

Hybrid protein optogenetics

Fusion of photosensor modules from
natural photoreceptors with the target protein

Figure 1: Overview of methods to photocontrol the biological activity of proteins.

translation (Courtney and Deiters 2018). Thus, the
receiver, again either a molecular photocage or a photo-
switch, is coupled to an amino acid moiety. This method
has not yet received an official name; since here a
ncAA-containing protein, or xenoprotein (Agostini et al.
2017), that is light-sensitive is generated, I will hence refer
to it as “photoxenoprotein engineering”. Probably the
most widespread photocontrol method is dubbed opto-
genetics (Deisseroth et al. 2006). It uses natural light-
sensitive photoreceptors, often ion channels, to artifi-
cially induce cellular processes primarily in vivo (Nagel
et al. 2002, 2003). Controlling the function of a specific
target protein is the goal of a particular sub-category of
optogenetics. Here, the photosensor modules of the nat-
ural photoreceptors are used as receivers; these proteins
carry a light-responsive cofactor, which undergoes a
conformational change upon irradiation with light. They
are genetically fused to the target protein to create a
hybrid protein. Aside from these three methods other
diverse strategies to photocontrol proteins exist. These
comprise e.g., photosensitizers, which produce radical
oxygen species upon irradiation with light, light-
responsive matrices or photodegradation and are sum-
marized in detail elsewhere (Claaflen et al. 2019; Szy-
manski et al. 2013).

The focus of this review is a comparison of the
three widely used methods photopharmacology, photo-
xenoprotein engineering, and hybrid protein optogenetics.
By this, I aim to give an overview for the interested reader
that might help to decide which technique might be best
suited to photocontrol their protein of interest. I will
thereby concentrate on the method concepts, specific
strategies and current applications. Finally, I will provide
user-relevant fundamentals of the three techniques
regarding their photochemical properties, efficient irradi-
ation, and the engineering process.

Photopharmacology
Method concept

Already at the start of the last century it was discovered that
light can be used to cure illness demonstrated by, e.g., the
phototherapeutical treatment of lupus vulgaris, a cuta-
neous form of tuberculosis (Grzybowski and Pietrzak 2012),
or the targeted tissue ablation through the local production
of radical oxygen species by irradiation of photosensitizers
also called photodynamic therapy (Agostinis et al. 2011;
Dougherty et al. 1998; Raab 1900; Tappeiner and Jodlbauer
1904).

Decades later in the 1970s (Bieth et al. 1969, 1970; Deal
et al. 1969), a new development of light as a therapeutic
agent was pioneered, which set out to solve a conventional
problem with classical medical drugs as outlined in the
following. The effect of therapeutic compounds is based on
their interaction with protein-based targets such as re-
ceptors, ion channels or enzymes (Ritter et al. 2020). This
biological activity evokes a pharmacological response
necessary for the treatment of the malady. To prevent po-
tential short-, mid-, and long-term side effects and to keep
the dose efficacy high, the drug must inevitably be selective
for its target (Edwards and Aronson 2000). Selectivity can
be achieved by local administration of the drug (Gaudana
etal. 2010), targeting macromolecules that are only present
in specific organs or that are overexpressed in certain
pathogenic tissue such as tumor cells (Hanahan and
Weinberg 2000) or microorganisms (Hutchings et al. 2019).
Nevertheless, selectivity is in general difficult to realize
since most macromolecular targets are constitutively
expressed in healthy and diseased tissue. Therefore, light-
responsive drugs that can be activated with spatiotemporal
resolution promise a straightforward solution to attain
selectivity (Lerch et al. 2016). While traditional drugs
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directly demonstrate the required biological activity, light-
sensitive drugs are administered in an inactive form and
are activated at the target site by local irradiation. For this
purpose, effectors of the target molecules are designed that
contain a small molecular synthetic chromophore, which
changes its structure upon irradiation (Lerch et al. 2016;
Hiill et al. 2018); only the isomer obtained after irradiation
shows the desired biological activity. As a result, the ac-
tivity of the drug in healthy tissue is suppressed and side
effects can be prevented. From this initial idea, a general
method concept has been developed for the dynamic
regulation of protein activity (Figure 2). A light-sensitive
inhibitor is synthesized, commonly by redesign of an
existing inhibitor, which efficiently hampers the function
of the protein, e.g., by binding to the active site. Irradiation
at a different location (spatial resolution) or time (temporal
resolution) leads to the interconversion of the light-
sensitive inhibitor to a less active state, e.g., by loosing
affinity towards the active site. Hence, while an inhibitory
effect is maintained with a traditional, light-insensitive
inhibitor (Figure 2, left panels), the protein regains activity
in the presence of a light-sensitive inhibitor after irradia-
tion (Figure 2, right panels).

Leaning on optogenetics, which emerged at the exact
same time, this alternative photocontrol method has
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Figure 2: The method concept of photopharmacology for the
photocontrol of proteins.

The design of protein inhibitors is commonly based on the imitation
and replacement of a native ligand (upper left). The resulting
inhibitory effect is insensitive to light (bottom left). In
photopharmacology, the inhibitor is redesigned to exhibit two
states, which can be interconverted by light. One state can bind to
the target protein and induce the desired inhibitory effect (upper
right). The other state cannot interact with the target protein and
allows for binding of the native ligand (bottom right).
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occasionally been named “chemical optogenetics” (Reis
et al. 2016). Owing to the misrepresentation that light-
sensitivity might be genetically encoded by chemical
means, this term was replaced with the name “photo-
pharmacology”, which originates from the observation
that both isomers of the light-responsive compound can
show different pharmacokinetic and pharmacodynamic
properties in the body (Broichhagen et al. 2015a; Velema
et al. 2014; Hiill et al. 2018). Furthermore, this term clearly
distinguishes photopharmacology and optogenetics,
which follow different approaches: chemical engineering
of ligands (photopharmacology) and repurposing of nat-
ural photoreceptors by alteration of the genetic code
(optogenetics).

While photopharmaceuticals have not yet been
approved as medical drugs, many light-sensitive inhibitors
have been developed for a wide range of protein targets
(Hiill et al. 2018) and either constitute precursors for future
therapeutics or facilitate advanced fundamental studies in
a spatiotemporal manner.

Strategies

The five main strategies of photopharmacology (Figure 3)
utilize two different kinds of receiver molecule, i.e. pho-
tocages and photoswitches. One of the most widely used
strategies is the photocaging of molecular drugs (Ellis-
Davies 2007; Klan et al. 2013; Young and Deiters 2007). For
this purpose, a light-responsive protecting group is
coupled to an inhibitor thus blocking its interaction
with the binding site of a target protein through steric
hindrance. Exposure to light of a certain wavelength ex-
cites the delocalized electron system of the molecular cage,
which triggers a decaging reaction allowing the released
inhibitor to bind to the target protein. However, molecular
photocages are only able to irreversibly activate the protein
of interest presenting an one-way strategy. Alternatively, a
light-responsive molecular switch can be incorporated into
the inhibitor. These so-called photoswitches either un-
dergo an E — Z isomerization or a ring-open — ring-closed
reaction upon irradiation with light of a certain wavelength
(hv;) (Szymanski et al. 2013). While one isomer demon-
strates only a weak affinity to the target protein, the ligands
obtain a high affinity after light-induced isomerization,
which mediates their efficacy. Notably, these reactions are
reversible (Z — E or ring-closed — ring-open) either by
irradiation with light of a different wavelength (hv,) or
thermally (AT).

While these first two strategies present a non-covalent
approach using free ligands, the next three strategies deploy



576 —— A.C.Kneuttinger: A guide to designing photocontrol in proteins

Free ligands

— T~

Photoswitchable
ligands

@
@
|

Photocaged
ligands

e
@
hvt*%

ﬂ@

i

®

Figure 3: Strategies of photopharmacology.

PTLs / photoBOLT

DE GRUYTER

Bioconjugated ligands

e

PORTLs

.

i

.

Photoswitchable
bridges

=
|

&

The five main strategies include photocaged ligands, photoswitchable free ligands, photoswitchable tethered ligands (PTLs) or
photoswitchable bioorthogonal ligand tethering (photoBOLT), photoswitchable orthogonal remotely tethered ligands (PORTLs) and
photoswitchable bridges. Blue-green: Target protein; white asterisk: Inhibition effect; dark blue: protein tag; grey: inhibitor; gold: photocage
or photoswitch with substituted binding motifs or coupled to the inhibitor moiety; black half circles: Site of bioconjugation.

a bioconjugation step to covalently tether the light-
responsive inhibitor to the target protein (Hermanson
2013). For this purpose, a small bioconjugation motif can be
attached to the ligand, which reacts with a specific residue
on the target protein close to the active site; examples are the
reactions of maleimide with native cysteine residues
(Yamada et al. 2007) or the copper(I)-mediated click reaction
of an alkyne group with the azide moiety of the ncAA
p-azido-L-phenylalanine (pAzF) (Schlesinger et al. 2018).
This allows for a site-specific modification of the target
protein, which leads to a local enrichment and capturing
of the ligand at the site of activity and ultimately increases
the efficacy of the inhibitor. The inhibitory effect is then
regulated by the conformation of the photoswitch; while
one isomer facilitates binding of the moiety with the
biological activity to the protein, the other prevents it. For
this strategy the expressions “photoswitchable tethered li-
gands (PTLs)” (Acosta-Ruiz et al. 2020; Donthamsetti et al.
2017; Lin et al. 2018) and “photoswitchable bioorthogonal
ligand tethering (photoBOLT)” (Tsai et al. 2015) are
commonly used. Moreover, the ligands can be tethered
distant to the active site, which reduces the enrichment ef-
fect but allows for larger bioconjugation motifs (Krishna-
murthy et al. 2007). In many cases, the photoswitchable
ligand is bioconjugated to a self-labeling protein tag such as
the SNAP tag, which is genetically fused with either the
target protein or an auxiliary protein interacting with the
target protein (Leippe et al. 2017; Farrants et al. 2018). This
strategy was dubbed “photoswitchable orthogonal remotely

tethered ligands (PORTLs)” (Broichhagen et al. 2015b).
Finally, the photoswitchable ligands can also be tethered to
two residues of the target protein generating a light-
responsive bridge or crosslink (Bozovic et al. 2020; Schierl-
ing et al. 2010; Liu et al. 2017b). Light-induced isomerization
then leads to a conformational change of the protein, which
consequently alters the accessibility or catalytic capability
of the active site.

In general, all light-responsive molecules are based on
different types of chromophores. Light-induced decaging
or isomerization can occur with UV or visible light, how-
ever, the exact wavelength range can be adjusted and
tuned by different substitution patterns. The basic scaf-
folds of photocages include aromatic ketones (Klan et al.
2013), in which the carbonyl group is the key to the
photochemical cleavage reaction (Figure 4A). The elec-
tronic transitions of these photocages and, hence, their
spectral properties and their photoreaction can be modu-
lated by substitution on the phenyl ring and by the polarity
of the solvent. Nitroaryl groups constitute a second class of
photocages, among them the widely used nitrobenzyl de-
rivatives (Bardhan and Deiters 2019; Klan et al. 2013). Their
photo-induced cleavage reaction (Figure 4B) is induced by
excitation of the nitro group and strongly depends on the
substitution, solvent and pH in aqueous solution. The
nitrobenzyl moiety is usually directly attached to carbox-
ylic acids (Patchornik et al. 1970) and thiols (Bayley et al.
1998), whereas a carbonic acid linker is employed to
improve the quality of alcohols and amines as leaving
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group setting free carbon dioxide in the photo-induced
decaging reaction. Since nitrobenzyl groups exhibit limited
spectral properties, the aromatic ring is furthermore often
substituted with, e.g., methoxy or methylenedioxy groups,
which alters the absorption strength, quantum yield and
solubility. Unfortunately, the released nitrosoaldehyde can
undergo a condensation reaction with amines such as
lysine residues on proteins, which makes it potentially
toxic in vivo. A third class of photocages are coumarin-
4-ylmethyl groups (Bardhan and Deiters 2019; Klan et al.
2013). Irradiation of the integrated coumarin thereby re-
sults in a heterolysis reaction (Figure 4C), which sets free
the attached ligand and coumarinylmethyl cation; the
latter subsequently reacts with a nucleophile. Advantages
of these photocages include their large molar absorption
coefficients at longer wavelengths, the fast release rates
and their fluorescent properties, which allow for the
monitoring of decaging (Givens et al. 2012; Mayer and
Heckel 2006; Schultz 2007). Finally, arylmethyl groups can
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also be used as photocages (Klan et al. 2013). Here, dec-
aging is realized by a photo-induced hydrolysis reaction
(Figure 4D) with benzyl or heterobenzyl esters or ethers as
leaving group.

With regard to photoswitches, azobenzenes are the
most prominent and studied class (Schmermund et al.
2019). Isomerization (Figure 4E) occurs for E — Z with UV
light, or with visible light for derivatives that contain a
push-pull electron system. Isomerization for Z — E can be
achieved thermally or by using visible light (>420 nm).
Advantages of azobenzenes include their fast isomeriza-
tion and a low rate of photobleaching; however, quanti-
tative switching is difficult to obtain and the thermal
lifetime of the Z isomer highly depends on the substituents
(Dokié et al. 2009). Modification of established ligands can
occur either through the extension of the molecule core
with an azobenzene, known as the “azo-extension”
approach (Rodriguez-Soacha et al. 2021), or the replace-
ment of moieties to generate an azobenzene, known as the

Photocages Photoswitches
(A) 0 hv o (E) N=N
X 2H72e QN i
5 -0 = OO0
XH
Aromatic ketones Azobenzenes
(B) X o P N=N
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Figure 4: Main examples of photocages (A-D) and photoswitches (E-I).

Only the core scaffold of each chromophore is shown. For more detailed information, in particular on substitution patterns and photochemical
properties, see references (Klan et al. 2013; Komarov et al. 2018; Lachmann et al. 2019; Petermayer and Dube 2018; Szymariski et al. 2013;
Weston et al. 2014). X: Leaving group; R: H and other substituents; Y: S, O, N.
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“azologization” approach (Rustler et al. 2019). Arylazo-
pyrazoles are yet another class of photoswitches (Weston
et al. 2014). They include a nitrogen-containing five-
membered aromatic ring, at which the azo-phenyl group is
either substituted at position 4 (4-arylazopyrazoles;
Figure 4F) or at position 3, which is equivalent to position 5
taking the tautomerization equilibrium of the heterocycle
into account [3(5)-arylazopyrazoles]. Such heterocycles
show nearly to completely quantitative conversion be-
tween E and Z isomers, and slower thermal reversion
(Weston et al. 2014). Furthermore, hemithioindigos are the
most advanced and most used photoswitches from the
family of indigoids (Petermayer and Dube 2018). They
consist of a thioindigo moiety that is connected to a stil-
bene by an isomerizable double bond (Figure 4G). Light-
induced isomerization in both directions occurs with
visible light of different wavelength, which is highly
desirable for biological applications. Their advantages also
include high photostabilities with little fatigue over many
switching cycles, fast isomerization and high thermal sta-
bility. Next to E — Z, certain photoswitches can undergo a
light-induced ring-open — ring-closed interconversion.
Upon irradiation with light the photoswitch undergoes a
conrotatory electrocyclization reaction that causes a ri-
gidity and electronic change instead of a geometrical
change. Prominent examples thereof are diarylethenes
(Figure 4H) with high thermostability of both isomers and
efficient photo-induced interconversion (Komarov et al.
2018), however, they tend to degrade after only a few
switching-cycles, which is why fulgimides (Lachmann
et al. 2019) emerged as an alternative (Figure 4I). They
show excellent photochemical properties, including ther-
mal stability of the isomers and reversible switching, as
well as quantitative conversion. Photoswitching occurs
upon irradiation between the ring-open E isomer and the
ring-closed isomer; though, depending on the substitution
pattern of the 1,3,5-hexatriene system (R’), an E — Z
isomerization of the ring-open isomer would be possible. It
has to be noted that these photoswitches are only some
current examples; other examples include stilbenes, spi-
ropyrans and thiophenefulgides (Szymanski et al. 2013).

