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D. SUMMARY

D. SUMMARY

In the field of synthetic biology, both a strict and straightforward orchestration, as well as
a simple and robust visualization of biological processes are indispensable. The
environmental factor light seems to be ideally suited for this task, as it represents a very
precise, spatially, and temporally highly tunable and flexible stimulus. Thus, this thesis
aimed to establish optogenetic strategies for controlling versatile biological processes on

different cellular levels.

On the transcriptional level, novel variants of the light-responsive inducer molecule
photocaged IPTG were successfully applied for light-inducible gene expression in
several expression hosts, namely E. coli, P. putida, and B. subtilis. These photocaged
inducer variants strongly differ either in their water-solubility or exhibit bathochromatically
shifted absorption maxima. This optogenetic principle was further transferred to the
phototrophic production host R. capsulatus by adapting the illumination conditions to
allow for both phototrophic growth and optogenetic control. Additionally, photocaged
benzoate derivatives and corresponding regulator/promoter systems, which had not yet
been applied for light-mediated gene expression, were utilized for multichromatic
orchestration of target gene expression in P. putida. To implement light control at the
post-translational and cellular level, fluorescent proteins were characterized for their
suitability as genetically encoded photosensitizers. It could be demonstrated that some
fluorescent proteins generate high amounts of different reactive oxygen species thereby
allowing to control enzyme activity as well as cell viability of various Gram-positive and
Gram-negative bacteria as well as cancer cells. Further, metabolic pathways, such as
the biosynthesis of plant terpenes, were established in R. capsulatus and optogenetic
modulation of precursor accumulation could subsequently be demonstrated in case of
carotenoid biosynthesis as a proof of concept. Finally, the new optogenetic toolbox was
applied to control and/or visualize intercellular processes, such as the horizontal gene

transfer, at the single-cell level.

Conclusively, versatile light-responsive tools for controlling biological functions on
various cellular levels were established in E. coli, transferred to alternative expression
hosts such as P. putida, B. subtilis, or R. capsulatus and finally applied in first
biotechnological applications. These results thus clearly demonstrate a broad
applicability of both the novel photocaged inducers and the genetically encoded
photosensitizers as versatile optogenetic control systems for biotechnological and

biomedical applications. Therefore, the established optogenetic on- and off-switches are
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promising candidates for the light-dependent, dynamic control of metabolic, regulatory,

and intercellular communication processes.
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E. ZUSAMMENFASSUNG

Im Bereich der synthetischen Biologie ist die strikte Kontrolle und direkte Ansteuerung
biologischer Prozesse sowie deren einfache und robuste Visualisierung von
entscheidender Bedeutung. Der Umweltfaktor Licht ist als Stimulus hierfur hervorragend
geeignet, da er sehr prazise und flexibel ist sowie mit einer hohen raumlichen und
zeitlichen Auflésung eingesetzt werden kann. Daher hat die vorliegende Arbeit zum Ziel,
geeignete optogenetischen Strategien zur Kontrolle von vielseitigen biologischen

Prozessen auf unterschiedlichen Zellebenen zu etablieren.

Auf der Ebene der Gen-Transkription wurden neue Varianten des Licht-sensitiven
Induktormolekils photocaged IPTG eingesetzt. So konnte erfolgreich eine Licht-
induzierbaren Genexpression in verschiedenen Wirtsorganismen, wie E. coli, P. putida
und B. subtilis, implementiert werden. Diese photocaged compound-Varianten
unterscheiden sich deutlich in ihrer Wasserldslichkeit oder weisen rotverschobene
Absorptionsmaxima auf. Um diese optogenetische Strategie auf den phototrophen
Produktionsstamm  R. capsulatus Ubertragen zu kobnnen, wurden dessen
Beleuchtungsbedingungen so angepasst, dass sie sowohl phototrophes Wachstum mit
infrarotem Licht, als auch optogenetische Kontrolle mit sichtbarem Licht ermdglichen.
Zusatzlich konnten erstmals photocaged Benzoat-Derivate und entsprechende
Regulator/Promotor-System zur Licht-gesteuerten Genexpression in P. putida

eingesetzt werden.

Um eine Licht-basierten Kontrolle biologischer Prozesse auf post-translationaler Ebene
und auf zellularer ebene zu ermdglichen, wurden verschiedene Fluoreszenzproteine im
Hinblick auf ihre Funktion als genetisch kodierte Photosensibilisatoren charakterisiert.
Dabei konnte gezeigt werden, dass bestimmte Fluoreszenzproteine groRe Mengen
unterschiedlicher reaktiver Sauerstoffspezien produzieren, welche zur Kontrolle von
Enzymaktivititen sowie zur Beeinflussung der Zellviabilitdt verschiedener Gram-
positiver und Gram-negativer Bakterien und sogar von Tumorzellen genutzt werden
konnten. AuRerdem wurden verschiedene Stoffwechselwege wie etwa die Biosynthese
von pflanzlichen Terpenen in R. capsulatus implementiert und am Beispiel der
Carotenoid-Synthese gezeigt, dass die Akkumulierung von Vorstufenmolekilen
optogenetisch moduliert werden kann. Zusatzlich konnte die Optogenetik auf
Einzelzellebene zur Visualisierung und Kontrolle interzellularer Prozesse wie dem

horizontalen Gentransfer eingesetzt werden.

In der vorliegenden Arbeit wurden somit vielfaltige Licht-sensitive Kontrollmechanismen

biologischer Funktionen auf unterschiedlichen Zellebenen in E. coli etabliert, auf die

X1l



E. ZUSAMMENFASSUNG

alternativen Expressionswirte P. putida, B. subtilis und R. capsulatus Ubertragen und
anschlieend in ersten biotechnologischen Anwendungen erprobt. Dabei zeigten die
Ergebnisse eine breite Anwendbarkeit der neuen photocaged inducers und der
genetisch kodierten Photosensibilisatoren als optogenetische Kontrollsysteme fir die
Biotechnologie und Biomedizin auf. Folglich stellen die hier etablierten optogenetischen
An- und Aus-Schalter vielversprechende Kandidaten fir den Einsatz zur Licht-
abhangigen und dynamischen Kontrolle von Stoffwechselwegen,

Regulationsmechanismen und interzellularen Kommunikationsprozessen dar.

XV
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. INTRODUCTION

Biotechnology is a comprehensive area of biology harnessing living systems and
biological components or processes, which gained increasing importance for applied
research and industrial applications in the late 20th century and early 21st centuries. By
providing sustainable, cleaner, and more efficient manufacturing processes, the vast
field of biotechnology pursues to fight and prevent diseases, to obtain and preserve food
as well as to reduce our environmental footprint, or in summary, to improve human

purposes and meet society’s most overriding challenges.

More recently, findings from synthetic biology have also been incorporated into the
development of efficient biotechnological production processes, e.g., the engineering of
microorganisms to create customized producers. Synthetic biology involves redesigning
or developing biological systems such as cells, tissues, or organisms for useful purposes
by providing them with new, defined properties [1-4]. To develop such artificial biological
systems with predictable performance characteristics, the rational design and
development of new biological parts and devices from naturally available components is
an essential part of the strategy and will pave the way towards efficient and fully
automated high-throughput optimization processes for metabolic and protein
engineering, strain development or programming of signaling processes [5,6]. Synthetic
biology researchers and companies around the world are harnessing the power of nature
to treat diseases, manufacture chemicals, produce fuels, remediate contaminants, and
for numerous other applications with benefits to humankind. To achieve these goals,
bacteria are often used, which, depending on the specific aim, are engineered to achieve
a high product yield or to optimize the intrinsic metabolism for the degradation/utilization
of waste products (e.g., plastics) or renewable raw materials (e.g., lignin). These
complex microbiological intra- and intercellular processes can be controlled or
programmed at different levels (Fig. I.1): i) intracellular at both transcriptional and
translation level to control the protein composition of a bacterial cell, which can be further
expanded by expression of foreign genes and basically defines its biosynthetic capacity,
ii) intracellular at the post-translational level (e.g., protein-protein interaction, interaction
of proteins with other cell components) for the regulation/optimization of these catabolic
and anabolic processes or the orchestration of complex metabolic pathways, iii)
extracellular via cell-cell interaction such as the exchange of metabolites, signaling
molecules, DNA or secreted proteins for share of labor communities or cell-to-cell
communication, and finally, iv) extracellular by treating bacterial cells with toxic

substances to control cell viability. In order to control the complex processes on all levels
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Figure 1.1 Potential cellular targets to control bacterial processes at different levels and scales using
tools from synthetic biology and optogenetics.