Applications

Drug development

The main goal of photopharmacology is to develop smart
drugs that can be switched on and off by irradiation with

light to tackle off-target toxicity. This area of application is
quite comprehensive as it does include all stages of drug
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design meaning early precursor development towards a
specific target protein, analysis of the mode of action in
vitro and/or in vivo, and refinement of the drug. Moreover,
light-responsive compounds are often used to study the
molecular basis of a disease.

A prerequisite of photopharmacological drug design
is to choose target proteins that are associated with a
localized disease where the delivery of light and, hence,
the spatiotemporal control by light is feasible. The target
proteins must further be specific for the cells that are the
cause of the disease, e.g., overproduced proteins in tumor
cells or proteins that solely exist in bacteria. While
examining the efficacy of the light-responsive drug it
became apparent that the difference in activity prior to
and after irradiation is more powerful in vivo than in vitro
(Bieth et al. 1969; Wainberg and Erlanger 1971). I will use
the term light regulation factor (LRF) to describe this
difference in activity from now on. (Other publications use
the term dynamic range for this factor.) For example,
while an azobenzene-based drug shows only an LRF of
1.5-fold in vitro, it might cause a drastic phenotypic effect
such as reduction of cell growth in vivo. This can be
explained by the strong connectivity of proteins in a cell;
small in vitro effects can be amplified especially when the
target protein is part of a signaling cascade. Another
important issue is that many synthetic light-responsive
compounds are designed to permeate the cell-membrane
(Mentel et al. 2011), which results in the local entrapment
and increased concentration of the drug inside the cell.
Thus, targeting of intracellular proteins is feasible, as
well. Before a photopharmacological drug can be tested in
a clinical study, however, its behavior in vivo requires
critical analysis. The drug should neither be metabolized
nor rapidly degraded (pharmacokinetics) and it should
not demonstrate toxicity (pharmacodynamics).

One of the most pertinent diseases that is addressed by
photopharmacological drugs is cancer. Solid tumors are
highly localized and constitute an excellent target for the
light-responsive compounds. Moreover, current therapies,
first and foremost chemotherapy, lead to severe systemic
side effects that have an enormous impact on the health
and well-being of patients (Edwards and Aronson 2000).
Hence, the field of photo-induced anticancer medication
targeting, e.g., kinases or microtubule dynamics, is
constantly growing (Dunkel and Ilas 2021). A current
example for kinase inhibitors are the azobenzene-based
azoaxitinibs designed against the vascular endothelial
growth factor receptor (VEGFR)-2 kinase, which show a
more than 40-fold difference in their inhibitory strength
upon irradiation (Heintze et al. 2020). Furthermore, a study
recently showcased the attractiveness of the rarely used
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photoswitch styrylbenzothiazole for the photocontrol of
the microtubule cytoskeleton as it is metabolically stable
compared to previously designed azobenzene-based in-
hibitors (Gao et al. 2021). Another highly promising
approach for photopharmacological cancer treatment is
the photocontrol of proteolysis-targeting chimeras (PRO-
TACs), which induce the degradation via the ubiquitin-
proteasome pathway of pathogenic proteins by mediating
binding of the respective protein of interest with an E3
ligase (Dunkel and Ilas 2021; Zeng et al. 2021). A very suc-
cessful example thereof is the development of two
approaches, in which PROTACs were coupled with photo-
caging groups (Naro et al. 2020).

Next to cancer, local bacterial infections are a promi-
nent target of photopharmacology. Here, photocontrol can
help to tackle the build-up of antibiotic resistance in the
environment and to prevent the attack of symbiotic bac-
teria in the human microbiome by developing drugs, which
only exhibit an antibiotic activity in one of the two isomers.
To this end, we recently developed a novel antibiotic pre-
cursor against Salmonella typhimurium tryptophan syn-
thase, a key enzyme in the metabolism of bacteria. The
compound comprises an azobenzene photoswitch, which
inhibited tryptophan production reversibly and in an
allosteric manner (Simeth et al. 2021). An example of irre-
versible photoactivation with caged antibiotics is the syn-
thesis of vancomycin and cephalosporin derivatives,
which were active against five pathogenic bacteria in a
light-dependent manner (Shchelik et al. 2021). Notably, the
two isomers not only cause different effects in bacteria, but
they also evoke different resistance mechanisms than the
initial light-unresponsive drug as could be shown with
tetra-ortho-chloroazobenzene-trimethoprim  conjugates
and the antibiotic trimethoprim in the Escherichia coli
strain CS1562 (Lauxen et al. 2021).

Other current examples include the study of neural
networks and associated disorders by targeting GABA
and nicotinic acetylcholine receptors (Bregestovski and
Ponomareva 2021), glycine receptors (Maleeva et al. 2021)
human cannabinoid receptors (Rodriguez-Soacha et al.
2021), G protein-coupled receptors (Donthamsetti et al. 2021)
and muscarinic receptors (Barbero-Castillo et al. 2021).
Moreover, azobenzene-based ligands were designed to
analyze the distinct functions of the cryptochrome CRY1 in
the circadian clock (Kolarski et al. 2021a).

Functional studies on proteins
Synthetic ligands have a long history as tools for the study

of the function of proteins, particularly to investigate
enzyme catalysis. Hence, it is not surprising that light-
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responsive ligands can also be used for fundamental
research on proteins. Nevertheless, hitherto there are only
rare examples, which primarily set out to investigate dy-
namics and allostery of proteins. It should be noted that I
will use the term “dynamics” to summarize all kind of
motions spanning from fast, sub-ms fluctuations to slow
conformational changes in the ms and s time range. 20
years ago, one of the first examples demonstrated that
protein conformation can be modulated with light by
conjugating an azobenzene to an a-helix using two
cysteine or homocysteine residues at positions i and i + 7
and two reactive moieties flanking the azobenzene core
(Kumita et al. 2000, 2002). Through computational-based
engineering of the ligand they achieved to control the
stability of an a-helix in the target peptide; while the Z
isomer sustained the a-helical structure, the E isomer
led to its destabilization and degradation (Figure 5A).
Although they did not apply this technique to a protein
determining the effect on ligand binding or enzymatic
turnover, they set the ground for further developments.
Only recently, this strategy was revived to photocontrol the
binding of a peptide ligand to the PDZ3 domain of the
postsynaptic density-95 protein (Bozovic et al. 2020). The
authors targeted an a-helix, which is localized outside the
active site, but which has been shown to affect peptide
binding nonetheless (Petit et al. 2009), and accomplished a
temperature — as well as ligand-dependent LRF for peptide
binding of 120-fold. They further proposed a thermody-
namic cycle of ligand binding and photo-induced confor-
mational change (Bozovic et al. 2020) as well as determined
the speed of the signal transmittance from the a-helix to the
active site (Bozovic et al. 2021) using extensive biophysical
studies. Although an effect originating outside the active
sites is nowadays often called allosteric, allostery is actu-
ally traditionally defined as the control of protein activity in
the orthosteric site by binding of a ligand to an allosteric
site (Liu and Nussinov 2016). Hence, our groups addressed
the photocontrol of true allostery by designing a photo-
switchable diarylethene-based inhibitor for imidazole
glycerol phosphate synthase (Kneuttinger et al. 2018). In
this model enzyme for allostery, ligand binding to one
subunit activates the enzymatic activity of the second
subunit over a distance of ~25 A (Douangamath et al. 2002).
By mimicking the allosteric ligand using a diarylethene, we
could not only competitively inhibit the catalytic turnover
of the first subunit (HisF), but also control the activity of the
second subunit (HisH) with the same efficiency by light
(Figure 5B). Finally, bioconjugation of an azobenzene de-
rivative to a lipase was used to explore the effect of photo-
induced isomerization on protein dynamics and ultimately
enzyme activity (Agarwal et al. 2012). By covalent



580 —— A.C.Kneuttinger: A guide to designing photocontrol in proteins

(B)
S
NH
N
ot
HN P
i o
‘O’P:O'
(C)
(0]
S. NH 8]
S O)\Q\?“l HWLH

Figure 5: Exemplary photoswitch applications.
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(A) Bioconjugation of an azobenzene inhibitor to two cysteine residues (blue) of an alpha helix result in destabilization of the secondary
structure in the E configuration (left) while maintaining it in the Z configuration (right) (Kumita et al. 2000). (B) Photocontrol of allostery in the
HisF:HisH bienzyme complex. While the open diarylethene (triangle) prohibits binding of the allosteric ligand (barbell), the closed
diarylethene (rectangle) loses affinity towards the HisF active site and facilitates binding of the allosteric ligand. Binding of the allosteric
ligand initiates the glutaminase reaction in HisH (Kneuttinger et al. 2018). (C) Bioconjugation of an azobenzene inhibitor to two surface loops
via a cysteine (blue) and a lysine (green) residue mediates the photocontrol of lipase dynamics and as a result activity (Agarwal et al. 2012).

Bold: Photoswitch cores as represented in Figure 4.

attachment of the photoswitch, they cross-linked two sur-
face loops of the lipase (Figure 5C), which they previously
identified computationally to be essential for protein dy-
namics. While the cross-linking efficiency was unfavorably
low, the catalytic activity of the enzyme was significantly
increased compared to the wildtype enzyme and could be
further enhanced by light. These examples demonstrate
that small molecular light-responsive compounds are
highly promising for functional studies of proteins. This
trend is even more pronounced for the next photocontrol
method.

Photoxenoprotein engineering
Method concept

The next main photocontrol method has developed as a
spin-off of photopharmacology. For roughly 20 years,

photocages and photoswitches have been synthesized with
an amino acid moiety and incorporated into proteins
through genetic code expansion. Early examples of these
light-sensitive ncAAs include photocaged cysteine (Wu
et al. 2004), photocaged tyrosine (Deiters et al. 2006) and
the photoswitchable phenylalanine-4’-azobenzene (AzoF)
(Bose et al. 2006; Nakayama et al. 2004). The genetic
insertion of optochemical molecules into a protein
rendering it light-responsive is according to Hiill et al.
“strictly speaking not photopharmacology” (Hiill et al.
2018). While photopharmacology focuses on the post-
translational modification of a protein, the incorporation of
ncAAs during the translation process inside a cell creates
artificial proteins that can be regulated with light (photo-
xenoproteins). The strong protein engineering character of
this technique will become obvious in the following
chapters. The mostly rational design of such photo-
xenoproteins exploits the complexity of the protein ma-
chinery. Protein function depends on sites for ligand or
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substrate binding, for catalytic turnover in the case of en-
zymes, for signal propagation in protein networks and for
allosteric control. Besides these often clearly identifiable
domains the conformation and dynamics of a protein are
crucial for its activity. As a result, a protein possesses
multiple residues located in these sites, which are essential
for its function by conveying ligand binding, catalysis,
allostery, multimerization or flexibility/rigidity. These
residues can be found in the orthosteric site or distant
thereof in allosteric sites. In photoxenoprotein engineer-
ing, the residue at such an important position is replaced
with a light-sensitive ncAA, which renders the protein
biologically inactive (Figure 6) since the ncAA cannot take
over the role of the native residue. However, upon irradi-
ation the ncAA is decaged setting free a native residue or
changes its structure, which allows for the required effect
and establishes the biological activity of the protein.

The successful implementation of photoxenoprotein
engineering strongly relies on the efficient incorporation of
the ncAA through genetic code expansion (Furter 1998;
Wang et al. 2001), the concept of which is briefly described
in the following. Common to all living cells, proteins are

Incorporation of ncAA at
essential orthosteric site

Incorporation of ncAA at
essential allosteric site

>

native , photocage

ligand

U

inactivation

U

inactivation

different location or time
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Figure 6: Method concept of photoxenoprotein engineering.

In general, proteins carry residues in orthosteric and allosteric sites,
which are essential for their biological activity. In photoxenoprotein
engineering, incorporation of a light-sensitive ncAAreplacing such a
residue leads to inactivation of the biological function through
various mechanisms of inhibition such as the blockage (left) or
conformational change (right) of a ligand binding site. Irradiation
triggers a change of the ncAA such as the decaging of a light-
sensitive protecting group (shown), which as a result establishes
the biological activity of the protein such as binding of a ligand
(shown).

A.C. Kneuttinger: A guide to designing photocontrol in proteins —— 581

encoded in a gene, which is transcribed into a messenger
RNA (mRNA) and subsequently decoded at the ribosome.
For this translation step, all native amino acids are deliv-
ered to the ribosome by specific transfer RNAs (tRNAs),
which carry an anticodon matching the triplet codon, in
response to which the amino acid is incorporated (Ibba and
S6ll 2004). The correct selection and aminoacylation onto
the tRNA is the task of unique aminoacyl tRNA synthetases
(aaRSs) (Patrick and Zaida 2003) (Figure 7A). Each aaRS
only recognizes its designated native amino acid and the
respective tRNAs and the tRNAs in turn will not bind to
aaRSs specific for another native amino acid. Hence, the
different aaRS/tRNA pairs constitute modules of a large
aaRS/tRNA network, which are orthogonal to each other
(Chin 2006). This orthogonality ensures the fidelity and
efficiency of the natural translation system. The redesign of
the translation system by genetic code expansion has to
ensure that both the fidelity and efficiency of the natural
protein synthesis are maintained (Hoesl and Budisa 2012).
One of the most commonly and most successfully used
strategies to facilitate the incorporation of ncAAs is the
amber suppression technique, in which the ncAA is
inserted by a newly introduced aaRS/tRNA pair in response
to an amber codon introduced in-frame at a specific posi-
tion in the DNA sequence (Figure 7B). Three strict re-
quirements guide this redesign (Liu and Schultz 2010): the
biological suitability of the ncAA, the strictness of amber
codon recognition solely by the new tRNA, and the
orthogonality as well as specificity for the ncAA of the new
aaRS/tRNA pair. The first requirement includes that the
ncAA is metabolically stable, can enter the cell, and is
accepted by the elongation factor Tu (EF-Tu) and the
ribosome. This is mostly fulfilled since ncAAs show rela-
tively good cell permeability, and EF-Tu and the ribosome
are highly promiscuous (Wang and Schultz 2005). By
choosing the amber codon, the second requirement is also
usually met, however, the third requirement includes two
challenges. A heterologous aaRS/tRNA pair needs to be
selected, which is orthogonal in the chosen host system,
e.g., E. coli, meaning neither the aaRS nor the tRNA rec-
ognizes host specific tRNAs or aaRSs, respectively. tRNA
recognition by aaRSs is often domain or species specific
(Kwok and Wong 1980) and, hence, phylogenetically
distant aaRS/tRNA pairs often exhibit orthogonality such
as the TyrRS/tRNA pair from Methanocaldococcus janna-
schii in E. coli (Santoro et al. 2002). Notably, the anticodon
of the heterologous tRNA is changed to CUA to match the
amber codon (UAG). Moreover, to ensure the specificity of
the selected aaRsS for the ncAA, a two-step evolution of the
amino acid binding pocket of the enzyme is applied, which
establishes binding of the ncAA by the heterologous aaRS
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Figure 7: The native and redesigned protein translation machinery for the incorporation of endogenous and non-canonical amino acids.
(A) For the incorporation of endogenous amino acids, endogenous tRNAs are aminoacylated with the amino acid by their allocated aaRS. In the
A site of the ribosome, the arriving tRNA base pairs with the matching codon of its anticodon. The loaded amino acid can then react with the
nascent protein chain waiting in the P site of the ribosome. To ensure high fidelity and efficiency of the system, the aaRS is not allowed to bind
another amino acid and the tRNA must not bind to another aaRS. (B) For the incorporation of ncAAs, heterologous tRNAs need to be
aminoacylated with the ncAA by a heterologous aaRS. Using the amber suppression technique, the tRNA base pairs with an amber codon at the
ribosome so that the ncAA can then react with the nascent protein chain. Similar to the native system, the heterologous aaRS is not allowed to
bind an endogenous amino acid and the heterologous tRNA must not bind to an endogenous aaRS, to ensure high fidelity and efficiency.

in positive selection rounds, while making sure that native
amino acids are not recognized in negative selection
rounds (Liu and Schultz 1999; Melancon and Schultz 2009;
Santoro et al. 2002). Similarly, the heterologous tRNA can
be evolved to prevent cross-reactivities with native aaRSs
(Liu and Schultz 1999; Wang and Schultz 2005).