In synthetic biology, complex, engineered, or reprogrammed functions need to be controlled and
orchestrated with high spatiotemporal resolution and at many different cellular levels. Transcriptional
regulation can be modulated with a multitude of tools, such as promoter or terminator libraries, as well as
positive or negative regulatory systems. At the post-translational level, enzyme levels or activities can be
adapted using tools for inactivation such as protease tags, where the principal mechanism is based on
protein-protein interaction. Another controlling tool is the use of proteins for interaction with or inactivation of
further cellular components, such as DNA molecules or cell membranes, which can be assigned to the class
of protein-cell interaction. Moreover, the aforementioned tools at both transcriptional and post-translational
level proved valuable for a tight control of complex biosynthetic (gene) cascades in order to regulate or
improve secondary metabolite production titers. Finally, regulation can be performed on a cell-to-cell level
as applied for division of labor systems or the control of intercellular processes including horizontal gene
transfer or the sharing of public goods within microbial communities.

in a concerted manner, special switches are needed that enable defined cellular
functions to be switched on and off both in a controllable and predictable fashion. A
promising approach to meet these requirements is the field of optogenetics, which uses
the environmental factor light as an external trigger to regulate genetic or cellular
elements [7-9]. This methodology offers various benefits, since light is, among others,
tightly controllable, precisely targetable, and gradually adjustable. Thus, each regulatory
level and the respective (optogenetic) application will be addressed in this introduction

in further detail.

[.1. TRANSCRIPTIONAL REGULATION
[.1.1. BACTERIAL GENE REGULATION

Every microorganism on earth bears a multitude of different cellular processes that need
to be controlled with high precision enabling it to take up nutrients, move, grow,
reproduce, and finally adapt to continuously changing environmental conditions.
Underlying these cellular processes is an incredibly large amount of genetic information,
which encodes all physiological and morphological properties of an individual organism.
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The genome of the bacterium Escherichia coli, for example, already encompasses over
4000 different genes [10]. The expression of genes must be precisely controlled to
maintain life - which is not only an enormous challenge but also a compelling necessity,
considering the resources and energy required for protein biosynthesis [11]. Obviously,
this fact renders the constitutive and simultaneous expression of all genes entirely
unfeasible and thus, bacteria have increased their efficiency by turning on a specific set
of genes only when they are needed. Consequently, bacteria offer a high versatility and
adaptability to their environment and are well-prepared for responding to external stimuli.
On the molecular level, these responses are controlled by sophisticated regulatory
networks, which orchestrate the expression of various genes clustered in transcriptional
units and subjected to specific promoters. The promoter itself can be regulated by
transcriptional activators and/or repressors responding to external stimuli such as
oxygen availability or light intensity, pH or temperature changes, as well as the
availability of a specific nutrient source or proximity to commensals or competitors [12—
19]. In the following, regulatory systems relevant for this thesis will be presented in more
detail. The most prominent example for those regulatory operons is the bacterial lactose
utilization network, which was identified in E. coli in 1961 and encompasses a
transcriptional unit tightly downregulated in the presence of glucose and exclusively
transcribed upon lactose availability [20] (Fig. I.2A). This unit, which today is denoted as
the lac operon, was found to be controlled by two proteins, the global catabolite
activation protein (CAP) and the specific lac repressor (Lacl), both binding in close
proximity to the promoter of the tricistronic /ac operon [21,22]. The here encoded genes
lacY, lacZ, and lacA contribute to lactose metabolism: A membrane-integrated
galactoside/H*-symporter (LacY), also known as the lac permease, performs the uptake
of lactose from the extracellular space, a B-galactosidase (LacZ) converts imported
lactose molecules into their intermediates glucose, galactose, or 1,6-allolactose and
finally a galactoside transacetylase (LacA) inactivates non-metabolizable
thiogalactosides [23-25]. The first repressor protein Lacl is encoded by the lacl gene
upstream of the lac operon and is constitutively produced. In the absence of an inducer
molecule, Lacl forms a tetrameric structure which binds tightly to two of the three lac
operator regions within the /ac operon leading to a loop formation and thereby preventing
transcription of the /ac genes downstream of the P..c promoter [22,24]. When the inducer
allolactose is present in the environment, Lacl binds it and undergoes a conformational
change leading to its dissociation from the operator DNA and hence, to a derepression

of lac gene expression. However, since E. coli preferentially utilizes glucose instead of
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Figure 1.2 Bacterial regulatory circuits for transcriptional control of selected carbon metabolization
operons used in this thesis.

A) The lac operon, which encodes a [(-galactoside/H+-symporter (LacY) for lactose uptake, a f-
galactosidase (LacZ) for conversion of imported lactose, and a galactoside transacetylase (LacA) for
inactivation of wrongly imported galactosides is negatively regulated by the repressor protein Lacl. Upon
binding of an inducer such as allolactose, Lacl entails a conformational change and dissociates from the
promoter region leading to the derepression of the P, promoter and thus, the start of /ac gene transcription.
In addition, this system is subject to catabolite repression in dependence of the cAMP level recognized by
the catabolite activation protein (CAP). B) The ara operon encompasses the three genes araB, araA, and
araC, which encode the enzymes responsible for the isomerization, phosphorylation, and epimerization of
L-arabinose via L-ribulose and L-ribulose-5-phosphate to b-xylulose-5-phosphate. The operon is positively
regulated by the activator protein AraC, which also represses its own expression via autoregulation and
dimerizes upon arabinose binding to induce gene expression. The operon is also subject to catabolite
repression depending on the cAMP levels or CAP activity. C) The gene cluster for toluene or benzoate
derivatives metabolization is composed of two operons, the upper pathway operon, responsible for
degradation of aromatic hydrocarbons to their aldehydes or carboxylic acids, and the meta-cleavage
pathway operon for the degradation of those upper pathway intermediates to citric acid (TCA) cycle
intermediates via catechol. Both operons are positively regulated by the activator proteins XyIR, the master
regulator, and XylS upon binding of a respective inducer molecule. While the expression of the xyIR gene is
autoregulated, the xylIS gene is both constitutively expressed and additionally enhanced by XyIR binding at
its promoter Ps1. A hyperproduction of XylS leads to an inducer-independent induction of transcription from
the meta-cleavage pathway operon. D) The nah regulatory system includes two operons, the upper pathway
operon for the degradation of naphthalene to salicylate and the meta-cleavage pathway operon for the
oxidation of salicylate to acetaldehyde and pyruvate via catechol. Both operons are subject to NahR-
mediated activation of transcription upon binding of naphthalene, while NahR itself is expressed in an
autoregulated manner. E) The nag operon encodes the genes for the degradation of naphthalene to
fumarate and pyruvate via salicylate and gentisate. The transcription is positively regulated by the NagR
protein, which activates the Ppagas promoter upon binding of salicylate molecules.
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lactose as a carbon source, a second mechanism is activated during glucose starvation
that includes the production of cAMP molecules [20,26]. These molecules act as an
allosteric effector for the CAP protein, which in turn initiates transcriptional activation of
the lac promoter upon cAMP binding [15,21]. This repression system is frequently used
by bacteria to control the nutrient hierarchy when exposed to two or more carbon sources
of which one is clearly preferred [14]. In conclusion, a substantial /ac gene expression
requires both an allolactose-mediated derepression of the Lacl repressor and the

absence of glucose for further transcriptional activation by cAMP-bound CAP protein.