Although the development of the genetic code expan-
sion technique progresses since the 1980s (Noren et al. 1989),
its limitations are still highly discussed. For the non-expert
these drawbacks often appear to outweigh the benefits of this
approach. In a later chapter on the design process, I will
describe the major concerns and what advances have been
made in recent years to overcome these issues.

Strategies
Photoxenoprotein engineering basically manipulates the

native regulation mechanisms of proteins. Hence, existing
strategies can be grouped into three super-categories namely

blockage of a ligand binding site, multimerization and
conformational change (Figure 8). As for photopharmacology,
the strategies are furthermore divided into the type of opto-
chemical receiver that is used. In addition to photocages and
photoswitches, photoxenoprotein engineering utilizes photo-
crosslinks, which form a covalent bond with adjacent atoms
after irradiation.

In the first super-category the ncAA is incorporated at
any site, which mediates binding of a ligand, substrate or
allosteric effector, or substrate turnover in the case of en-
zymes. Photocaged ncAAs are the most powerful tool to use
for this strategy. These ncAAs decage upon irradiation to set
free a native amino acid. Thus, the photocaged ncAA can
simply replace a residue, which is essential for binding or
catalysis preventing either event. After photoinduced
cleavage of the light-sensitive protecting group the biolog-
ical activity of the protein is regained. This photocontrol
strategy is very straightforward and has been successfully
applied in multiple studies (Baker and Deiters 2014; Court-
ney and Deiters 2018). The second approach to manipulate a
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Figure 8: Strategies of photoxenoprotein engineering.

The strategic super-categories include blockage of a ligand binding site, multimerization and conformational change and can be realized by
the utilization of photocaged, photocrosslinking or photoswitchable ncAAs. Green circle/dark grey square: Target protein; purple: Ligand;

gold: ncAA; white asterisk: Biological activity.

ligand binding site is to incorporate a photocrosslinking
ncAA in close proximity. Upon irradiation, the ncAA locks
the ligand permanently into position on the protein. To this
end, protein-ligand interactions can be analyzed (Rann-
versson et al. 2016; Wagner et al. 2020). Both approaches
are, however, irreversible meaning that photodecaging and
photocrosslinking reactions cannot be reversed. To achieve
reversible manipulation of the protein function, photo-
switchable ncAAs can be used. By insertion close to the
entrance of the binding site the ncAA can act as lid blocking
the entry of the ligand, substrate or effector in one config-
uration and allowing it in the other (Bose et al. 2006; Mur-
anaka et al. 2002). However, this strategy is not as easily
realizable than blockage through photocaged ncAAs. One
has to keep in mind that after isomerization a photoswitch
such as azobenzene is still extremely bulky so that the
size of the lid effect is only limited. In addition, the
conformation of ncAAs strongly depends as for native
amino acids on physical constraints. First and foremost,
the side chains can only adopt a certain number of
energetically preferred conformations called rotamers.
For this reason, it is hard to predict whether and if so in
which position the ncAA covers the binding site in one
configuration while unblocking the site in the other
configuration.

Next, the ncAAs can be used to control homo- or
hetero-multimerization by light. Insertion of photocaged
ncAAs into the protein interface can thereby disturb com-
plex formation (Engelke et al. 2014; Kropp et al. 2022),
whereas decaging and reconstitution of the native interface
will once again allow it. Similar to the first strategy, pho-
tocrosslinking ncAAs are mainly used to analyze the

interactome of proteins (Tian and Ye 2016) by covalently
linking two proteins or peptides. And finally, reversible
association and dissociation can be obtained by incorpo-
rating a photoswitchable ncAA into the protein interface
(Nakayama et al. 2004, 2005). It has to be noted that, in
general, this strategy depends on the binding strength
(Kp value) of the protein complex and the size of the
contribution to the Kp of the replaced residue. Is the
binding strength high or does the ncAA itself contribute to
the protein-protein interaction then complex formation
may still occur at naturally significant concentrations and
instead the conformation of the multimer might change by
irradiation with light. This has been the case for the pho-
tocontrol of the two multienzyme complexes imidazole
glycerol phosphate synthase (Kneuttinger et al. 2020) and
tryptophan synthase (Kneuttinger et al. 2019b).

Moreover, recent studies showed that all three types of
light-sensitive ncAAs can be incorporated distant to ligand
binding sites and to the protein interface and still cause a
significant disturbance in biological activity (Kneuttinger
etal. 2019a, 2020; Zhu et al. 2014). The reasoning behind this
effect are conformational changes that are caused by the
ncAA and extend to the site of action. One possible inter-
pretation is shown in the panel “conformational change” in
Figure 8, which is based on the induced fit theory (Koshland
Jr. 1995). Here, light-induced decaging, crosslinking or
isomerization promote a transition from an unproductive
protein conformation with low affinity towards the ligand to
a productive protein conformation with high affinity to-
wards the ligand, or vice versa. Instead of ligand binding,
the induced conformational changes might also affect the
proper orientation of catalytic residues and instead of large-
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timescale conformational transitions the ncAAs might fine-
tune the flexibility/rigidity of the protein. Since the confor-
mational landscape and dynamics of proteins are still a
matter of extensive research and possibly individual to each
protein, this photocontrol design principle is hard to
accomplish. Nevertheless, we and others have particularly
shown the potential of photoswitchable ncAAs for the effi-
cient and especially reversible photocontrol of proteins us-
ing this strategy (Hoppmann et al. 2014, 2015; Kneuttinger
et al. 2019a, 2020). Notably, the line between influencing
protein conformation and using photoswitchable ncAAs as
active site lid is quite thin; it is likely that instead of
reversible steric hindrance photocontrol might be estab-
lished due to a change in protein conformation.

Photocaged UAAs
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Figure 9 gives a brief overview of the most commonly
used light-sensitive ncAAs in the field of photoxenoprotein
engineering. Just as for the ligands in photopharmacology,
light-induced decaging, crosslinking or isomerization can
occur with UV or visible light depending on the substitu-
tion pattern. Most importantly, for each here presented
ncAA the respective aaRS/tRNA pair is available from
literature either for bacterial, mammalian or both host
systems. Especially for photocaged ncAAs, one can pick
from a broad repertoire, which the interested reader can
look up in detail in more comprehensive reviews (Anken-
bruck et al. 2018; Courtney and Deiters 2018; Nodling et al.
2019). The most popularly used photocaged ncAA is o-
nitrobenzyl-O-tyrosine (NBY) (Arbely et al. 2012; Deiters
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Figure 9: Main examples of photocaged, photocrosslinking and photoswitchable ncAAs.
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et al. 2006), which decages upon irradiation with UV-light
to set free tyrosine. Photocaged tyrosine has been further
developed in terms of its photochemical properties. By
choosing nitropiperonyl instead of the nitrobenzyl caging
group in NPY they shifted the absorption maximum from
254 to 365 nm and increased the decaging efficiency
(Luo et al. 2017a). In addition to photocaged tyrosine,
photocaged lysines such as methyl-o-nitropiperonyllysine
(mNPK) (Gautier et al. 2010) have often been applied for the
photocontrol of proteins. Furthermore, to shift the irradi-
ation wavelength towards the visible spectrum of light,
photocaged lysine derivatives have been developed that
use a coumarin-based caging group (CmK) instead of the
nitropiperonyl group used in mNPK (Luo et al. 2014).
Moreover, cysteine (Wu et al. 2004; Nguyen et al. 2014;
Uprety et al. 2014) and serine (Lemke et al. 2007) have been
rendered light-responsive using various photocages for the
genetic incorporation in pro- or eukaryotic cells. In addi-
tion to caged canonical amino acids, the amino acid
3,4-dihydroxiphenylalanine (DOPA), which is formed as
post-translational modification in nature, was also caged
recently with an o-nitrobenzyl group and incorporated as
the ncAA NB-DOPA into proteins (Budisa and Schneider
2019; Hauf et al. 2017).

The two most prominent photocrosslinking ncAAs are
4-benzoylphenylalanine (BzF) and 4-azidophenylalanine
(AzF). While BzF might block the binding of a ligand or
protein owing to its large size, its crosslinking efficiency is
quite high because the intermediate diradical formed upon
irradiation is stable and reverses back to BzF through hy-
dration instead of transforming into an unreactive by-
product (Nguyen et al. 2018). Moreover, the diradical reacts
with adjacent CH bonds, preferably with the y-CH bond of
methionine upon irradiation with UV-light of 350-365 nm
(Preston and Wilson 2013; Tanaka et al. 2008). The second
photocrosslinking ncAA AzF is small in size similar to
phenylalanine or tyrosine; however, its crosslinking effi-
ciency is reduced due to the instability of the nitrene
intermediate, which results in an intermolecular ring
expansion and unreactive by-product formation (Nguyen
et al. 2018). Nevertheless, AzF is frequently used owing to
its broad reactivity with neighboring CH and heteroatom-H
bonds upon irradiation with UV-light of 250 nm. Similar to
photocaged ncAAs more examples for photocrosslinking
ncAAs exist (N6dling et al. 2019).

To date only azobenzene-based ncAAs are available
from literature derived from the first photoswitchable ncAA
AzoF (Bose et al. 2006; Muranaka et al. 2002). AzoF
isomerizes upon irradiation with UV light of 365 nm be-
tween its E and Z state. The back-reaction can either be
initiated by irradiation with visible light of 420 nm or
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thermally (AT). In order to shift the E — Z switch into the
visible spectrum of light, various fluorinated AzoFs (e.g.,
F,-AzoF) have been developed and incorporated with
existing or newly evolved aaRS/tRNA pairs (John et al.
2015; Luo et al. 2018). Notably, fluorination also facilitates
thermal stability of the Z state. Moreover, additional
click functions such as an alkene, keto, chloro or fluoro
(FC-ncAA) functional group (Hoppmann et al. 2014, 2015)
can extend the scope of effect of AzoF. When incorporated
into position i in an a-helix, these photoswitchable click
ncAAs react with a cysteine in position i + 7. While the E state
maintains the a-helical structure, irradiation with UV (alkene,
keto, chloro substituents) or visible (fluorinated) light to the Z
state shortens the distance between position i and i + 7
resulting in the disturbance of the o-helix. This structural
change was evidenced by changes in the circular dichroism
spectrum of calmodulin. Photoswitchable click ncAAs follow
the same principle as the photopharmacological strategy in
which azobenzene photoswitches were bioconjugated at both
ends to an o-helix (Bozovic et al. 2020). However, in this
approach both the photoswitch and the reaction partner are
genetically encoded, which eases the engineering process
and reduces side reactions of the photoswitch.

Applications
Tool development for in vivo fundamental studies

Just as for the other two photocontrol methods, the main
focus of photoxenoprotein engineering lies currently within
the application in vivo. For this purpose, many proof-of-
principle studies have light-regulated key players of the cell
to use as tools in future fundamental studies. While photo-
receptors in optogenetics can be encoded relatively straight-
forward into the genome of organisms, the introduction of the
synthetic machinery required for genetic code expansion has
faced two major challenges (Chen et al. 2017a). ncAAs are no
native substrate and, hence, the delivery to the target tissue in
the model organism can be difficult to accomplish. The best
strategies so far are direct injection into the tissue (Han et al.
2017; Kang et al. 2013) or supplementation in the drinking
water (Chen et al. 2017b; Ernst et al. 2016; Liu et al. 2017a).
The second challenge is the transfer of the DNA encoding the
aaRS/tRNA pair and the mutated protein of interest into the
genetic material of the organism. To this end, various vector
systems have been introduced in utero by e.g., electropora-
tion, such as plasmids (Kang et al. 2013) and vectors of viral
origin, e.g., lentiviral (Chen et al. 2017b; Han et al. 2017). As a
result, many model organisms could be modified to express
ncAA-bearing proteins including mice (Chen et al. 2017b; Han
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et al. 2017), zebrafish (Chen et al. 2017b; Liu et al. 2017a), and
fruit fly (Bianco et al. 2012).