A further carbohydrate-responsive regulon is the ara operon (Fig. 1.2B), which
encompasses the three genes araB,A,D for the isomerization, phosphorylation, and
epimerization of L-arabinose via L-ribulose and L-ribulose-5-phosphate to D-xylulose-5-
phosphate [27,28]. Expression of ara genes is both positively and negatively regulated
by the dimeric activator protein AraC, which, in the presence or absence of L-arabinose,
is subject to a structural rearrangement and consequently binds or releases the related
promoter Pgap, respectively [29]. Additionally, AraC negatively regulates its own
expression by the constitutive P. promoter via an autoregulatory mechanism. Similar to
the lac operon, the ara operon is prone to catabolite repression in dependence of the
cAMP level and respective CAP activity, since the utilization of D-xylulose-5-phosphate
via the pentose-phosphate pathway is energetically more inefficient than glucose
metabolism [30].

Besides carbohydrate-based regulatory operons, there is also a variety of aromatics-
based regulation systems for the degradation of benzoate or naphthalene. One
commonly described module originates from the TOL plasmid pWWO0 of
Pseudomonas putida for the catabolism of benzoate or related hydrocarbons [31—
33] (Fig. 1.2C). It contains two catabolic operons, the upper pathway operon, which
encodes seven enzymes for the successive oxidation of hydrocarbons to their
corresponding alcohol, aldehyde, or carboxylic acid and the meta-cleavage pathway
operon encompassing 13 genes encoding enzymes for the conversion of those
hydrocarbon intermediates to catechol, whose aromatic rings are then cleaved via meta-
fission to produce the corresponding semialdehydes and finally citric acid (TCA) cycle
intermediates [33]. Transcription of the upper operon is regulated by the master activator
protein XyIR, which activates its related promoter P, upon binding of xylene or pathway
intermediates in interaction with the sigma factor NtrA [34]. XyIR itself is encoded by the
xyIR gene, which is expressed in high amounts and in a growth phase-independent
manner by two tandem promoters, denoted as Py and Pr. Besides its P,-activating
function, it further acts as a repressor of its own transcription [35,36]. The meta-cleavage

pathway operon is positively regulated by the XylIS protein, which belongs to the AraC
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family of transcriptional regulators and activates its associated P, promoter upon binding
of a benzoate meta-pathway intermediate, preferably 3-metylbenzoate, and subsequent
dimerization [37]. Since the Ps promoter is composed of two tandem promoters as well,
XylS is not only expressed constitutively by its specific promoter Ps, on a low level but is
also regulated by the activated form of the XyIR regulator, which stimulates transcription
from the additional promoter Ps [35,38]. Consequently, XyIS is hyperproduced leading
to an inducer-independent activation of the P, promoter [35,37]. In summary, particularly
the meta-cleavage pathway operon is subject to a complex regulatory network of two

activator proteins, the related regulator XylS and the master regulator XyIR.

In addition to the aforementioned P./XylS system, other noteworthy examples for
aromatics-responsive transcriptional circuits are the nah operons for naphthalene and
phenanthrene degradation, which can be found in various pseudomonads including
Pseudomonas putida or Pseudomonas fluorescens [39] (Fig. 1.2D). This regulatory
module consists of two operons, the upper pathway operon encompassing six genes for
degradation of naphthalene to salicylate, and the meta-cleavage pathway operon
including ten genes for oxidation of salicylate to acetaldehyde and pyruvate via catechol
[39-41]. However, also other species, such as Comamonas testosteroni, Ralstonia sp.
U2, or Polaromonas naphthalenivorans feature a closely related variant of this operon,
namely the nag operon [42—44] (Fig. |.2E). Here, the nag genes encode the alternative
gentisate pathway which, in contrast to the naphthalene catabolic pathway in
pseudomonads, converts naphthalene to fumarate and pyruvate via salicylate and
gentisate [44]. Additionally, the nag genes are organized in a single polycistronic operon
[45]. Despite these differences, the transcriptional regulation of both systems is
exceedingly similar, since both are controlled by the LysR-type regulator NahR or NagR,
respectively [39,43,46]. These regulator proteins act as transcriptional activators for the
two nah operons as well as the nag operon upon salicylate-binding [43,47,48] and are
constitutively expressed [41,43,45,46]. In conclusion, both the two nah operons and the
nag operon are only subject to an activator-mediated transcriptional control of NahR and

NagR, respectively, in a straightforward manner.

Hence, the four presented regulatory networks provide a small insight into the complex
but highly flexible process of transcriptional regulation in bacteria. Subsequently, it will
be illustrated how these networks have been modified to create artificial,

biotechnologically relevant regulation circuits.
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[.1.2.  SYNTHETIC TRANSCRIPTIONAL REGULATION CIRCUITS IN
BIOTECHNOLOGY

Over the last decades, microorganisms have significantly contributed to the industrial
production of bulk and fine chemicals as well as high-value compounds and agents [49-
58]. Since the synthesis of mostly host foreign enzymes and the expression of the
associated heterologous genes represents an enormous energy and metabolic burden,
the precise control of target gene expression with high precision is of utmost importance
for maximization of the production capacity [59-64]. In order to synchronize the
production demand with the specific cellular capacity, the fine-tuning of enzyme
expression via transcriptional regulation has proven to be the method of choice and is
adapted in common synthetic biology systems, such as toggle switches or complex logic
circuits [65-67]. Here, particular attention is paid to the timing of each cellular process,
as the coordinated adjustment of the growth and production phase turned out to be
essential for maximizing the overall production performance [8,68—70]. Hence, tools for
controlling transcriptional processes are mandatory and therefore, various artificial
systems have been designed based on the multitude of naturally occurring regulatory
networks [12,65,66,71,72]. In the following, two groups of artificial transcriptional
regulation systems will be presented in more detail. Finally, in addition to appropriate
transcriptional regulators, the choice of the right expression host is of great importance
for sufficient heterologous production processes and will be further elucidated in the

second part of this chapter.

1.1.2.1. ARTIFICIAL EXPRESSION TOOLS

As aforementioned, the possibility to control and orchestrate the expression of
heterologous genes is fundamental for maximized production yields of target proteins. A
common approach is the use of transcriptional regulation circuits, which are derived from
species-specific regulatory systems. Typically, those circuits include native or genetically
engineered promoters or terminators as well as regulatory elements that activate,
repress, or derepress target gene expression upon binding of a specific inducer
molecule. In the following, three commonly used promoter systems, namely Pj./Lacl-
derived systems, the Pgap/AraC system, the P/XyIS system, and finally the Pragas/NagR

system will be described in more detail, since they were applied in this thesis.

As the lac operon (chap. 1.1.1) is both the oldest known and the best studied
transcriptional regulation system, it has been used to build a variety of artificial systems

ever since. The native lac promoter was shown to be rather weak and thus was not
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frequently used for overexpression of target genes [71,73,74] (Fig. 1.3A). However,
mutagenized promoter versions of P were constructed with tremendously improved
properties. Noteworthy variants are, for example, the lacUV5 promoter [75], which
exhibited a stronger expression level in combination with decreased catabolite
repression but also a distinct basal expression [76—79]. Moreover, a combination of the
-35 region of the trp promoter [80,81] and the —10 region of the lacUV5 promoter resulted
in the hybrid tac promoter [82], which was found to exert a ten-fold increased expression
level in comparison to Piac [83]. Additionally, a mutant version of lac/ denoted as lacl,; can
be used, which features a mutation in the promoter region of the /ac/ gene resulting in a
10-fold enhanced /acl repressor expression and thus a decreased basal expression level
[84]. However, all systems still exhibited a noticeable level of basal expression and were
subject to catabolite repression. Thus, a second regulatory system, namely the T7 RNA
polymerase system, was developed [85], which is based on a genomically integrated T7
bacteriophage RNA polymerase gene under control of the Pjcuvs and is most commonly
used in combination with the strain E. coli BL21(DE3) [71,86,87]. This polymerase is not
only faster than the E. coli RNA polymerase but can also be addressed orthogonally by
using its unique promoter sequence. Owing to these features, the T7 system is
characterized by a tremendously high yet robust expression performance and enabled
the overexpression of thousands of homologous as well as heterologous proteins so far
[71,86,88]. Further optimization of this system included the use of expression hosts
bearing the T7 lysozyme, a natural inhibitor of T7 RNA polymerase, which drastically
decreased the basal expression level [77,89,90]. Lacl derepression and thus
transcriptional activation can be initiated with increasing strength upon addition of natural
inducers such as allolactose, a lactose intermediate, or galactose, as well as synthetic
non-hydrolyzable inducers including thiomethyl-B-D-galactopyranoside (TMG) and
isopropyl-p-D-thiogalactopyranoside (IPTG) [91-95].

In conclusion, the lac-based expression systems offer a robust, straightforward, and
high-level gene expression with the possibility to sufficiently decrease basal activity. The
natural P, system was adapted and optimized steadily to achieve good applicability in
many different biotechnologically relevant organisms including E. coli, B. subtilis
C. glutamicum, and P. putida [71,96—102]. However, the uptake of inducers is both
performed via active transport processes by permeases and via diffusion, which could

impede the transfer of this system to novel host organisms [103-105].
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Figure 1.3 Artificial tools for transcriptional regulation in bacteria.

A) As Lacl activator-dependent systems, all lac-based regulons encompassing among others the Pjac, Placuvs
or the P promoters are subject to the same regulatory principle. Upon binding of a suited inducer such as
B-D-1-thiogalactopyranoside (IPTG) or methyl-B-D-thiogalactopyranoside (TMG), Lacl undergoes a
conformational change leading to the dissociation from the operator region and thus, a derepression of
transcription. For a tighter regulation, a mutant variant of /acl, denoted as /acl, can be used. B) The ara
operon bears three enzymes for the isomerization, phosphorylation, and epimerization of L-arabinose to D-
xylose-5-phosphate and is both positively and negatively regulated by the dimeric activator protein AraC in
presence or in absence of L-arabinose, respectively. C) The Pn/XyIS regulatory system is activated by XlyS
association with the related operator region in the presence of a suitable inducer such as salicylic acid. For
increased inducer promiscuity, a mutagenized variant of XylS, namely XylSr4st can be applied. Furthermore,
an altered promoter variant, Puys17, can be used for an increased induction strength. C) Inducible gene
expression via the Pragas/NagR regulon, which is activated by its activator protein NagR in the presence of
salicylic acid.

Another commonly used carbohydrate-responsive promoter system is the Pgap/AraC
system, which has proven to be a valuable alternative for recombinant protein
expression [27,71,106,107]. Besides its fast and strong expression response, the system
is particularly characterized by a low basal activity upon addition of glucose, low inducer
concentrations in araBAD-deletion strains, and a tight and gradually controllable
expression due to AraC, which activates and represses transcription in the presence or
absence of arabinose [103,106,108]. In its native form, the ara operon enables E. coli to
take up and metabolize L-arabinose and thus, can only be activated by this specific
aldopentose [107]. Additionally, the arabinose analog D-fucose acts as a competitive
inhibitor, as it binds to AraC but does not activate transcription [109,110]. However, by
mutation of AraC, the analog D-fucose, can be used for induction [33,111]. Another
inhibitor of AraC was shown to be IPTG, as it exhibits a D-galactose moiety, which
features a similar ring structure to L-arabinose [29]. By using a directed evolution
approach, Keasling and co-workers could prove that the deletion of 12 amino acids at
the C-terminus of AraC improved the expression system with respect to both arabinose
sensitivity and IPTG-crosstalk [112]. Further, multiple-site saturation mutagenesis was
used to broaden the inducer spectrum of AraC by D-arabinose and mevalonate
[113,114]. Arabinose uptake is strictly dependent on the transport proteins ArakE and

AraFGH, which themselves are underlying a complex positive feedback loop, leading to
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expression heterogeneity in intermediately induced cultures [107]. However, by
expressing these proteins under the control of stronger and independent promoters,
homogeneous expression was observed in dependence on increasing arabinose
concentrations [115-117]. Although this system is most commonly applied for controlling
gene expression in E. coli, it was also successfully used in alternative production hosts

including C. glutamicum, P. putida, or Gluconobacter oxydans [118-121].

In addition to the two previous promoter systems, which can be induced with
carbohydrates such as IPTG or L-arabinose, many aromatic-based promoter systems
have also proved valuable for heterologous protein production [27,37,98,122—-124]. One
prominent example is the P, promoter (chap. 1.1.1) which is derived from the toluene
or benzoate metabolization pathway of P. putida and is regulated by its specific activator
protein XylS upon binding of benzoate derivatives (Fig. 1.3C). To switch to this activated
state, XyIS preferentially binds 3-methylbenzoate, but a variety of other benzoate
derivatives, such as acetylsalicylic acid and salicylic acid, both in the protonated and de-
protonated state, are also accepted with lower affinities [32,37]. The introduction of point
mutations in the xyIS gene further broadened the inducer spectrum of the transcriptional
activator and increased binding affinities for previously established benzoates, allowing
for an enhanced transcription strength. For high-level protein production, the native
promoter was randomly mutagenized resulting in a 14-fold increased production level for
the ML1-17 variant, denoted as Puss7, but also in an increased basal activity
[103,106,125].

So far, Pu/XylS derived expression systems could be used for controllable gene
expression in various Gram-negative bacteria including E. coli or Pseudomonas sp.
[106,119,126-128], but also in some Gram-positive organisms such as
Mycobacterium smegmatis and Mycobacterium tuberculosis [129]. Considering the fact
that the uptake of most aromatic inducers is performed passively via diffusion, this

system seems to be easily adaptable to new bacterial hosts.

Besides the previously described P./XylS regulatory element, another aromatic-
dependent expression tool based on the Pragaa promoter (chap. 1.1.1) is frequently used
(Fig. 1.3D). This promoter originates from the nag operons for degradation of
naphthalene, which can be found, among others, in C. testosteroni or Ralstonia sp. and
is regulated by its activator protein NagR in the presence of the inducer salicylic acid.
Various other benzoates were tested for their ability to drive Pragas-mediated gene
expression, but only a few compounds including 2-nitrobenzoate, 3-methyl salicylic acid,

and acetylsalicylic acid were found to be marginally able to activate expression [43,130].
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However, by random mutagenesis of the LysR-type regulator NagR, the inducer

promiscuity could be increased [46,131].

Furthermore, randomized point mutations in the Ppagaa promoter region of the NagR
activator-binding motif revealed a threefold increase in the effectiveness of salicylic acid
induction [43]. Also, the combined use of both salicylic acid and 4-nitrobenzoate as
inducers increased the expression strength [46]. During the last decades, the
Pragas/NagR regulatory system was used for recombinant protein production mainly in
pseudomonads such as P. putida [132-137] or P. taiwanensis [138,139], but there are
also some studies performed in E. coli [130,140]. In addition, the related Psa/NahR
regulon was used in P. putida offering a tight and gradual regulation upon salicylic acid

induction as well [119,141].

In summary, the Pragas/NagR system can be considered as a valuable tool for controlled
gene expression, as inducer uptake is performed passively via diffusion and sufficient

working concentrations are remarkably low [130,138,139].