Over the years, multiple studies developed and incor-
porated particularly photocaged ncAAs into the genome of
eukaryotic cells or even organisms. In contrast, only one
proof-of-principle example exists for the use of photo-
switchable ncAAs in eukaryotic cells (Luo et al. 2018). The
general success of these studies has been outlined
comprehensively in various review articles (Ankenbruck
et al. 2018; Baker and Deiters 2014; Bardhan and Deiters
2019; Courtney and Deiters 2018; Deiters 2018). While some
studies use standard model proteins to test the ncAAs such
as luciferase (Luo et al. 2017a, 2018; Uprety et al. 2014) or
tobacco etch virus (TEV) protease (Luo et al. 2017a; Nguyen
et al. 2014), multiple studies targeted various types of key
proteins starting with enzymes for gene editing. The first
example thereof is the spatiotemporal control of DNA
recombination in mammalian cells by Cre recombinase,
which has been rendered light-sensitive by incorporation
of a photocaged tyrosine into the active site (Edwards et al.
2009). A later study exchanged a critical lysine residue with
a coumarin-protected lysine that can be decaged with
visible light and tested the photocontrolled recombination
in the developing zebrafish embryo (Brown et al. 2018). An
important success in this direction is the photocontrol of
the CRIPR/Cas9 gene editing tool. Incorporation of a caged
lysine into key positions for guide RNA and DNA binding
rendered the Cas9 enzyme catalytically inactive and
allowed for the photocontrolled as well as site-specific
gene deletion of a transmembrane receptor (Hemphill et al.
2015). Another example of photocaged DNA/RNA pro-
cessing enzymes is T7 RNA polymerase, in which NBY
(Chou et al. 2010) and mNPK (Hemphill et al. 2013) were
incorporated at positions essential for discrimination of
ribose and deoxyribose substrates as well as binding of
nucleoside triphosphates. Similarly, Taqg DNA polymerase
was photocontrolled with a photocaged tyrosine (Chou
et al. 2009). Moreover, photocontrol of zinc-finger nuclease
was achieved by inserting a photocaged tyrosine in the
DNA binding site to induce a DNA double-strand break and
subsequent homologous recombination upon irradiation
(Chou and Deiters 2011). To ease the study of diseases,
which are caused by a defect in DNA helicases, another
study applied coumarin-caged lysine in the ATP binding
site of the DNA helicase UvrD (Luo et al. 2017b). Besides
gene editing, photocontrol of proteins involved in cell
signaling networks is highly desired. As such, kinases are
frequent targets. A prominent example is MAP kinase ki-
nase 1 (MEK1), which has been put under photocontrol by
incorporating caged lysine variants into a position essen-
tial for ATP binding. Light-dependent activation of the
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MEK/ERK pathway has then been attained in human em-
bryonic kidney (HEK)293ET cells (Gautier et al. 2011) as well
as in zebrafish embryos (Liu et al. 2017a), by which the
effects of ERK phosphorylation during different develop-
mental stages could be observed. A recent study has
refined this strategy for gain-of-function studies on kinases
in cells (Wang et al. 2019a). They introduced an orthogonal
MEK1, which they photocontrolled by incorporating NBY in
proximity to the active site, and at the same time turned off
the endogenous MEK1 counterparts using kinase in-
hibitors. Since the orthogonal MEK1 was rendered resistant
to those inhibitors through the mutation to tyrosine after
light-induced decaging, they generated an experimental
setup to distinctively switch MEK1 function on and off.
Besides MEK1, photocaging has also been successfully
applied to Janus kinase (Arbely et al. 2012) and adenylate
kinase (Zhou et al. 2020). Further cellular processes have
also been made accessible for photocontrol through pho-
tocaged ncAAs including nuclear translocation (Gautier
et al. 2010), the GTPase activity of KRAS (Wang et al. 2019a)
and apoptosis through regulation of caspase-3 activity
(Wang et al. 2019a).

The here presented examples and many more compile
a large toolbox of especially photocaged key proteins in
vivo, which is powerful for spatiotemporally resolved
studies in various biological fields. Compared to hybrid
protein optogenetics and photopharmacology, the method
of light-responsive ncAAs appears to be more versatile, as
this technique is highly efficient not only for in vivo studies
but also for diverse other applications, which I will elab-
orate in the following chapters.

Functional studies on proteins

Over the last decades, mutational analysis of proteins has
become routine in biochemistry, in particular, for the
analysis of protein function. For this, specific amino acid
residues, which are considered to play a certain role, are
substituted with one of the other 19 canonical amino acids
in site-directed mutagenesis. Moreover, using ncAAs
instead of canonical amino acids has widened the scope of
functionalities that can be introduced into proteins
(Agostini et al. 2017). It is therefore not surprising that site-
directed incorporation of light-responsive ncAAs is used to
analyze protein function, as their key benefit is the tem-
poral resolution of the introduced effect.

Already in 1998, the photocaged tyrosine NBY was
applied in a nicotinic acetylcholine receptor to investigate
the influence of multiple highly conserved tyrosine resi-
dues on pore opening upon binding of acetylcholine (Miller
et al. 1998). Through time-resolved kinetic analyses they
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found that each residue affected the electrochemical po-
tential differently, which ultimately resulted in two acti-
vation phases of ion channel opening. Another study,
almost a decade later, used photocaged serine to analyze
the function of the transcription factor Pho4 (Lemke et al.
2007), which is exported from the nucleus in response to
increased concentrations of inorganic phosphate in yeast
(Komeili and O’Shea 1999). By exchanging the two phos-
phorylation sites S2 and S3 separately with photocaged
serine, they could show that phosphorylation of S2 has
slower export kinetics after irradiation than phosphoryla-
tion of S3. A good example of how photocrosslinking
ncAAs can be utilized to investigate protein:ligand in-
teractions was given by the investigation of serotonin
transporters (Rannversson et al. 2016). By incorporating
AzF at positions surrounding two distinct binding sites, S1
and S2, they substantiated that inhibitor binding solely
occurs at the S1 site. Moreover, AzF has been employed for
the investigation of the relationship between dynamics and
activity in an nN-methyl-p-aspartate (NMDA) receptor (Zhu
et al. 2014). The gating mechanism of these receptors relies
on conformational transitions at the interface between the
N-terminal domains of the GIluN1 and GluN2 subunits
(Mony et al. 2011; Zhu et al. 2013), which have not been
clearly understood at the time of the publication. The au-
thors introduced AzF at this interface into a position, which
has been known to influence the sensitivity of the receptor
to allosteric effectors. Upon irradiation, the formation of a
crosslink between the ncAA and a nearby loop put the
receptor into a low-activity mode. This inactivation
unambiguously showed that the flexibility of the GluN1
loop is decisive for the gating mechanism. The same group
later achieved to use the same strategy to distinguish the
mechanism of allosteric regulation by binding of Zn** and
the small molecule ifenprodil (Tian and Ye 2016). They
positioned AzF strategically at the interface of GluN1 and
GluN2 close to the binding site of ifenprodil. Light-induced
crosslinking of the two subunits led to the inactivation
of ifenprodil inhibition. However, not ifenprodil binding
but instead the transmittance of the allosteric signal
from the binding site to the gate was interrupted and
caused this inactivation. Since the inhibition by Zn’* was
not affected, they concluded that Zn** and ifenprodil follow
differential structural pathways for inhibition. In another
follow-up study they chose FC-AzoF to induce conforma-
tional changes in each structural domain of the NMDA
receptor subunits by light-induced switching of the azo-
benzene moiety without making use of the click function
(Klippenstein et al. 2017). Irradiation and further analysis
of receptor function revealed that photoswitching espe-
cially influenced the agonist-binding domain leading to
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decreased gating efficiency and agonist affinity as well as
the transmembrane domain hampering the permeation
properties of the channel. This study nicely demonstrated
that photoswitchable ncAAs can reversibly control protein
activity through a light-induced conformational change.
Our subsequent studies also follow this strategy aiming to
light-regulate allostery in the prominent model enzyme
complex imidazole glycerol phosphate synthase, which
undergoes large-scale conformational rearrangements
upon allosteric ligand binding (Wurm et al. 2021). To this
end, AzoF as well as the photocaged ncAAs NPY and mNPK
were incorporated at positions close to sites involved in
these conformational rearrangements and thus important
for allostery (Kneuttinger et al. 2019a). As a result, it was
possible to photocontrol the allosteric activation of one
subunit by the other. Furthermore, molecular dynamics
(MD) simulations demonstrated that the interface config-
uration as well as the conformational arrangement of a
catalytic residue were hampered when the transmittance of
the allosteric signal was interrupted by the ncAA. In a
second study, we deliberately exchanged a key residue in
the subunit interface with AzoF to answer the long-
standing question whether a closing of the interface oc-
curs during the allosteric activation process (Kneuttinger
et al. 2020). In fact, biochemical and X-ray crystallographic
studies showed that AzoF incorporation facilitated the
photocontrol of the interface configuration and that a
closing increases enzyme activity implying that this
conformational change is part of the allosteric signal.
Although the number of publications that use light-
responsive ncAAs for functional studies on proteins are
currently modest, the great potential of these time-resolved
mutational tools promises that more studies might follow.

Therapeutic approaches

Similar to photopharmacology, photoxenoprotein engi-
neering has the potential to broaden the efficacy of thera-
peutic approaches. To this end, light-responsive ncAAs can
be used to add spatiotemporal control to a protein-based
drug such as monoclonal antibodies (Raquel et al. 2021) or
therapeutic enzymes (Yari et al. 2017). Similar to the
fundamental idea of photopharmacology, photocontrol of
these so-called biotherapeutics allows to activate them
only at the target site and prevents harmful side effects.
Two recent studies have set out to apply this principle to
antibodies. The therapeutic effect of antibodies relies on the
blockage of cell surface receptors or the delivery of cytotoxic
drugs to target cells. Since often the targeted receptors e.g.,
the epidermal growth factor receptor (EGFR) in cancer cells
(Normanno et al. 2006), are also present on the surface of
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healthy cells, the therapy with antibodies can cause severe
side effects (Hansel et al. 2010). Thus, the first study rede-
signed a so-called nanobody, which is a class of single
domain antibody fragments (Ingram et al. 2018), to photo-
control its binding to EGFR (Bridge et al. 2019). To this end,
they incorporated NBY into the antigen binding region of the
7D12 nanobody. This resulted in a largely reduced binding
strength of the nanobody-EGFR interaction, which could be
restored to its usually high affinity upon irradiation. The
second study further promoted the success of this approach.
They established efficient photocontrol in an anti-GFP
nanobody, an EgAl nanobody targeting EGFR, and a
2Rs15d nanobody targeting the human epidermal growth
factor receptor 2 (HER2) with photocaged tyrosines (Jed-
litzke et al. 2020). Another recent study tested the potential
of photocontrolled cytotoxic proteins for the treatment of
cancer. They applied NBY to inactivate lethal factor LF,
which can enter cells with the help of the protein-protective
antigen PA. Both proteins are components of anthrax toxin.
In high dosage, LF is toxic to cancer and healthy cells as it
breaks down MAP kinases. However, photocaging of LF
allowed to activate LF in a controlled manner by irradiation
resulting in significant reduction of tumor growth and tumor
size (Wang et al. 2019a).

Production of challenging peptides and proteins

Protein biochemists face various difficulties in the produc-
tion of proteins through heterologous gene expression. The
most prominent example is that the protein or peptide in
question is toxic to the host cell. Since the production using
bacterial or yeast strains are still often preferred as standard
technique over e.g., cell free systems, these problems need
to be circumvented. While it often helps to use specialized
strains or optimized expression conditions (Rosano et al.
2019), the production of some proteins remains challenging.
Isolated cases have successfully applied photocaged ncAAs
to tackle exactly this issue. To this effect the activity of the
proapoptotic cysteine protease caspase 3 was switched off
by incorporation of a photocaged cysteine in the active site
to allow for the expression in yeast host cells (Wu et al.
2004). Similarly, the expression of Staphylococcus aureus
toxins YoeBSal/2 in E. coli host cells turned out to be
extremely difficult with traditional approaches e.g., coex-
pression of the antitoxin YefM (Larson and Hergenrother
2014). However, when the RNase activity was reduced by
incorporation of NBY into a tyrosine position crucial for
toxicity, the toxins could be produced and reactivated by
irradiation after cell lysis. The third example is the spatio-
temporal control of inteins, which are protein domains able
to autocatalytically excise themselves from the exteins of a
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precursor protein in a splicing process (Di Ventura and
Mootz 2019). Inteins are valuable tools in synthetic biology
because they allow for the reconstitution of split proteins,
the post-translational attachment of tags or the generation
of therapeutically significant cyclic peptides or proteins.
Since the production of such cyclic peptides entails chal-
lenging purification steps, a recent publication rendered the
M86 intein light-sensitive by incorporation of NBY into an
essential position close to the active site (Bécker et al. 2015,
2019). Photocontrol of the splicing reaction thus promises to
ease the purification and to facilitate high-throughput
directed evolution screenings. Moreover, challenges in the
production of mussel-derived adhesive proteins (MAPs)
were addressed using photoxenoprotein engineering. The
adhesive properties of MAPs are highly beneficial for
various applications, however, the proteins are difficult to
produce recombinantly, as they comprise DOPA as key
amino acid. While neither post-translational hydroxylation
(Hwang et al. 2007) nor other production strategies obtained
sufficient yields, incorporation and post-production irradi-
ation of NB-DOPA turned out to successfully obtain
reasonable yields of MAPs (Budisa and Schneider 2019;
Hauf et al. 2017).

From biotechnology to industry

The spatiotemporal control of protein function is not only
highly desirable for fundamental or medicinal research
studies. Many biotechnological and industrial processes
would benefit strongly from an orthogonal and precise re-
action initiation system. This is particularly true for the field
of synthetic biology, which strives to equip, reengineer or
rebuild biological modules with unnatural, artificial func-
tions (Ausldnder et al. 2017) for various applications. One
example is the bottom-up reconstitution of a synthetic cell. To
this end, spatiotemporal control over cell division is regarded
as very important. A key player for this goal is the filamenting
temperature-sensitive mutant Z (FtsZ), which polymerizes
into a division ring, similar to tubulin in eukaryotes, for the
initiation of bacterial cell division (Romberg and Levin 2003).
To control FtsZ ring formation by light, ONBY was recently
introduced into a key tyrosine position that is essential for
FtsZ assembly (Sun et al. 2021). As a result, the GTPase activity
of FtsZ, which is required for polymerization, and, hence, ring
formation was regulated with an LRF of 22-fold. Another
recent biotechnological study has demonstrated photo-
control of elastin-like polypeptides (ELPs) (Israeli et al. 2021),
which constitute a family of artificial protein-based bio-
materials. The most crucial feature of ELPs is their lower
critical transition temperature, which triggers a reversible
soluble-to-insoluble phase transition valuable for various
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applications such as drug delivery (Bellucci et al. 2013) and
tissue engineering (Christensen et al. 2009). Incorporation of
AzoF into these biomaterials facilitated reversible external
control of the transition temperature and, hence, of the phase
transition itself.

Moreover, one of the currently most important goals
that biological, biochemical and chemical research areas
pursue is the development of more sustainable industrial
processes. Already in 1998, a list of 12 principles of green
chemistry was put together specifically for this endeavor
(Anastas and Warner 1998). Within the plethora of research
fields that strive to accomplish this goal, many use isolated
proteins and especially enzymes for biocatalytic purposes.
Owing to the rapid and vigorous development of bio-based
strategies, more and more situations emerge, which
require the spatial, temporal or spatiotemporal control of
protein and especially enzyme function (Schmidt-Dannert
and Lopez-Gallego 2016). A few first publications pave the
way for the application of specifically photoxenoprotein
engineering to fine-tune green chemistry approaches. One
goal of biocatalysis is to achieve temporal control over the
flux and dynamics of synthetic enzyme cascades (Schritt-
wieser et al. 2018), which resemble synthetic metabolic
pathways. Thus, one of the first attempts to implement
photocontrol in biocatalysis was the computationally
guided creation of an artificial multienzyme complex from
the enzymes of the synthetic pathway for the degradation
of the toxic groundwater pollutant 1,2,3-trichloropropane
that associates only upon phosphorylation and irradiation
(Yang et al. 2017). For the light-induced complexation, the
authors incorporated BzF into a redesigned Src homology 3
domain coupled to one enzyme subunit. Binding of this
domain to its corresponding peptide fused with a second
enzyme resulted in the conjugation of BzF with a methio-
nine and, hence, covalent complex formation.

These and other publications (ClaafSen et al. 2019;
Schmermund et al. 2019) emphasize the potential of pho-
tocontrol in the fields of biotechnology, in particular syn-
thetic biology, and industrial biocatalysis. Nevertheless, it
remains to be seen whether photocontrol of proteins will
prove to have high impact and which specific advantages
photoxenoprotein engineering possesses for industrial
applications.

Hybrid protein optogenetics
Method concept

The cornerstone of optogenetics was laid at the end of the
twentieth century with the discovery of the light-sensitive
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rhodopsin in microbes (Oesterhelt and Stoeckenius 1971)
and rhodopsin-regulated currents in Chlamydomonas
(Harz and Hegemann 1991). Rhodopsin belongs to the
family of opsins, a class of seven-pass transmembrane
proteins (Zhang et al. 2011), and is light-sensitive through
incorporation of the vitamin A derived cofactor retinal
(Hegemann et al. 1991). In 2002 and 2003, two groups
simultaneously reported on the successful application of
rhodopsin to render usually light-insensitive cells light-
sensitive (Nagel et al. 2002, 2003; Zemelman et al. 2002,
2003). Three years later, this novel method of photocontrol
was named “optogenetics” (Deisseroth et al. 2006). Since
then rhodopsins have been widely used as light-driven ion
pumps and light-gated ion channels in the neurosciences
(Deisseroth 2015). Yet, rhodopsins are only one type of a
plethora of proteins that stimulate biological processes in
the presence of light, the so-called photoreceptors
(Hegemann 2008; Moglich et al. 2010). Several other types
have been identified and deployed in optogenetics over the
last two decades.

Members of the photoreceptor family consist of two
modules: i) an N-terminal photosensor (“receiver”) mod-
ule, which contains a light-responsive cofactor, and ii) a
C-terminal effector (“output”) module, which conveys the
biological response (Figure 10, left panels). Both modules
can either be fused as domains or interact noncovalently as
subunits of a protein complex. Common to all photore-
ceptors is the conformational transition of the photosensor
module induced by the excitation of the cofactor by light of
a certain wavelength, and a subsequent signal trans-
mittance to the effector module. As a result, the effector
changes its output signal meaning while some effectors
gain activity others are inactivated. After (in)activation, the
excited state of the photoreceptor thermally reverts back to
the inactive dark state within time constants ranging from
sub-seconds to hours (Losi et al. 2018; Moglich and Moffat
2010). Light-gated ion channels (Figure 11A) such as
channelrhodopsin (Nagel et al. 2002) are most widely used
in optogenetics. These proteins consist of seven trans-
membrane a-helices, which bind the retinal cofactor via a
lysine-mediated Schiff base (Oesterhelt and Stoeckenius
1971). The cofactor pocket is located in the core of the
protein and isomerization of the bound retinal upon irra-
diation with light induces rearrangements of some of the
a-helices, which line the core (Lorenz-Fonfria and Heberle
2014; Volkov et al. 2017). This conformational transition
allows for the flow of ions through the plasma membrane,
why light-gated ion channels are applied to control action
potentials in neurons at will (Deisseroth 2015). However,
for the photocontrol of specific proteins of interest, rho-
dopsins are not well-suited, because the photosensor and
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Figure 10: The method concept of hybrid protein optogenetics.

A photoreceptor consists of a photosensor module and an effector
module (upper left). After irradiation and excitation of the light-
responsive cofactor the photosensor module transmits an (in)
activation signal, e.g., in form of a conformational change, to the
effector module, which as a result is (in)activated (bottom left;
activation shown). In hybrid protein optogenetics, the effector module
is replaced by a target protein (upper right) resulting in the induction
of the desired biological activity (bottom right).

effector module are tightly connected within the trans-
membrane region. Hence, other classes of photoreceptors
are employed. To this end, the photosensor module of such
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Figure 11: Optogenetic strategies.
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a natural photoreceptor is genetically fused to the target
protein creating a hybrid protein (Figure 10, right panels). I
will refer to this particular sub-category as hybrid protein
optogenetics to clearly distinguish it from light-gated ion
channels. While the genetic engineering with rhodopsins
has become a powerful tool in biology accounting for
probably ~90% of optogenetic applications, the design of
artificial hybrid proteins is still in its learning phase.
Nevertheless, with the choice of several versatile natural
photoreceptors it is a highly promising and already
frequently used tool for the control of diverse biologically
relevant processes with light.

Strategies

The hybrid protein optogenetic approach can be categorized
into four main strategies (Figure 11B). The first two strategies
are summarized as non-associating techniques. In strategy
(1), the photosensor module partly undergoes a conforma-
tional transition in response to light, which is transmitted to
the target protein influencing its activity. This effect has also
been described as an allosteric switch (Liu and Tucker 2017;
Mathony and Niopek 2021). Strategy (2) regulates protein
accessibility through steric decaging. In the dark state, the
photosensor module blocks the active site or the binding
interface of the effector module constituted by a large target
protein or a small target peptide. Upon irradiation, the
domain linking the photosensor and effector module rear-
ranges, and the protein or peptide is set free.

Associating

Homotypic Heterotypic
(3) (4)

i L

hv

%®%%¥?%5£

(A) Light-gated ion channels. (B) The four main strategies of hybrid protein optogenetics including transduction of conformational changes,
steric decaging of proteins or peptides, homotypic association/dissociation and heterotypic association/dissociation of heterocomplexes or
split proteins. Yellow circle/dark grey square: Target protein or peptide; white asterisk: Activated state.
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A prominent example of a photosensor that can be used
for both non-associating strategies is the light-oxygen-voltage
(LOV) domain from plant and algal phototropins (Christie
et al. 1998; Huala et al. 1997), a class of photoreceptors con-
taining a kinase-based effector module involved in photot-
ropism. Homologs of these initially found photoreceptors
have also been identified in fungal and bacterial systems. The
photosensor LOV domains harbor a flavin chromophore
(Krauss et al. 2010), which reacts with a conserved neigh-
boring cysteine residue to form a covalent thioether bond
upon irradiation with blue light (Salomon et al. 2001). A
c-terminal o-helix named Ja constitutes a linker to the target
protein. Depending on the type of LOV domain this helix
can undergo two different conformational transitions. For
example, in Bacillus subtilis the YtvA LOV photosensor forms
a stable dimer in both dark and excited state, while Jo extends
from its core and rotates 40°-60° upon irradiation (Mdglich
and Moffat 2007). In the monomeric LOV2 domain from Avena
sativa, however, Jo is folded and attached to the core of the
photosensor module in the dark state; in the excited state it
unfolds and dissociates from the rest of the protein (Harper
et al. 2003). The former conformational transition can be used
to induce an allosteric switch in the target protein, while the
latter is applied for steric decaging.

Finally, light-induced multimerization delineates
two associating optogenetic strategies. Multiple proteins
are activated in the cell by homotypic or heterotypic
multimerization (Goodsell and Olson 2000). Such targets
can be photocontrolled by attaching them to photosensor
modules, which themselves associate and dissociate
light-dependently in a homotypic or heterotypic manner
as illustrated in strategy (3). This general approach can
be executed in a number of ways. Light-induced associ-
ation can occur through dimerization or oligomerization.
Furthermore, multimerization can lead either to activation
of the multimeric target protein or to deactivation of the
monomeric target protein through sequestering into clus-
ters. Notably, monomeric target proteins can also be acti-
vated through heterotypic dimerization by using the split
protein technique, which constitutes strategy (4). For this,
the protein of interest is split into two inactive halves, which
are coupled to the effector domains of a heterodimeric
photoreceptor pair. Upon irradiation the photoreceptors
dimerize, and the split fragments approach each other to
reconstitute the active protein. While creating split proteins
involves some intricate engineering steps, e.g., screening
multiple split sites in solvent- exposed loops, light-induced
multimerization is in general the most powerful strategy in
hybrid protein optogenetics. Its advantages include fast
binding Kinetics, reversibility and relatively straightforward
engineering (Repina et al. 2017).
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Cryptochromes are photosensor modules, which can
be used for both homotypic or heterotypic association
strategies since they either oligomerize or bind an effector
protein upon irradiation with blue light. The actual photo-
activation mechanism of this class of flavin-containing
photoreceptors is still under investigation, however, the
use as photosensor module in hybrid protein optogenetics
is well-established (Losi et al. 2018; Repina et al. 2017). The
structure of cryptochromes consists of an n-terminal o/f
domain, a c-terminal all-helical domain and diverse c-ter-
minal extensions (CCTs). Homotypic multimerization is
facilitated by interactions of the CCTs (Duan et al. 2017),
while heterotypic multimerization involves the ~-terminal
domain and cryptochrome-interacting basic helix-loop-
helix proteins (CIBs) (Taslimi et al. 2016). Apart from
cryptochromes, LOV domains can also dimerize (Wang
et al. 2012) and form heterodimers with e.g., engineered
affibodies called Zdark (Wang et al. 2016) upon irradiation.

Apart from rhodopsins, LOV domains and crypto-
chromes several other photosensor modules are utilized in
hybrid protein optogenetics. Figure 12 provides a brief
overview of the most prominent photosensor modules
employed, the approximate wavelength they respond to,
the strategies they can be used for, the chromophore they
contain, and the recovery timescale of the dark state. For
detailed information on each system and new photo-
sensory domains, I refer to more extensive reviews speci-
fied on hybrid protein optogenetics (Jiang et al. 2017; Losi
et al. 2018; Moglich and Moffat 2010; Oh et al. 2021; Repina
et al. 2017; Tang et al. 2021; Ziegler and Méglich 2015).

Applications
In vivo fundamental studies

Optogenetics has been developed to regulate biological re-
actions in vivo. Specifically in the context of hybrid protein
optogenetics, dynamic control of proteins of interest
with light offers a convincing advantage: the effect of a
modification can be observed in a spatially and timely
resolved manner within the living system. This spatiotem-
poral control allows to better analyze and understand the
effect of protein function and, hence, the dynamic character
of cells, which comprises an intricate coordination of various
input and output signals as well as actions and reactions. In
comparison, static control approaches such as mutagenesis
of a critical amino acid, overexpression or knockdown and
knockout techniques provide comparatively little informa-
tion on this dynamic environment. In this regard, the
photoreceptor-based strategies offer many advantages.
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Figure 12: Most important examples of photosensory domains used to create hybrid proteins in optogenetics.

Strategies 1-4 refer to the ones shown in Figure 11. For more detailed information see references (Losi et al. 2018; Padmanabhan et al. 2019;
Ziegler and Méglich 2015). UVR, UV-B sensitive photoreceptor; PYP, photoactive yellow protein; 4-HCA, p-coumaric acid; P®B,
phytochromobilin; PCB, phycocyanobilin; BV, biliverdin; FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide; AdoCbl,

5’-deoxyadenosylcobalamin; MTHF, methenyltetrahydrofolate.

Primarily, the photosensor-tags are genetically encoded
together with the target proteins, and they use light-sensitive
cofactors, which are often naturally available within the cell,
e.g., flavins for LOV domains. Moreover, some studies already
accomplished the production of chromophores not inherent
to the target system, e.g., PCB for phytochromes in animal
cells, in vivo (Miiller et al. 2013; Uda et al. 2017). Hence, hybrid
protein optogenetics is widely developed and applied for the
purpose of fundamental cellular and organismal studies.
Even though engineering of hybrid proteins constitutes only a
fraction of the massive publication activity in the field of
optogenetics (>600 publications alone in 2021 according to
Web of Science), the plethora of studies exceeds the limits of
this general overview on photocontrol in proteins. Since other
reviews comprehensively cover the many in vivo applications
for fundamental studies (Kramer et al. 2021b; Losi et al. 2018;
Oh et al. 2021; Repina et al. 2017; Tang et al. 2021), I herein
concentrate on a brief overview on publications within the
last year.

Hybrid protein optogenetic studies foremost concentrate
on three cellular targets for the artificial control with light:
signaling cascades, (translocation between) organelles and
gene expression (Oh et al. 2021). Some of the most important
players of cell signaling that constitute a target for photo-
control are phosphatases. To facilitate the regulation of tyro-
sine phosphatase 1B with light, three different strategies using
LOV2 were compared in a very recent study, i.e., steric dec-
aging, conformational change and heterotypic split protein
association (cf. Figure 11B) (Hongdusit et al. 2022). The authors
show that the conformational change strategy is particularly
successful for this type of phosphatase allowing to analyze

various tyrosine phosphatase related physiological processes
in the cell. Another study focused on the intricately inter-
connected pathways of the two receptor tyrosine kinases ERK
and AKT. To resolve the complexity of this signaling network
they developed a two-way photocontrol system, which re-
sponds differently to blue and red/far-red light. While homo-
typic clustering of cryptochrome 2 (CRY2) activated the AKT
pathway, ERK signaling could be controlled with light
through heterotypic association of phytochrome PhyB with its
phytochrome interaction factor (PIF) (Kramer et al. 2021a).
CRY2 was further used to assess the role of talin in the acti-
vation of integrins at the cell membrane. Talin was thereby
recruited as a CRY2 hybrid protein to the plasma membrane
through light-induced heterotypic interaction of CRY2 with a
constitutively membrane-associated CIB protein (Liao et al.
2021). Their findings showed that binding of talin to the cell
membrane additionally required the association of Ras-
related protein 1 (Rap1)-GTP for the activation of integrines.
Similarly, localization of the small GTPase RhoA, a key actu-
ator in cytoskeletal function, was photocontrolled using the
LOV domain from Botrytis cinerea (BcLOV4), which directly
associates with lipids in the cell membrane (Berlew et al. 2021).
Moreover, optogenetic systems have been established for the
translocation of proteins to other organelles than the cell
membrane. To shuttle proteins from the cytoplasm to the
nucleus for example, LOV2 has been coupled to a nuclear
export sequence, which is sterically decaged upon irradiation
(Niopek et al. 2016). This so-called LEXY module was deployed
in a recent study to investigate the function of the myocardin-
related transcription factor A, which regulates actin-
associated gene expression and promotes invasion and
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metastasis of tumors (Zhao and Grosse 2021). Besides such
one-component systems, two-component systems can also be
used for the analysis of nuclear import and export. To inves-
tigate the translocation rates of the transcriptional regulators
YAP1 and TAZ, the authors of a recent publication tagged
these proteins of interest with a fluorescent label as well as the
synthetic peptide Zdk98 (Dowhaj et al. 2021). Zdk98 mediates
light-dependent binding to LOV2, which was immobilized on
the surface of mitochondria. Dissociation of the target proteins
and, hence, nuclear import was then initiated by irradiation of
this two-component system. Regarding the photocontrol of
gene expression, the LOV domain from Rhodobacter sphaer-
oides was currently employed to inactivate the widely used Tet
repressor by photoinduced dissociation of homodimers
resulting in gene transcription (Dietler et al. 2021). Homotypic
association/dissociation is a commonly used optogenetic
strategy for the light-induced regulation of transcription. To
facilitate this type of photocontrol with near-infrared light,
bacterial phytochrome based photosensor modules were
currently re-engineered to undergo homotypic oligomeriza-
tion instead of heterotypic oligomerization. The resulting
optogenetic transcription regulation system was called iLight
(Kaberniuk et al. 2021).

Therapeutic approaches

Besides the fundamental research sector, optogenetics is
also a promising therapeutic tool despite some limitations
(Wichert et al. 2021). Ion channel based optogenetics pio-
neers this field; The most advanced example is the treat-
ment of retinopathy by delivering a viral plasmid
containing a microbial opsin directly to the eye in order to
restore vision (Duebel et al. 2015). Nevertheless, opto-
genetic hybrid proteins are likewise developed for diverse
therapeutic approaches. Current reviews give a compre-
hensive overview over present preclinical studies (Tang
et al. 2021; Wichert et al. 2021) including the use of the
cryptochrome system in Alzheimer’s disease (Lim et al.
2020), phytochrome as well as LOV based targeted bone
regeneration (H6rner et al. 2019b; Wang et al. 2019b), and
advancement of photoacoustic tomography using phyto-
chromes for the improved identification of e.g., metastases
(Li et al. 2018). These examples as well as two further
topical approaches, described in the following, illustrate
the wide range of medicinal applications for which pho-
tocontrol of proteins can be employed.