[.1.2.2. SUITABLE MICROBIAL CELL FACTORIES

In addition to the choice of an appropriate expression tool, the selection of a suitable
heterologous host is of great importance for successful protein or metabolite production.
Relevant features that need to be provided by each organism are genetic accessibility
and amenability to genetic engineering, the status as a non-pathogenic organism, robust
growth up to high cell densities under process conditions, and finally an increased
productivity in comparison to the native producer [51,142]. Since they meet these criteria,
E. coli, P. putida, B. subtilis, and C. glutamicum are some of the most common
representatives in biotechnological production processes [98,143,144]. In the following,
these four microbes and further alternative production hosts are described in more detail,

since they were extensively applied in this thesis.

The Gram-negative enterobacterium E. coli clearly enjoys the greatest popularity and is
still recommended as a “what-to-try-first” approach because of its high productivity, its
robust growth, its high versatility, and the existing deep knowledge of its physiology
[56,144,145]. Since the Food and Drug Administration (FDA) approved the clinical use
of human insulin, which was heterologously produced in E. coli, in the 80s [146], the
share of recombinant pharmaceuticals produced in E. coli and licensed by the FDA and
the European Medicines Agency (EMA) from 2004 to 2013 is 24% [144]. Further
commonly produced natural products and recombinant proteins include the anti-malaria

drug artemisinin [147,148], the antibiotic erythromycin A [149], growth hormones
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[54,56,145], pneumococcal vaccines, and hepatitis B virus immunization [54,144,145].
Besides the aforementioned advantages, there are also some drawbacks when using
E. coli as a platform for recombinant protein production. Firstly, it lacks post-translational
modifications, which are necessary for the production of most eukaryotic proteins
[55,108]. Secondly, it shows an affinity for the formation of inclusion bodies under high
expression stress and the codon usage is not optimal for most mammalian genes
[54,150-155]. And finally, the cell membrane of E. coli contains lipopolysaccharides
(LPS), which are referred to as endotoxins and exhibit a strong fever-inducing effect in
mammals [156]. Thus, the downstream processing and product purification for

completely endotoxin-free end products is a laborious task [157].

Another highly relevant microbe is the Gram-positive bacterium B. subtilis, which is
widely used for recombinant protein production particularly in the fields of food
production and food supplements [158]. It offers many advantageous features including
its classification as a non-pathogenic production host, denoted as GRAS (generally
recognized as safe) organism due to the absence of endotoxins, its genetic accessibility,
and the availability of numerous genetic engineering tools as well as its outstanding
secretory capacity [159-161]. Therefore, it is not surprising that about 60% of all
commercially available enzymes are produced in Bacillus species, in particular, alkaline
proteases for detergents or amylases for the starch-processing industry, but also food
additives including vitamin B12 [71,159,162,163]. However, this species also bears some
disadvantages such as the proteolytic degradation of heterologous target enzymes
caused by the many inherent proteases, which nowadays can be addressed by specific

protease-deficient strains [164—167].

A further key organism in industrial biotechnology is the Gram-positive actinobacterium
C. glutamicum, which is particularly exploited for the production of amino acids such as
L-glutamate, L-lysine, and L-valine, or organic acids, including L-/D-lactate or succinate,
and alcohols like ethanol [105,168]. Besides its characteristics as a non-endotoxic, non-
sporulating, and genetically stable GRAS-certified organism, it offers valuable features
like a low protease activity, a versatile primary and secondary metabolism, and finally, a
broad acceptability of varying carbon sources [168—173]. Nonetheless, C. glutamicum
exhibits some bottlenecks such as the low transformation efficiency in comparison to
E. coli or relatively low production yields for some protein classes and thus, further effort
should be made with respect to a more extensive use in biotechnological and

pharmaceutical production processes [105,173].

Finally, a noteworthy organism for secondary metabolite production and natural products

in general, is the rod-shaped Gram-negative soil bacterium P. putida. Since it offers not
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only a pronounced tolerance against organic solvent, xenobiotics, and redox stress, but
also a highly versatile metabolism [132,174-178], it is rendered exceedingly suitable for
biotechnological production of high-value natural products including rhamnolipids,
terpenoids, polyketides, and amino acid-related metabolites [98,124,127,179-181].
However, to render the industrial use of engineered P. putida strains feasible for a
broader product spectrum beyond high-value molecules, aspects such as an innovative
strain design with excellent genomic stability as well as economically viable up-scaling

and downstream processing strategies need to be addressed for optimization [98].

In addition to those well-established microbial cell factories, various alternative
expression hosts emerged in recent years, which address more specific needs for
recombinant protein or metabolite production. A promising example is the non-sulfur a-
proteobacterium Rhodobacter capsulatus, which is characterized by a versatile and
highly flexible metabolism allowing for both anoxygenic, phototrophic growth or
chemotrophic growth under (micro)aerobic conditions [182—184]. Under phototrophic
conditions, most Rhodobacter species form large intracytoplasmic membranes (ICM),
which are perfectly suited for storage of membrane proteins or hydrophobic metabolites,
yet inherently designated for the incorporation of their photosystem apparatus [185,186].
Furthermore, the organism provides a multitude of redox cofactors as well as a naturally
occurring carotenoid and terpene production capacity [185]. Thus, R. capsulatus
combines the sustainable phototrophic lifestyle with unique physiological properties
rendering it extremely valuable for the production of recombinant membrane proteins or
high-value natural compounds, as demonstrated for the heterologous production of

GPCR-like proteins or various plant-derived terpenes [186—189].

[.1.3. OPTOGENETIC CONTROL OF TRANSCRIPTION

The previous section presented a variety of prodigious regulatory systems and hosts as
well as versatile approaches to overcome common problems in recombinant protein
expression. Nevertheless, some tailbacks, such as induction heterogeneity, feedback
loops, or non-gradual regulation, could still not be adequately solved. Moreover, those
challenges occur repeatedly in many expression systems, thus making broad and more
systematic approaches particularly suited to offer new perspectives [103,106,119]. Novel
control systems for recombinant gene transcription, as well as the superordinate control
of microbial gene expression should not only be tightly controllable, precisely targeted,
and fast, but also homogeneous, and gradually triggerable. It turned out that one

promising way to fulfill these requirements is the use of optogenetic approaches for
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expression control. The field of optogenetics is commonly referred to as a methodology
which uses light-responsive genetic or cellular elements for controlling biological
functions [7-9]. Since light is a ubiquitous environmental factor, all forms of life on earth
are in numerous different ways dependent on radiation energy for their survival and
maintenance. The most prominent examples, which are widely distributed across the
three kingdoms of life, include processes like photosynthesis performed by plants, algae,
and certain bacteria, phototaxis, which is, for example, used by phototrophic bacteria for
recognition of a sufficiently illuminated habitat or to escape strong UV radiation to avoid
cell damage, and finally, the circadian rhythm. All these processes are controlled by light-
responsive regulators such as photoreceptors including opsins (rhodopsins) in
mammalian cells, via Light-Oxygen-Voltage (LOV)-photoreceptor in fungi and
cyanobacteria or via phytochromes in plants [16,190-193]. Hence, these light-driven
processes have also been extensively exploited for bioengineering. Starting with the first
genetically encoded light-sensitive protein, a phytochrome/PIF3 fusion, for
transcriptional control in yeast in 2002 [194] or the first light-driven ion channel, the
channelrhodopsin-2, explored by Deisseroth and colleagues in 2006 [195], the use of
optogenetics has spread to many different scientific areas and has become an integral
part of current research in neuroscience as well as other bio(techno)logical disciplines
for the control of diverse cellular functions including cell signaling, gene expression or
protein activation/ deactivation [7,196]. The optogenetic tools for transcriptional control
available to date can be broadly divided into two subgroups — the first group is composed
of genetically encoded light-sensitive proteins, such as photoreceptors, and the
second includes chemical-based photocaged small molecules such as photocaged
inducers. In the first group, naturally occurring light-responsive proteins from plants,
cyanobacteria, or algae are used for two different purposes. Firstly, they are harnessed
for direct modulation of gene expression by using light-responsive transcription factors
or repressors as well as enzymes such as light-sensitive polymerases [9] and secondly,
they are combined with downstream effectors, such as a response regulator gaining a
light-responsive two-component signaling system (TCS) [197]. The most prominent
classes of photoreceptors certainly are the phytochromes, which are red and near-
infrared (NIR) light-responsive [198,199], as well as the LOV-domain proteins and
cryptochromes, which both are blue light-responsive [200-204]. Commonly
photoreceptors can sense light because they have bound light-sensitive molecules
called chromophores (Fig. 1.4C). In the case of phytochromes, these are tetrapyrrole
chromophores such as biliverdin IXa (BV) or phycocyanobilin (PCB), which absorb red
and NIR light and subsequently induce reversible conformational changes in the protein

structure. In mammalian cells and yeast, directly modulated two-hybrid or split protein
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systems such as phytochrome protein B (PhyB) and the associated phytochrome-
interacting factor 3 (PIF3) can be applied for controlled gene expression [194,205]. In
bacteria, TCSs composed of inherent or engineered sensor histidine kinases and
respective response regulators are used far more frequently (Fig. 1.4A). A well-known
example is the artificial photoreceptor Cph8, in which the osmosensory domain of a
membrane-bound histidine kinase has been swapped with the cyanobacterial
phytochrome Cph1 from Synechocystis sp. PCC6803. In the absence of light, the
histidine kinase phosphorylates its corresponding response regulator OmpR and by this
activates transcription, while red light illumination leads to an inactivation of both the
histidine kinase and gene expression [206]. This TCS has an analogous structure to the
cyanobacteriochrome system CcaS/CcaR, which regulates gene expression in response
to red or green light, and both systems were successfully applied for an edge detection
algorithm in E. coli [207], multicolored control of gene expression [208], domain
swapping studies [197,209], and to tightly control cellular processes [210-213].
Additionally, NIR-responsive photoreceptors are available, which bind BV as a
chromophore and can be applied in bacteria as well as yeast and mammalian cells [214—
216].

The groups of flavin-dependent and blue light-sensitive photoreceptors includes the LOV
proteins, which bind flavin mononucleotide (FMN) as a chromophore, the blue-light
sensors using flavin adenine dinucleotide receptors (BLUF), which, as the name implies,
bind flavin adenine dinucleotides (FAD), and the cryptochromes, which also employ FAD
as its chromophore to initiate the light-induced conformational change (Fig. 1.4A). The
first blue light-dependent TCS to control transcription consists of the artificial kinase YF1,
which was created by exchanging an oxygen-sensing domain of a natural sensor kinase
FixL with the YvtA LOV domain from B. subtilis [217-220]. In analogy to the phytochrome
TCS Cph8/OmpR, activation of transcription also occurs in the absence of light and via
autophosphorylation of its respective response regulator FixJ, whereas the presence of
blue light inactivates this process. Based on this system, extensions were implemented
such as the inversion of light control using the A phage repressor cl within the
pDusk/ pDawn system from Mdglich and co-workers [221], which was earlier also used
to invert the multichromatic system of the red/far-red Cph8/OmpR system and the
green/red CcaS/CcaR system [208] and could subsequently be used for the optogenetic

control of Lacl in an IPTG-independent manner [222].
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Figure 1.4 Optogenetic switches for control of gene transcription and a selection of light-sensitive
effector molecules that are harnessed by photocaged small molecules or photoreceptors.

A) Light-responsive photoreceptors are commonly two-component systems (TCS) that can be switched from
a dark-adapted ground state to an excited state and vice versa by illumination with light of a specific
wavelength. The receptor itself is composed of a sensor domain (SD) and an effector domain (ED), such as
a histidine kinase domain. In the excited state, the effector domain phosphorylates (P) its response regulator
(RR), which subsequently binds to a corresponding promoter and activates transcription of a gene of interest
(GOI). B) The two-step photorelease of nitrobenzyl (NB)-photocaged IPTG starts with its cleavage into the
two possible constitutional isomeric ester intermediates by exposure to UV-A light. Subsequently,
intracellular hydrolysis by esterases releases the IPTG as well as the corresponding nitroso compound as a
by-product. C) Light-sensitive effector molecules can on the one hand be photolabile protection groups,
which are chemically bound to a target molecule or structure for inactivation and subsequent photorelease,
and on the other hand, chromophores that undergo a structural or configurational change in response to a
light stimulus, triggering conformational changes within the photoreceptor. The chromophores
phycocyanobilin (PCB), biliverdin IXa (BV), or the flavin-based flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD) are predominantly found in photoreceptors. For chemical photoprotection, there
is a whole range of molecules that can be used as light-sensitive photocages. These include not only well-
established photolabile protection groups based on nitrobenzyl, quinolines, coumarin, cyanines or BODIPYS
and RuBEPs, but also molecules that undergo cis-trans isomerization upon light irradiation such as
azobenzenes or styrenes. X: variable moiety, NB: nitrobenzyl, NV: nitroveratryloxycarbonyl, NP:
nitropiperonyl, BCMNB: bis(carboxymethoxy)-nitrobenzyl, DEACM: diethylaminocoumarin, DCC:
dicyanocoumarin, TC: thiocoumarin, NDBF: dinitrobenzofuran, BIST: bisstyrylthiophene, TPU: two-photon
uncaging, GOI: gene of interest.
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In mammalian cells, gene expression is commonly controlled via photo-controllable
transcription factors such as the flavin-binding, Kelch domain, F-box protein (FKF1), and
its interaction partner GIGANTEA (Gl) or the cryptochrome protein 2 (CRY2) with its
Cryptochrome-Interacting Basic-helix-loop-helix protein (CIB1) [223-225]. In general,
the advantage of flavin-dependent systems is the natural availability of FMN and FAD in
common microbial hosts, whereas the chromophores of phytochromes, BV, and PCB,
need to be added to the medium or produced heterologously in the targeted organism
[9,205,206,226,227]. The use of genetically encoded photoreceptors offers some
advantages, such as a very broad color spectrum with many available systems in the
longer and thus less harmful wavelength range, commonly a good reversibility of the
expression response, as well as few undesirable side reactions or cell toxicity in the

target organism.

The second class of light-mediated transcriptional control systems are the chemical-
based photocaged small molecules such as inducers, inhibitors and metal ions,
proteins, or nucleic acids. By means of photolytic release of photosensitive groups or
isomerization of chemicals, small molecules are made available for biological
applications (Fig. 1.4B). Since photocaged cAMP was successfully introduced as the first
photocaged biomolecule in 1977 by Engels and Schlaeger [228], a variety of different
effector molecules were made photo-sensitive by attaching photocages in order to gain
spatiotemporal light-control over both chemical and biological processes, as nicely
reviewed by Hughes et al., Ankenbruck et al. and Hartmann et al. [7,196,229]. For light-
mediated gene expression in particular, various small molecules have been used
including photocaged IPTG, arabinose, and other carbohydrates in bacteria as well as
abscisic acid or methionine in mammalian cells or yeast [230-235]. Furthermore,
photocaged Cu?* was successfully applied to gain control over gene expression in yeast
[236] and finally, doxycycline was recently photocaged [237-239], but still not applied for
light-controlled gene expression in bacteria. In addition, blue light-responsive human
histone deacetylase (HDAC) inhibitors were recently applied in mammalian cells for the
light control of epigenetically regulated transcription via cis-trans isomerization [240].
Further small molecule agonists of gene expression in mammalian cells have been
photocaged, including nuclear hormones, 3-ecdysone, and the CREB inhibitor [241-243].
For controlling expression in bacteria, a photocaged T7-RNA polymerase was
constructed by incorporation of a photocaged tyrosine into the catalytic site, resulting in
a photoactivation of gene expression in E. coli [244]. Moreover, photocaged small
molecules for direct DNA or RNA interaction were constructed such as photocaged
theophylline, which binds to an mRNA riboswitch and activates it upon illumination [245].