The first of these two approaches is the photocontrol of
the smaller sized and disulfide-bond lacking single-
domain counterparts of antibodies, nanobodies and
monobodies. Using either the split protein (Yu et al. 2019)
or the LOV2 based conformational change technique
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(Carrasco-Lopez et al. 2020; Gil et al. 2020; He et al. 2021),
nano- and monobodies targeting different fluorescent
proteins, the Src Homology 2 domain of Abelson tyrosine
kinase or actin, respectively, were engineered in the last
years. The authors primarily show the advantage of their
light-induced nano- and monobodies as so-called intra-
bodies for intracellular studies; however, they also point
out the potential use for medicinal purposes, e.g., for anti-
cancer treatment as outlined earlier for the light-sensitive
ncAA-containing nanobodies in the photoxenoprotein
engineering section.

Most remarkably, two optogenetic approaches have also
been combined with smart electronic devices to facilitate a
photocontrolled drug supply in mice (Mansouri et al. 2021;
Shao et al. 2017). For this purpose, the production of human
glucagon-like peptide-1 (hGLP-1), which is clinically licensed
for the treatment of type-2 diabetes (Miiller et al. 2019), was
put under the control of a light-regulated transcription factor.
While the first study uses the far-red light activated cyclic
diguanylate monophosphate synthase BphS coupled to an
endogenous signaling pathway (Shao et al. 2017), the second
study has optimized a CarH (e.g., Figure 12) based two-
component system that releases the transcription factor from
the plasma membrane upon irradiation with green light
(Mansouri et al. 2021). Moreover, while the first study requires
a hydrogel implant containing the modified cells and a light-
emitting diode (LED) array, the second study merely subcu-
taneously transplants the factory cells and then takes
advantage of the green light functionality in smart wearable
electronic devices, used to monitor health parameters, such
as the Apple Watch (Raja et al. 2019). The authors of the
combined hybrid protein optogenetics and smart watch study
could further prove that their concept successfully treats
diabetes and associated symptoms in mice (Mansouri et al.
2021).

Biotechnology

As in the case of photoxenoprotein engineering, some rare
examples for the application of optogenetic systems
outside fundamental or medicinal research exist, which
focus on the advancement of biotechnological methods. A
widespread application is to control the properties of
diverse biomaterials with light (Beyer et al. 2018; Horner
et al. 2019b). A very recent publication, for example,
engineered a light-responsive silk-elastin-like protein
biopolymer with the help of CarH (Narayan et al. 2021).
CarH tetramerization in the dark thereby mediated hydro-
gel formation that is reversible through light-induced
monomerization of the photosensory domain. Another
current study developed an innovative pluripotent stem
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cell culture system, which can be maintained by blue light-
dependent stimulation of the fibroblast growth factor (FGF)
signaling pathway (Choi et al. 2021). This obviates the need
to supplement stem cell cultures with expensive FGF 2. For
this purpose, the authors used the LOV domain of Vau-
cheria fridida to artificially dimerize the FGF receptor upon
irradiation. Other examples include the improvement of in
vitro mass-spectroscopic workflows (Horner et al. 2019a)
and the development of optogenetic cell-sorting strategies
(Yiiz et al. 2018) as described elsewhere (Tang et al. 2021).

User-relevant fundamentals of the
three photocontrol methods

Photochemical properties
Expectations on light-triggered on/off switches

Controlling the biological activity of a protein with light is
sometimes compared with a physical light switch, which
turns light on and off. As a consequence, we might be
misled to envision photocontrol processes to render a
protein completely inactive in the dark state while fully
active in the light state. However, just as the efficiency of
turning light on and off with a physical switch depends on
the initial darkness of the room and the power of the bulb,
the effect of a photocontrol strategy on the biological ac-
tivity depends on the photochemical properties of the
chromophore and on the response of the protein to those
molecular changes on the structural level. A detailed
description of these properties is provided in the following
to facilitate a better understanding of what can be expected
of each photocontrol strategy.

On the molecular level of the chromophore

In general, the reaction of a chromophore in response to
light depends on two essential factors. The first is the
probability that a photon is absorbed at a specific wave-
length A given commonly by the extinction coefficient €,
[L mol™ cm™] or the absorption cross section o, [cm?. Both
constants are interrelated and can be converted into each
other by the formula &, = 2.62:10% o, (Lenci et al. 2012). The
second factor is the quantum efficiency @, which describes
the probability that once the chromophore has been
excited by the absorption of a photon it falls back to the
ground state through e.g., decaging or isomerization. The
product of these two factors @-g, [L mol ™ cm™] is propor-
tional to the concentration of the product molecules
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formed by these light-induced reactions. Hence, the chro-
mophores used as receiver should exhibit high extinction
coefficients and high quantum yields to increase the ab-
solute sensitivity to light in all photocontrol methods.
Light-induced decaging and photocrosslinking re-
actions exhibit several reaction steps after initial excitation
of the chromophore. This is illustrated by the exemplary
decaging reaction of NBY in Figure 13A (I'ichev and Wirz
2000; Klan et al. 2013). The total rate k of this multi-step
process is inversely proportional to the lifetime T of the
intermediate of the rate-determining step (k = 1/7). Hence,
(de)stabilization of the intermediates by solvent or adja-
cent acids and bases can significantly influence the total
rate, even though the initial photoinduced step might be
faster in comparison. In proteins such interferences
appeared to result in the incomplete decaging of ncAAs
incorporated at positions close to acidic or basic side
chains (Kneuttinger et al. 2019a), although the exact reason
of this effect is not entirely clear. In case of nitrobenzyl
caging groups the decaging reaction can even last signifi-
cantly longer than the microsecond time scale (Klan et al.
2013). In addition to disturbances in the reaction rate, the
photoreactions can suffer from side reactions as outlined
for the photocrosslinking ncAA AzF in Figure 9.
Reversible, light-induced switching reactions of chro-
mophores occur in photosensory domains and synthetic
photoswitches. The complex photochemical properties of
these chromophores are best explained by means of the
well-studied azobenzenes (Hoorens and Szymanski 2018).
The foundation for the switching reaction is that the two
configurations of the photoswitch exhibit different ab-
sorption characteristics in the UV/visible spectrum
(Figure 13B). The planar structure with C,, symmetry of the
E-azobenzene (Brown 1966; Crecca and Roitberg 2006)
prohibits a n — 7r* transition resulting in a weak absorption
band in the visible region at ~450 nm (Cusati et al. 2008).
The allowed m — 7* transition, however, is much stronger
and causes the main absorption maximum in the UV range
of ~320 nm of the E isomer (Forber et al. 1985). On the other
hand, the Z isomer adopts a non-planar conformation with
C2 symmetry (Gagliardi et al. 2004; Mostad et al. 1971),
which allows the n — 7* transition causing a stronger ab-
sorption at ~450 nm and weakens the m — 7* transition
leading to a red-shift and reduction in absorption strength
(Forber et al. 1985). Isomerization in the directions E — Z
and Z — E can be controlled by irradiation at either tran-
sition. Thus, overlapping of the characteristic absorption
bands for each transition in the E and Z spectra makes
quantitative switching from 100% E to 100% Z impossible.
For most switchable chromophores this is the case. The
exemplary scenario in Figure 13C illustrates the
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Figure 13: Photochemical properties of synthetic chromophores.

Irradiation time with A,

(A) Decaging reaction of NBY (I’ichev and Wirz 2000; Klan et al. 2013). Irradiation with light excites the nitro group and triggers the acid-base
(X) catalyzed formation of a five-membered ring, which requires conformational freedom. The subsequent fragmentation to tyrosin and
o-nitrosobenzylaldehyde is irreversible. (B) Representative absorption spectra of £ and Z azobenzenes. (C) Isomerization of an azobenzene
induced by light of A; shifts the equilibrium of £ and Z until a photostationary state (PSS) is reached.

consequences of overlapping absorptions bands. Irradia-
tion of the E isomer with light of the wavelength A; excites
the azobenzene in the T — m* transition band. Relaxation to
the ground state then results in the formation of the Z iso-
mer dependent on @F~%.¢)f. The kinetics of this isomeri-
zation process occur in the picosecond timescale (Bandara
and Burdette 2012; Chang et al. 2004; Satzger et al. 2003).
While A; excites the E isomer, it also excites the newly
formed Z isomer, which isomerizes back as a function of
@ E.g, . This back-and-forth reaction continues until a
thermodynamic equilibrium is reached, which is known as
the photostationary state (PSS). The ratio between E and Z
in this equilibrium is called the photostationary state dis-
tribution (PSD). Intentional, light-induced isomerization of
the Z isomer back to the E isomer is achieved in the
exemplary scenario with the wavelength A, and follows the
same principle. For photoswitches with well separated
absorption bands of each isomer, the 7 — 7* and n — 7*
transitions can be addressed selectively obtaining quanti-
tative PSDs of up to 99:1. In most cases, the absorption
bands are reasonably well separated resulting in a suffi-
ciently strong isomeric shift. However, for less well

separated absorption bands the PSDs can be much lower
than 85:15. Importantly, the time needed to reach the PSS
can be regulated by adjusting the intensity of the applied
light and the PSD can be controlled by changing the irra-
diation wavelength. In practice, this means that different
light sources vary in their switching efficiency. Conven-
tional light-bulbs emit light in an extremely broad wave-
length range and additionally radiate a lot of heat during
irradiation, which can negatively affect the biological re-
action. Modern LEDs have narrower wavelength ranges
and barely give off energy in form of heat. Hence, these
light sources are much better suited for the photocontrol of
proteins. Lasers are without a doubt the best but also the
most expensive light source one can use for photocontrol
experiments since the light beam is monochromatic and of
high intensity.

Another factor that needs to be considered with pho-
toswitches is the thermal stability of the two isomers. As we
have seen in previous chapters most photosensory do-
mains and most Z isomers thermally relax back to the
thermodynamic more stable form after initial irradiation.
These instable isomers exhibit half-lives of microseconds
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to minutes (Garcia-Amorés et al. 2016), whereas stable
isomers last for hours to even years (Knie et al. 2014;
Weston et al. 2014).

On the conformational level of the protein

The response of the protein to light-induced changes of the
chromophore on the molecular level is best studied for
photoreceptors (Moglich and Moffat 2010; Ziegler and
Moglich 2015). The theory draws upon the fundamental
functionality of allosteric proteins, which undergo a
conformational transition resulting in (de)activation after
binding of a ligand at a site distant from the orthosteric
center. One way to visualize this is the energy landscape of
the proteins (Hans et al. 1991). To this end, the conforma-
tional transition induced by ligand binding (allostery) or
light (photoreceptors) and thus the change in biological
activity can be described as a shift in conformational
populations (Kar et al. 2010). Greatly simplified, the
photoreceptor is assumed to exist in an equilibrium be-
tween a standby conformation (S) of low activity and a
working conformation (W) of high activity. In the absence
of light, the chromophore in the protein adopts the ther-
mally equilibrated dark-adapted state, which is defined by
the equilibrium constant Kg.q (Figure 14A). For light-
activated photoreceptors, the standby conformation S is
energetically favored over the working mode W; for light-
inactivated photoreceptors, W is more stable than S.
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Moreover, Kqa is proportional to the difference in free
energy AGga of both conformations in the energy land-
scape of the protein (Figure 14B, slate blue). Isomerization
of the chromophore upon irradiation introduces a free
energy perturbation AAG, which triggers a shift in the
equilibrium to reach the lit state described by Kj;; and AGy;
(Figure 14A). This results in the stabilization of W to W*
and destabilization of S to S* in light-activated photore-
ceptors or vice versa in light-inactivated photoreceptors
(Figure 14B, green). The rates of the forward (k;) and
reverse (k_;) reaction between the dark and lit state are
highly simplified in this principle assuming a unim-
olecular, single reaction step. The rate constant k; is very
fast and depends on the product @-g, controlled by the
wavelength as well as formation of the PSS regulated by the
intensity of light, as we have seen in the earlier chapter.
The back reaction in this principle is defined by the thermal
reversion of the chromophore to the dark-adapted state
and k_; therefore depends on its half-live. This thermody-
namic cycle of photoreceptors is called the “photocycle”
(Mowery and Stoeckenius 1981; Polland et al. 1986).

The response of the protein to the different isomers of
the chromophore is thus relatively clear in the case of
hybrid protein optogenetics. In contrast, the effect of
the photocaged or photoswitchable ligands in photo-
pharmacology is based on the change in their affinity to-
wards the binding site of a protein. This determines the
strength of competition with the native ligand. Hence,
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Figure 14: The response of the protein to light-induced changes of the chromophore.

(A) Photocycle of photoreceptors explaining the thermodynamic equilibria in the dark-adapted (slate blue) and lit state (green). The difference
between activities results from a shift in S and W conformational populations as demonstrated in panel (B). The size of the activity difference,
which correlates with the fraction of the working mode (fy), depends on the initial position of the equilibrium AGga. and the size of the shift
AAG. While only small changes in fiy, are achieved when AGg,, is >>0 (or <<0, respectively) as shown in panel (C), large differences can be

obtained when AGgar approximates zero as illustrated in panel (D).
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conformational transitions induced by the light-sensitive
ligands mostly do not play a role. This is different for
photoswitchable bridges in photopharmacology, in which
the photoswitchable ligand is bioconjugated at two sites in
the protein (Figure 3), and for light-sensitive ncAAs in
photoxenoprotein engineering (Figure 8). Although the
photocycle for these two photocontrol techniques has
hitherto not been investigated it can be assumed that the
photocages, photocrosslinkers and photoswitches influ-
ence the protein conformation both in the dark-adapted as
well as the lit state. The population shift principle as
described for photoreceptors above could therefore also be
relevant for these photocontrol strategies.

On the activity level

The fundamentals from the previous two chapters allow us
to better understand the effects of the on/off switch on the
activity of the protein. As was mentioned earlier, the ac-
tivity difference in proteins controlled by light-sensitive
ligands in photopharmacology is primarily determined by
the difference in binding strength of the caged and decaged
state or the two isomers of the ligand, respectively. In most
cases these differences are not particularly high resulting
in LRFs of ~2-fold in in vitro experiments. However, the
same ligands have been shown to mediate a much more
impressive effect in cellulo or even in vivo attributed to
various factors (Hiill et al. 2018). First, the ligands usually
have a good cell permeability increasing their local con-
centration through compartmentalization (Velema et al.
2014). More importantly, light-sensitive drugs are often
designed to target essential parts of a signaling network
(Hiill et al. 2018); consequently, the signaling effect mul-
tiplies the initially low LRF making the drug highly effec-
tive. Finally, the two states of the ligand can provoke
different pharmacodynamic and pharmacokinetic effects,
which again might influence the LRF in vivo.

For the implementation of photocontrol using strate-
gies from photopharmacology it is important to distinguish
the photochemical properties of ligands from those of
photosensory domains in hybrid protein optogenetics.
Photocaged ligands do not follow a thermodynamic cycle
as the total reaction is irreversible. Hence, irradiation is
only required until the decaging reaction is complete. As
the decaging efficiency correlates with the product @-¢;
this process depends on the wavelength spectrum of the
light source and takes microseconds to several minutes
(Klan et al. 2013). Photocontrol using photoswitchable li-
gands with a thermally instable state requires constant
irradiation to maintain the PSS. However, the goal of
photopharmacology is to produce thermally stable
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photoswitches and as a result most synthetic ligands
exhibit thermal half-lives of hours to years. In such cases, a
brief irradiation to obtain the PSS is sufficient. Fine-tuning
of the LRF is best achieved by adjusting the wavelength of
irradiation as the PSS is strongly dependent on @-¢; of the
two isomers. In contrast, changing the light intensity is
not as efficient since it only affects the duration until
equilibration, which usually takes sub-seconds to minutes
depending on the wavelength of irradiation.