Finally, DNA or RNA can be directly modified to implement light control by attaching
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photocages to various positions on the DNA/RNA strand. Thereby, gene expression can
be activated by using small nucleotide fragments, as shown in various studies for
mammalian cells or for cell-free approaches [246-254]. Genes can also be knocked
down by the use of caged antisense oligonucleotides (ASOs) or small interfering RNAs
(siRNAs), as nicely demonstrated for various mammalian cell lines [255-260]. However,
most of these techniques seem to be preferably applied for mammalian cells, zebrafish
models, mice, or cell-free approaches such as nanoparticles. Further in vivo applications

in bacteria need to be elucidated in the near future.

One of the first and still most commonly used photolabile protection group is the
nitrobenzyl (NB) group (Fig 1.4C), since it is small and commercially available [7]. Its
good accessibility by a straightforward synthesis together with the well-characterized
photocleavage reaction still make its ongoing employment feasible [261,262]. However,
since NB-photocaged compounds mainly absorb light in the UV-B/-C range, in which the
radiation exerts toxic effects on cells and thus is less suitable for in vivo applications, the
uncaging of NB is usually performed under UV-A irradiation (around 365 nm), in which
the corresponding compounds only show a low absorption capacity. Thus, more
advanced NB-derivatives have been developed that exhibit a bathochromic shift towards
longer wavelength absorption and thus an improved biocompatibility [263—265]. Besides
the UV-A light absorbing photocages 6-nitropiperonyl (NP), 1,2-dimethoxy-4- nitrobenzyl
(DMNB), 6-nitroveratryloxycarbonyl (NV), and 4,5-bis(carboxymethoxy)-2-nitrobenzyl
(BCMNB) [7,266], notable examples for derivatives with red-shifted absorption maxima
are bisstyrylthiophene (BIST), nitrobiphenyl (ANBP), and nitrodibenzofuran (NDBF),
which are partly suited for two-photon uncaging (TPU) [267-269]. During TPU, the
excited singlet state of a chromophore is generated at about twice the conventional
excitation wavelength by absorbing two photons from an ultra-fast laser almost
simultaneously. Another frequently used protection group is based on coumarins and is
UV-A light-responsive (365 nm — 400 nm) [270]. In contrast to NB and its derivatives, the
absorption of coumarins can be red-shifted by chemical modification more easily and
thus, various bathochromically shifted derivatives including thiocoumarin (TC),
dicyanocoumarin (DCC) and 7-diethylaminocoumarin (DEAC) photocages were applied
in mammalian cells and zebrafish so far [271-274]. Other possible photocages include
quinolines (UV-A light), RUBEP (blue light) as well as BODIPYs and cyanines, which
both can even be excited with NIR light [275-280], but especially cyanines are rarely
used due to complex syntheses. In addition, the azobenzenes and styryl derivatives
should be mentioned, which are not photocleavable but photoswitchable, as they
undergo cis-trans isomerization upon irradiation with UV light or NIR light via TPU [281—

283]. Although coumarin-based photocages are highly promising due to their chromatic
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diversity, their synthesis has shown to be more complex in comparison to NB cages and
is based on more expensive precursors [266]. Thus, NB-derived photocages are
prevalently used in biology as particularly NP-photocages offer an outstanding in vivo

applicability and a well-known and efficient photolysis.

In the context of the aforementioned biocompatibility, caged compounds must meet a
number of requirements with respect to development, physicochemical properties and
photo-release for a successful in vivo application. Firstly, the compound synthesis should
be feasible and based on reasonably inexpensive and readily available precursors. In
addition, the protecting group should be stable both in vitro and in vivo, and should offer
the possibility of attaching effector moieties to allow flexible adjustment of both the
absorption wavelength and the water solubility [266,270,284]. Beneficial
physicochemical properties such as sufficient absorptivity, water-solubility, non-toxicity
as well as in vivo and in vitro stability facilitate the employment of each photocaged
compound and are crucial for the success of the respective application. Furthermore, an
adequate extinction coefficient at the respective irradiation wavelength (g; the fraction of
incident light that is absorbed) and a high uncaging quantum yield (®y; the proportion of
photocaged molecules that undergoes photolysis upon absorption of a photon), seems
beneficial, as uncaging upon illumination should be accomplished in a reasonable
amount of time to prevent unwanted toxic effects or unwanted overheating of the cell
culture. To achieve the complete biological induction response and thus make the use
of photocaged inducers competitive with conventional inducers, complete photolysis
should be ensured. Hence, when selecting existing photocages or synthesizing a new
one, these requirements should be considered to guarantee a successful in vivo

application.

Furthermore, the demand for protection groups suitable for multichromatic control of
cellular processes is steadily increasing. Two- or even multicolor control circuits enable
the orchestration of complex biological processes with high accuracy and high temporal
resolution [229]. For this purpose, red-shifted protection groups are commonly combined
with protection groups that absorb in the UV range to achieve a circuit with the greatest
possible signal orthogonality [285-287]. So far, various protection group combinations
have already been used for orthogonal substance release in vitro in hydrogels and nano
materials or for (de)activation of protein functions as well as in vivo in mammalian cells
[271,288-295]. Advantages of using photocaged small molecules include, for example,
the necessity to express less associated proteins, such as the photoreceptor itself, as
well as the enzymes for chromophore biosynthesis, and thus they can be used in almost

any target organism without negatively influencing the metabolic and energy capacity.
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However, a possible disadvantage is the lack of reversibility and potential cytotoxicity of

the chemical protection groups [266,285,296].

In summary, there is a multitude of promising approaches for optogenetic control of
biological processes, however, these often address mammalian cell systems. The
optogenetic tools for controlling bacterial gene expression inevitably require extensive
characterization and optimization to expand the toolbox of available systems and
implement new promising properties, such as better solubility or red-shifted absorption.
Moreover, the subsequent application of light control at flask to milliliter scale is another

major challenge that would significantly improve the accessibility of optogenetics.

[.2. POST-TRANSLATIONAL REGULATION

Following a detailed description of the advantages and limitations of transcriptionally
controlled biological processes in the previous chapter, various options for post-
translational control of enzyme activity (Fig. I.1) that can be addressed via optogenetic
strategies will be outlined in this section. These can, for example, be based on protein-
protein interactions, such as the use of protein tags or chromophore-assisted light
inactivation (CALI).

[.2.1.  FUSION PROTEINS FOR CONTROLLING ENZYME ACTIVITY

Protein biosynthesis can not only be controlled at a transcriptional level, as discussed in
the previous chapter, but also at a post-translational level. In bacteria, it is often based
on post-translational modifications, such as phosphorylation, which results in structural
changes within the protein, gylcosylation, which protects the protein against degradation
by proteases [297,298], proteolysis for the truncation of individual proteins or peptides,
for example the cleavage of signal peptides during secretion, and finally, protein
degradation by proteases, which recognize a specific protein tag [299,300]. Particularly
the peptide-based modifications are frequently adapted in biotechnological approaches
for gaining control over enyzme activity or the localization of a specific target protein by

using functional peptide tags or enzyme fusions [301-303].
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In the following chapter, however, the focus will be on fusion enzymes or fusion tags and
their application for light-mediated control of enzyme activity. Here, a distinction can be
made between reversible and irreversible on- and off-switches [304,305]. Reversible
switches are mostly generated by translational fusion with photo-responsive proteins and
associated loop regions, such as the CRY2 domain from Arabidopsis thaliana or the
LOV2 domain from Avena sativa [305-307]. The latter, for example, is composed of a
FMN-binding core domain and a Ja-helical loop domain at the C-terminus [308]. Upon
illumination with blue light, a cysteine in the LOV2 domain forms a covalent bond with
the excited FMN molecule leading to a conformational change within the core domain
followed by dissociation and unfolding of the Ja helix (Fig. I.5A). Additionally, the photo
domains can be used for light-induced heterodimerization with their respective

interaction partner (Fig. 1.5B).
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Figure 1.5 Selected reversible and irreversible on- and off-switches based on fusion enzymes
applicable for post-translational control of enzyme activities by light.