The principles, which determine the LRF in strategies
of photoxenoprotein engineering, are hitherto not entirely
clarified. The effects are not as simple as for light-sensitive
ligands in photopharmacology; differences in binding
strength do not matter since the photocages, photo-
crosslinks and photoswitches are introduced translation-
ally into the protein. As indicated in the previous chapter,
the population shift principle as described for photore-
ceptors may apply to the artificial proteins created in
photoxenoprotein engineering, as well. Hence, the
following underlying concept of activity tuning in photo-
receptors is fundamental to further analyze the possible
effects of irradiation on the activity level in ncAA-
containing proteins.

In hybrid protein optogenetics, regulation of the ac-
tivity strongly depends on the photocycle (Figure 14) and
its diverse factors (Moglich and Moffat 2010; Ziegler and
Moglich 2015). To simplify, we first assume that the standby
mode is 0% and the working mode is 100% active, and that
the photoreceptor is activated. In this case, the thermody-
namic principle demands a large shift of the equilibrium
between S and W and hence a large increase in the fraction
of W (fw) to maximize the LRF. The shift depends on two
factors, the initial position of the equilibrium in the dark-
adapted state AGgax and the size of the free energy
perturbation AAG induced by irradiation. One might as-
sume that in order to obtain the largest activity difference
the shift needs to start at AGg.x >> 0 approximating 0% W.
However, large AAGs would be required to achieve a
significant difference in f; with this starting point
(Figure 14C). In comparison, a much bigger fiy is obtained
with the same AAG when starting from AGga.~0 at an
equilibrium of ~50% S and ~50% W (Figure 14D). In
addition to AGga and AAG the activity of both conforma-
tions S and W is decisive. Contrary to what we assumed at
the beginning the activity of proteins is rarely zero; instead,
it is regulated down by factors ranging from below 10-fold
to more than 1000-fold depending on the strength of the
interference. The larger the difference in activity of Sand W
is, the higher the LRF. Remarkably, the interplay between
AGga, AAG, and the difference in activity of S and W has
been optimally adjusted by nature in photoreceptors.
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Engineering of artificial photoreceptors can achieve high
LRFs of >100-fold (Carrasco-Lopez et al. 2020); however,
often photoreceptor variants only exhibit a modest LRF of
2- to 10-fold (Gasser et al. 2014; Hongdusit et al. 2020; Ryu
et al. 2014), which can be further improved to >10-fold by
optimization screenings by which primarily AGg.y is shif-
ted (Strickland et al. 2010), whereas AAG is assumed to be
challenging to alter (Ziegler and Mdglich 2015). Neverthe-
less, it has been shown that even LRFs of <10-fold can cause
significant phenotypical changes in vivo (Barends et al.
2009; Wu et al. 2009).

To fine-tune the LRF in an optogenetic experiment it
must be considered that most photosensory domains have
only short thermal half-lives of tens to 10 thousands of
seconds corresponding to merely a few hours (M6glich and
Moffat 2010). This means the photosensory domain reverts
back from the lit state to the dark-adapted state with the
rate constant k_;. A brief light pulse to reach the PSS is
therefore not sufficient to evoke a long-lasting effect. The
samples thus need to be constantly irradiated. Depending
on the rate constant k;, which can be adjusted by the in-
tensity of light, different equilibria between the lit and the
dark-adapted state can be established facilitating a fine-
tuning of the LRF.

Coming back to photoxenoprotein engineering, the
activity of the dark-adapted state and the activity of the lit
state are decisive for the LRF just as in hybrid protein
optogenetics. This factor is exploited for the photocontrol
with photocaged ncAAs by targeting essential residues in
the orthosteric site for replacement. High LRFs of >100-fold
can be achieved by this strategy since the photocage effi-
ciently blocks the function of the residue (Jedlitzke et al.
2020). While this factor is just as important for the other
strategies in Figure 8, an equilibrium between S and W
conformations, and hence AGg. and AAG, will play an
increasingly pronounced role as well. An easy example to
illustrate this is the photocontrol of multimerization using
light-sensitive ncAAs. In the dark-adapted state, complex
formation of two subunits might be hampered by the
presence of the ncAA; however, the monomers (equivalent
to the standby mode S) and the complex (equivalent to the
working mode W) will still exist in equilibrium described
by the dissociation constant Kp. Light-induced changes of
the ncAA might then facilitate multimerization, which
translates into a shift in equilibrium and an improvement
of Kp comparable to the cycle in Figure 14A. Moreover, it is
highly likely that the third photoxenoprotein engineering
strategy, the photocontrol of a conformational change,
follows the same basic principles as the photocycle of
photoreceptors. Notably, the term photocycle would only
fit for photoswitchable ncAAs as the change in equilibrium
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is irreversible for photocaged and photocrosslinking
ncAAs. Recent findings proved that introduction of the
light-sensitive moiety into strategically chosen positions
close to existing conformational transitions can result in
high LRFs of >10- (Kneuttinger et al. 2019a, 2020) and
>100-fold (Kneuttinger et al. 2019b). Even the photo-
switchable bridge strategy of photopharmacology, for
which these principles most likely apply as well, achieved
LRFs of substrate binding of >100-fold (Bozovic et al. 2020,
2021).

Despite the analogy to hybrid protein optogenetics
regarding the photocycle, the strategies of photo-
xenoprotein engineering differ in terms of implementation.
For the same reasons as for the photocages and photo-
switches in photopharmacology, no constant irradiation is
required for light-sensitive ncAAs. Likewise, fine-tuning of
the LRF is more efficient by changing the wavelength of
irradiation than light intensity.

Efficient irradiation

In the first chapters, a broad spectrum of applications for the
photocontrol of proteins using photopharmacology, photo-
xenoprotein engineering and hybrid protein optogenetics
was introduced. Clearly, all these potential implementations
raise demands regarding the translatability of photocontrol.
In fact, one should consider these factors before choosing a
photocontrol design technique. The currently most central
questions are the following: 1) Does light have a toxic effect
on the sample? 2) Can light penetrate the sample completely
e.g., tissue in in vivo applications or the full capacity of re-
actors in biocatalytic applications? 3) Which technological
progresses have been made for the delivery of light in such
applications?

The first of these questions depends on the wavelength
of the light and the type of sample. UV and blue light are
rich in energy and can cause severe damage to cells and
tissues with high mutagenic and other nonspecific effects
(Brash et al. 1991). Irradiation induces for example the
formation of pyrimidine dimers in the DNA (Kneuttinger
et al. 2014) and the generation of reactive oxygen species,
which in turn destroy the genetic material (Meyskens Jr.
et al. 2001). Moreover, UV light can cause an inflammatory
response (Sarasin 1999) as well as apoptosis-controlled cell
death (Luca et al. 2011). Besides this commonly known
effect of UV light most researchers are not aware that
visible light can have a detrimental effect as well. Recently,
analysis of multiple pyridoxal 5’-phosphate (PLP) depen-
dent enzymes revealed that illumination with visible light
can drastically decrease enzymatic activity in vitro (Gerlach
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et al. 2021). On that account, target enzymes, especially
containing light-sensitive cofactors (besides PLP, e.g., fla-
vins), should be tested for inactivating effects by light prior
to the design of photocontrol. Nevertheless, photocontrol
of such light-sensitive enzymes can still be regarded prof-
itable, if the artificially installed light-activation effect
outweighs the natural light-inactivation effect.

The next issue is the penetration depth of light. While
irradiation of samples in the analytic scale e.g., proof-of-
concept studies in monolayer cell culture or functional
studies on isolated proteins, is easy and effective, appli-
cations in larger sample sizes can become quite difficult to
realize. Especially in vivo applications are challenging
since tissue is either opaque e.g., bone marrow, or has
evolved to protect sensitive regions from harmful UV irra-
diation by providing multiple endogenous chromophores
that absorb the light (Kalka et al. 2000) e.g., melanin in the
skin. Hence, the penetration depth of UV light is strongly
limited to only a few millimeters in soft tissue (Ash et al.
2017; Weissleder 2001). Light in the red and near infrared
range has a much higher penetration depth of up to cen-
timeters (Weissleder 2001; Weissleder and Ntziachristos
2003) and is therefore preferred for therapeutic applica-
tions of photocontrol. For this purpose, phytochromes are
currently the best choice for the engineering of artificial
proteins with red or near infrared light (Figure 12). How-
ever, as shown by a recent calculation even the penetration
strength of light in the near infrared window of 600-
1300 nm is not efficient enough to activate significant
amounts of a therapeutic light-sensitive drug in a 5 cm deep
tissue (Sharma and Friedman 2021). Another matter is large
scale in vitro applications such as high volume biocatalytic
reactions. Clearly, this kind of sample is not as dense as
tissue, nevertheless the depth of light penetration depends
on the composition of the reaction. High absorbing re-
actants can limit the penetration strength in a specific
wavelength range but should still allow a penetration
depth of up to meters. In comparison, the euphotic zone of
oceans, which is suffused by sunlight in the UV/visible
range giving shelter to all photosynthesizing organisms,
reaches 10-80 m depending on the clarity of the water.

The mentioned limitations of the penetration depth of
light make it necessary to develop irradiation processes
that facilitate therapeutic or biocatalytic approaches. Light
delivery systems for medicinal therapies have primarily
been devised by the field of photodynamic therapy (Algorri
et al. 2021). Advanced technology is especially required for
subdermal applications since irradiation on the skin, in the
eye or in tissues reachable by endoscopy e.g., gut or cervix,
are usually no problem. At the same time, the irradiation
procedure should not be invasive. The current

A.C. Kneuttinger: A guide to designing photocontrol in proteins =—— 599

development status of noninvasive light delivery systems
is extremely impressive (Morstein and Trauner 2019). One
of the most important advances are wireless implants of
millimeter small size (Montgomery et al. 2015; Park et al.
2015; Qazi et al. 2021; Veiseh et al. 2015). However, other
properties are improved as well. Some devices can be
injected with a syringe (Liu et al. 2015) and are connected to
subdermal magnetic coil antennas (Shin et al. 2017),
whereas others show enhanced in vivo stability (Gutruf and
Rogers 2018). Furthermore, light delivery systems for bio-
catalytic applications are under development in the field of
photobiocatalysis (Heining and Buchholz 2015); recent
examples thereof include photoreactors (Bonfield et al.
2018) and internal wireless light emitters (Heining et al.
2015).

The design process
Photopharmacology

The design of photocontrol in photopharmacological
strategies first and foremost requires chemical engineering
of the light-sensitive ligand. In principle, the design needs
to include moieties that mediate high affinity binding,
which are often copied from native ligands, and photoc-
aged or photoswitchable components with beneficial
photochemical properties. Moreover, the ligands should be
synthetically accessible and rapidly producible. This,
however, means that new ligands have to be designed for
each new target protein making chemical engineering
quite challenging. Customizing the photochemical prop-
erties such as the thermal stability of the Z isomer (Kolarski
etal. 2021b) or the shift to longer wavelengths (Konrad et al.
2016) can be realized by adding substituents to the initial
scaffold, but is quite tedious since these substitutions
might have adverse effects and make synthesis difficult.
Nevertheless, many advances have been made towards for
example red-shifted light-sensitive ligands in the last
couple of years (Leistner et al. 2021; Morville et al. 2021).
While for the engineering of free ligands only the active
site of the target protein needs to be considered, bio-
conjugated PTLs and PORTLs further require difficile
design of the spacer between the protein anchor site and
the active site. The design of photoswitchable bridges is
even more complex since here the photoswitch is attached
to two sites in the protein and must induce significant
conformational changes to light-regulate protein activity.
Both attachment sites and spacer size need to be precisely
adjusted. Thus, this protein-based design component is
often supported by computational approaches. Using
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photoswitchable bridges to control the a-helical content of
proteins is a strategy, which reaches back two decades.
One of the earliest publications (Kumita et al. 2000) clicked
an azobenzene-based photoswitch to two cysteine residues
positioned seven residues apart. Molecular modelling
revealed that only the Z configuration facilitated the sec-
ondary structure, whereas the E configuration of the pho-
toswitch was predicted to disturb the a-helix because it was
too long. In a follow-up study, the authors again used
computational methods to analyze whether steric in-
teractions of residues in between the two cysteines influ-
ence the photoswitch, which does not appear to be the case
(Kumita et al. 2002). Another approach identified dynam-
ical surface regions in lipase B from Candida antarctica that
promote catalysis by computational modelling (Agarwal
et al. 2012). The authors conjugated an azobenzene pho-
toswitch to these regions. The rationale behind this strat-
egy is the anticipation that the conformational switch of the
azobenzene upon irradiation with light might introduce
energy into the dynamical regions and hence result in
activation of catalysis. In fact, lipase B activity could be
light-dependently increased by 24%; after taking the high
percentage of non-crosslinked enzymes into account the
LRF increased from ~8- to 52-fold. While this approach
reflects the power of inducing conformational changes in
proteins by light, it also demonstrated that low cross-
linking efficiencies are most critical for bioconjugation-
based photocontrol strategies. Yet another study made use
of a computational approach to calculate crosslinking sites
for an azobenzene-based photoswitch in cytosine deami-
nase (Blacklock et al. 2018). The Rosetta-based simulations
successfully predicted a site at which the photoswitchable
bridge mediated photocontrol with an LRF of ~3-fold and a
site at which it did not have an effect. In the former design
the azobenzene ligand crosslinked two subunits of the
enzyme dimer, whereas in the latter design it was placed in
an o-helix. Additional mutagenesis is rarely used to
improve the LRF of the ligand-protein-pair in photo-
pharmacology; however, one study proved that this kind of
optimization is possible (Schierling et al. 2010). The au-
thors installed a photoswitchable bridge in the homodi-
meric restriction enzyme Pvull and initially achieved an
LRF of ~7-fold. Additional amino acid exchanges could
further increase the LRF to ~16-fold.

Photoxenoprotein engineering

The design of ncAA-based photocontrol in proteins shares
some processes with photopharmacology and some with
hybrid protein optogenetics. In a first step, a suitable ncAA
has to be chosen for the desired strategy and application.
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Similarly to hybrid protein optogenetics, a library is then
created, in which the chosen ncAA(s) is/are incorporated
at various sites in the target protein. The selection of
positions is primarily based on prior knowledge of the
target system including e.g., residues involved in catal-
ysis, ligand binding or allostery, for which the three-
dimensional structure of the protein may be beneficial.
In a subsequent low-throughput screening variants are
identified, which exhibit light-dependent behavior with
activities of the lit state comparable to wildtype. Since
the effect of the light-sensitive ncAAs is often difficult
to anticipate, some computationally based protocols
have been developed to ease the choice of positions for
ncAA incorporation. Comparable to examples in photo-
pharmacology, a computational approach was recently
used to detect regions of high conformational flexibility
in firefly luciferase, in which incorporation of AzoF could
result in efficient photocontrol (Luo et al. 2018). As a
result, the authors obtained two out of seven initial
AzoF-variants with which the chemiluminescence of
firefly luciferase could be repeatedly switched on and off
in live mammalian cells. A more comprehensive study
devised a Rosetta-based strategy to determine sites close
to the active site, in which the caged tyrosine NBY ach-
ieves high LRFs (Wang et al. 2019a). The authors initially
screened 60 sites in firefly luciferase feeding the results
into the algorithm of Rosetta (Park et al. 2016) to create a
powerful prediction tool. They further accomplished to
photocontrol multiple cellular processes by photo-
controlling various target proteins thereby showing the
general applicability of their approach, which they
dubbed “computationally aided and genetically enco-
ded proximal decaging (CAGE-prox)”. Apart from these
studies for improving the protein engineering compo-
nent of photoxenoprotein engineering, plenty of new
ncAAs are designed e.g., with optimized photochemical
properties, comparable to the design of ligands in pho-
topharmacology. Nevertheless, chemical engineering of
ncAAs is limited by the incorporation capability of the
heterologous aaRS/tRNA pairs. Evolved aaRSs may
tolerate minimal changes of an ncAA; however, larger
changes usually require a new evolution experiment.

In general, the design process of ncAA-based photo-
control largely depends on the incorporation efficiency of
the amber suppression technique. Several concerns
regarding this method exist. A major drawback is the low
ratio of full-length versus truncated protein, which is
caused by the competition of the aminoacylated heterolo-
gous tRNA with release factor 1 for binding to the amber
codon. Another matter is the potentially low expression
yields of the full-length protein; a common rule of thumb
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approximates the yields to 10% compared to wildtype.
Usually, a wide yield range of 1-100 mg of protein per liter
expression medium is common (Liu and Schultz 2010).
Moreover, the fidelity of incorporation, meaning that ca-
nonical amino acids are incorporated in addition to the
ncAA, is also a highly discussed issue. Besides these major
concerns, practical limitations exist such as high wastage
of ncAA due to poor influx rates of the ncAA into the host
cells (Chin 2017), varying incorporation efficiencies in
different positions of a protein (Young et al. 2010) and the
need of optimizing expression conditions anew for each
target protein. Nevertheless, various advancements have
been made in recent years of which I describe some in the
following.

The ratio of full-length versus truncated protein was
maximized by the engineered E. coli strain C321.AA, in
which release factor 1 is knocked out and all chromoso-
mally encoded TAG codons are replaced by the other amber
codons (Kuznetsov et al. 2017; Lajoie et al. 2013). A signif-
icant drawback of this strain is its slow growth rate, which
makes the expression of proteins especially in large scale
quite difficult reducing the overall yields. A recent study
found that primarily the carbohydrate and energy metab-
olisms are downregulated in this strain (Yi et al. 2021).
Hence, other studies have tried to improve the system. One
example is the strain B-95.AA, which is based on the quite
common expression host strain E. coli BL21(DE3) and which
also lacks release factor 1 (Mukai et al. 2015). Since a large
amount of TAG codons in the genome of E. coli does not
only serve as a stop codon in one open reading frame, but
also encode amino acids in an alternative open reading
frame, the authors only deleted 95 of the 273 TAG codons
present. As a result, the strain retained the good growth
properties of the BL21(DE3). Besides elimination of trun-
cated proteins, increased efficiency of multi-site incorpo-
ration is a major benefit of the C321.AA strain (Zheng et al.
2016). Further advancements in this direction are engi-
neered strains (Robertson et al. 2021) or cell-free protein
synthesis systems (Cui et al. 2020), which allow to incor-
porate different ncAAs in response to sense codons instead
or in addition to the amber codon. A second challenge
needed to overcome for multi-site incorporation are low
affinities of the evolved aaRSs for the targeted ncAA
(O’Donoghue et al. 2013; Umehara et al. 2012). These low
affinities might partly be owed to the high copy number of
plasmids encoding the aaRS in evolution experiments. Two
studies circumvented this issue by developing an in vivo
evolution approach, in which libraries of chromosomally
integrated aaRSs were used (Amiram et al. 2015; Israeli
et al. 2021). In fact, the engineered aaRSs showed increased
aminoacylation efficiencies for diverse ncAAs including
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AzF and AzoF. In an alternative approach, the affinity of
the aaRS for NBY was increased by evolving up to 17 resi-
dues—significantly more compared to the six residues in
the traditional approach (Deiters et al. 2006)—in the
computationally-guided redesign including some that are
able to form specific interactions with the bound ncAA
(Baumann et al. 2019). As a result, the yields for single-site
incorporation were improved to 100% compared to wild-
type and the yields for multi-site incorporation were
markedly increased as well. In addition to the aaRS,
expression yields highly depend on the tRNA and the
expression conditions. Thus, an early publication devel-
oped an enhanced plasmid system, pEVOL, which encodes
two copies of the evolved aaRS, coupled to a constitutive
and an arabinose-induced promoter, respectively, and a
suppressor tRNA that was optimized in directed evolution
experiments (Guo et al. 2009; Young et al. 2010). This
plasmid system has become the golden standard for ncAA
incorporation experiments. Expression yields could also be
significantly improved by choosing the Vibrio natriegens
based Vmax X2 expression host (Gonzalez et al. 2021). This
strain exhibits rapid growth rates allowing to increase
expression yields, is fully compatible with plasmids
designed for expression in E. coli and additionally shows
reduced misincorporation of endogenous amino acids into
the amber codon. Finally, wastage of ncAA was reduced by
an engineered leucine-binding protein that actively im-
ports a broad repertoire of ncAAs into the bacterial cell and
hence significantly reduces the ncAA concentration
needed for the expression of the target protein (Ko et al.
2019).

Hybrid protein optogenetics

In optogenetics, it is not uncommon that a natural photo-
receptor exists with the exact requirements needed for the
desired application, e.g., certain ion channels, and which
is then used in divergent tissues. However, most re-
searchers interested in photocontrol of proteins aim to put
a specific target protein under the control of light. For this
purpose, hybrid proteins are designed in optogenetics by
fusion of a photosensory domain with the protein of in-
terest. Although this appears easily achievable, this
approach requires cumbersome and elaborate engineering
in multiple steps. A generally applicable protocol has
hitherto not been established due to the fact that each
protein is individual; a strategy, which facilitates a high
LRF for one protein, might not be able to attain photo-
control of another protein at all.

In a first step, an appropriate photosensory module
needs to be chosen. Attention especially needs to be paid to
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whether irradiation should occur with low-energy red or
infra-red light; if this is the case, phytochromes are the
photosensor of choice (Figure 12). In the next step, a library
is created comprising various protein fusion constructs of
photosensor and target protein (Méglich and Moffat 2010;
Mathony and Niopek 2021). The different constructs may
vary in the linker sequence and length or the position in the
target protein to which the linker is attached. For the
identification of initial light-regulatable constructs a small
library and a low-throughput screening usually suffices.
Nevertheless, some design rules should be kept in mind
when starting to engineer an artificial photoreceptor. For
non-associating strategies (Figure 11) to work, the target
protein needs to be structurally related to the native
effector protein (Mathony and Niopek 2021). Moreover,
since the interaction between photosensor and effector is
critical for these strategies, the properties of the linker,
such as its length, sequence, and structure, are decisive for
the design (Mdglich et al. 2009; Ryu et al. 2014; Ziegler and
Moglich 2015). Associating strategies (Figure 11), on the
other hand, are not critically limited by structural homol-
ogy of the target protein to the native effector or the linker
identity. For both strategies, however, the fusion site is of
crucial importance. The photosensor can either be attached
at the termini or within the target protein, which opens
plenty of possibilities for photocontrol but unfortunately
also for failures. Many successful studies have therefore
relied on prior knowledge of the target protein to choose
appropriate sites; this knowledge might include allosteric
sites (Gehrig et al. 2017) or other activation mechanisms
(Smart et al. 2017) as well as previous protein engineering
studies (Fukuda et al. 2014; Hattori et al. 2013).

Ideally, initial screening has identified one or more
variants, which allow the photocontrol of the chosen target
protein. In the next step, the variants are typically further
optimized by introducing point mutations, deletions or
insertions in directed evolution experiments (Mathony and
Niopek 2021; Moglich and Moffat 2010). These aim at either
optimizing the linker length (Bubeck et al. 2018; Dagliyan
et al. 2019) or directly improve the photochemical proper-
ties of the photoreceptor by modulating the recovery time
(Pudasaini et al. 2015; Ziegler and Moglich 2015) or
increasing the LRF (Strickland et al. 2010). Most studies
thereby shift the equilibrium between the S and W
conformation (Strickland et al. 2010; Yao et al. 2008;
Ziegler and Moglich 2015).

The most critical step in this outlined design process is
probably the initial search for a light-regulatable photore-
ceptor, which is not very intuitive. Hence, multiple studies
tried to ease this first step by computational design ap-
proaches (Dagliyan et al. 2019) or by a switch to high-
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throughput screenings. Coevolution studies using statistical
coupling analysis identified allosteric regulation hotspots
on the surface of E. coli dihydrofolate reductase. Fusion of
these hotspots to the LOV2 domain from A. sativa resulted in
a two-fold light-induced regulation of enzyme activity and
the authors speculated that this approach might be used for
the design of other photoreceptors (Lee et al. 2008; Reynolds
et al. 2011). In a similar approach the LOV2 domain was
inserted into non-conserved surface loops, which were
identified to be allosterically coupled to the active site of the
target protein by molecular dynamics simulations (Dagliyan
et al. 2016). Various proteins could be photocontrolled by
this strategy in living cells. Still, these computational ap-
proaches are far from generalizable. While the latter study
suggested to place the photosensor module into surface
loops, authors from another study could not accomplish
photocontrol this way; instead, the photosensor needed
to be inserted into a B-sheet (Hoffmann et al. 2021). Thus,
high-throughput screening of fusion construct libraries
designed by the Mu-transposon strategy (Edwards et al.
2008; Nadler et al. 2016) or gene library synthesis (Coyote-
Maestas et al. 2020) constitutes an alternative approach.
To this end, the photosensor module is inserted at random
positions in the target protein. This approach is only
feasible for proteins, which exhibit easily detectable ac-
tivities for high-throughput in vivo selection or microtiter-
plate-based screening processes. In the course of the
experiment, the photoreceptors are sieved to eliminate
constitutively active or inactive variants and to enrich
constructs that show a significant LRF between activities
in the dark and lit state.

Summary and outlook

The regulation of the biological activity of proteins is useful in
a number of ways and for a diverse set of purposes. While
some consider photocontrol as the method of choice for
advanced fundamental studies in vivo or even in vitro, others
aspire to employ photocontrol for the development of inno-
vative therapeutic or industrial strategies. Over the last
decades, enormous accomplishments in the field of photo-
control have been made. The two methods photo-
pharmacology and hybrid protein optogenetics have
contemporaneously progressed to powerful techniques of-
fering different approaches to the establishment of photo-
control. Photoxenoprotein engineering has emerged as a
versatile youngster, which demonstrates some overlaps with
photopharmacology and hybrid protein optogenetics but has
developed into an independent method with substantial
differences to the other two. There is still plenty of room for
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Table 1: Main properties of the three photocontrol methods.
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Photopharmacology

Photoxenoprotein engineering

Hybrid protein optogenetics

Method
concepts
Tools

Genetical fusion of natural photosensor
modules with target proteins
Light-sensitive cofactors often naturally
available

In vivo fundamental studies, therapeutic
approaches, biotechnology

Applications

Photocontrol Reversible

Chromophores responsive to wavelengths
of the complete electromagnetic spectrum

Free or post-translationally
bioconjugated ligands
Artificially synthesized
light-sensitive compounds
Drug development, functional
studies on proteins

Irreversible (photocages),
reversible (photoswitches)

Chromophores responsive
primarily to wavelengths in the

Genetically encoded light-sensitive ncAAs

Artificially synthesized light-sensitive amino
acids

In vivo fundamental studies, functional
studies on proteins, therapeutic approaches,
production of challenging proteins, biotech-
nology, industry

Irreversible (photocaged and photo-
crosslinking ncAAs), reversible (photo-
switchable ncAAs)

Chromophores responsive primarily to
wavelengths in the UV to green light range

UV to green light range

Lit state stable within seconds to hours

LRFs depend on AGya.k, AAG, and the dif-
ference in activity of S and W
LRFs of 2 to >100-fold in vitro

Design
process

Advanced protein engineering with low-
throughput screening of initial libraries and
subsequent optimization screenings

Lit state of photoswitches stable
within minutes to years

LRFs depend on binding
strengths in dark and lit state
LRFs of 2 to >10-fold in vitro

Chemical engineering and in part
protein engineering for bio-
conjugation strategies

Lit state of photoswitches (currently) stable
within hours to years

LRFs depend on the difference in activity of S
and W (and possibly AGgan, AAG)

LRFs of 2 to >100-fold (caged) or ~10-fold
(switch) in vitro

Protein engineering with low-throughput
screening of different incorporation positions

S, standby conformation of low activity; W, working conformation of high activity.

development of photoxenoprotein engineering and some
advances can probably be expected considering the incor-
poration strategy of ncAAs, the design of novel ncAAs
particularly in the visible light spectrum, computational ap-
proaches to identify appropriate residue positions for pho-
tocontrol, and further optimization screenings similar to
hybrid protein optogenetics.

Each of the three techniques shows distinct charac-
teristics (Table 1). Some major points of difference are
found regarding in vivo applications, for which hybrid
protein optogenetics exhibits clear advantages over the
other two methods. It facilitates reversible photocontrol
strategies, provides chromophores that are found or can be
generated in the cell and primarily uses non-toxic, visible
light with high penetration depth for photocontrol. In
contrast, photopharmacology as well as photoxenoprotein
engineering frequently use irreversible strategies, require
an exogenous supply, e.g., by injection, of the active
compound, and still struggle to provide chromophores
responsive to longer wavelengths. While these properties
are disadvantageous for in vivo applications, they might,
however, be favorable for others. Other properties with
arguable (dis)advantages are the size of the receiver (large
molecular photoreceptors versus small molecular com-
pounds), genetic encoding and the stability of the lit state.

Particularly, bistability might seem the better choice for
various uses, however, thermally instable switches have
the advantage of automatic deactivation. Hence, depend-
ing on the application, and whether it is anticipated in vivo
or in vitro, these factors might be strengths or limitations of
the individual strategy.

One of the most confusing misconceptions for all three
techniques is thereby that photocontrol is no absolute on/off
activity switch. Especially important in this context is that
the off state shows in most cases at least some background
activity. Only the application decides whether this leakage is
negligible or unfavorable for the system. In this respect,
while photopharmacology and hybrid protein optogenetics
remained rather limited in their spectrum of uses, photo-
xenoprotein engineering has explored various applications,
which promise to develop even further in the near future.
However, each of the three techniques can in principle be
used for this diverse set of applications. In this regard, novel
opportunities for photocontrol constantly open up such
as in green industry or in time-resolved crystallography.
Moreover, the more traditional therapeutic application will
face one of the biggest steps yet, the advance of clinical
studies. The next decade might hence bring exciting new
developments in all three photocontrol techniques that will
highlight the power of this set of strategies to implement
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dynamic control in biological systems. Finally, the field of
photocontrol will altogether strive towards a highly ambi-
tious goal: the development of general reversible regulation
strategies, which are easily applicable without complex
engineering procedures to any target protein. Until this is
accomplished, researchers can choose the technique, which
is best suited for their endeavors.
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