Recombinant fusions of catalytically active and light-responsive domains can be used to post-translationally
control enzyme activity, as exemplarily shown for A) the reversible light-induced allosteric activation of a
target enzyme using a photo domain or B) the reversible heterodimerization of a photo domain with its
interaction partner, both fused to a respective target protein and its binding partner (yellow circle). C) Further,
enzymes can also be deactivated using protein fusions as depicted for a light-controllable protein degron,
which is based on a degeneration tag and a coupled photo domain, which itself is fused to the target enzyme.
D) Finally, a deactivation can also be achieved by using a photosensitizer fused to the target enzyme. This
photosensitizer produces reactive oxygen species (ROS; red asterisks) upon light exposure leading to the
destruction of the fusion complex.

Prominent examples are the blue light-induced heterodimerization of the LOV domain
bearing FKF1 protein from A. thaliana with the GIGANTEA (Gl) protein, which again is
triggered by the formation of a covalent bond between FMN and a cysteine of FKF1. This
bond leads to a structural rearrangement allowing FKF1 to bind to Gl [223]. Due to the
size of Gl and the low dark recovery of FKF1 [309], further heterodimerization systems
based on LOV domains such as tunable, light-inducible dimerization tags (TULIPs) [310]
or the improved light-inducible dimer (iLID) [311,312] were constructed. Irreversible

methods for light-mediated control of enzyme activity mainly include off-switches, such
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as protein-tag-mediated degradation of the target enzyme or the localized generation of
reactive oxygen species (ROS). The first approach is likewise based on a photo domain
fused to a target enzyme and the related loop domain, which in turn is fused to a
degradation tag (Fig. 1.5C) [313-316]. The latter uses chemical molecules or genetically
encoded fluorescent proteins that produce ROS upon illumination (Fig. 1.5D) and will be
elucidated further in the following section, since it was applied in the framework of this

thesis for controlling the activity of selected biosynthetic pathway enzymes.

[.2.2. PHOTOSENSITIZERS AS AN OPTOGENETIC TOOL FOR
CONTROLLING ENZYME ACTIVITY

Photochromic chemical compounds that locally generate ROS when exposed to light of
a certain wavelength are called photosensitizers (PS) [317,318]. Upon exposure, the
photosensitizer is elevated from the electronic ground state (°PS) to a singlet excited
state ("PS) via absorption (A) and subsequent internal conversion (IC) (Fig. 1.6A).
Afterwards, in addition to releasing energy via fluorescence (F), it can reach a long-living
triplet state (*PS) via intersystem crossing (ISC). From this point, various ROS can be
created including superoxide radical anion (O.*7), hydrogen peroxide (H20.) and
hydroxyl radical (HO®), which are generated by electron transfer of the photosensitizer’s
triplet state to molecular oxygen (type | mechanism), and singlet oxygen ('O2), which is
formed by energy transfer of the ftriplet state to molecular triplet oxygen (type I
mechanism) instead of returning to the ground state via phosphorescence (P) [319]. After
this cycle, the PS returns to its electronic ground state and can re-enter the cycle by
absorbing a new photon. Inactivation of target structures using ROS is most commonly
referred to as chromophore-assisted light inactivation (CALI), but other names such as
chromophore-assisted laser inactivation or fluorophore-assisted light inactivation (FALI)
are likewise used. Due to a targeted delivery of the PS to a cellular structure using
ligands or antibodies, or the fusion of a genetically encoded PS with the target enzyme,
the ROS are produced in close proximity and the adjacent structure is irreversibly

destroyed leading to a loss of function [320].
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Figure 1.6 Photosensitizer for light-mediated control of enzyme activity by formation of reactive
oxygen species.

Photosensitizers (PS) are chromophores that produce reactive oxygen species (ROS) upon illumination with
light of a certain wavelength. A) During exposure, the molecule is elevated from the electronic ground state
(°PS) to a singlet excited state ('PS) via absorption (A) and internal conversion (IC). Subsequently, it can
release energy via fluorescence (F) or reach a long-living triplet state (3PS) via intersystem crossing (ISC).
From this point, various ROS can be created including hydroxyl radicals (HO*), hydrogen peroxide (H20-)
and superoxide radical anions (O2°~), which are generated by electron transfer of the photosensitizer’s triplet
state to molecular oxygen (type | mechanism), and singlet oxygen ('O2), which is formed by energy transfer
of the triplet state to molecular oxygen (type Il mechanism) instead of returning to the ground state via
phosphorescence (P). B) Photosensitizers can be based on chemical compounds such as porphyrins (upper
illustration) or on genetically encoded fluorescence proteins (bottom illustration). While an elaborate scaffold
of hydrophilic moieties (M), linkers (L), and ligands or antibodies must be constructed to use chemicals in
vivo, genetically encoded PSs can be fused to the target protein at DNA level and thus are expressed in an
uncomplicated manner. (eGFP PDB ID: 6YLQ). C) Excitation (solid line) and emission (dashed line) spectra
of selected genetically encoded photosensitizers. All LOV domain-derived proteins such as miniSOG, SOPP
and SOPP3 bind flavin as a chromophore and thus exhibit an absorption maximum at around 450 nm and
an emission maximum at 500 - 530 nm. Closely related GFP variants such as eGFP can be excited at
around 490 nm and emit light at 510 nm. KillerOrange is a blue-shifted derivative of KillerRed, resulting in
an absorption maximum in the green range at 500 nm and an emission maximum at 555 nm. KillerRed and
its monomeric variant SuperNova absorb in the red spectrum at around 585 nm and emit light at 610 nm.

While singlet oxygen is highly reactive, resulting in a short lifetime of up to 2 ys and a
diffusion range of around 150 nm [321,322], the other ROS and particularly H>O> show
a prolonged lifetime of 1 ms and thus can diffuse over longer distances or even between

adjacent cells [323,324]. Hence, not only proteins or cellular components in close
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proximity are damaged, but also the whole cellular environment, including cell walls, lipid
membranes, or nucleic acids [325-327], which must be taken into account when
choosing a suitable PS for the specific CALI application. Previously, the PSs malachite
green and eosin proved valuable for light-mediated deactivation of an alkaline
phosphatase, a B-galactosidase and an acetylcholine esterase [320,328]. Furthermore,
dyes like ReAsH or fluorescein are frequently used [329-332]. Those chemical-based
photosensitizers need to be combined with a targeting molecule, such as an antibody, a
ligand, or a peptide tag and modified with various moieties for improved hydrophilicity to
be applicable for intracellular targeting (Fig. 1.6.B, upper illustration). However, due to
the typically laborious design of the chemical-based PSs, there has been a constant
search for novel or optimized photosensitizers. In this context, it has been observed that
some modified fluorescent proteins based on the basic chromophore structure of the
green fluorescent protein (GFP) such as eGFP can not only emit fluorescence when
excited with light of a certain wavelength, but also produce ROS and thus can be utilized
as a genetically encoded PS (Fig. 1.6B, bottom illustration) [333]. Progressively, further
genetically encoded PSs were found, such as the red fluorescent protein KillerRed
derived from the hydrozoan chromoprotein anm2CP [334,335], which was successfully
used for targeted inactivation of proteins in cell membranes, mitochondria, or nuclei
[336—338]. In contrast to GFP, KillerRed is characterized as highly phototoxic and seems
to produce ROS mainly via the type | mechanism under participation of molecular oxygen
and upon illumination with green to orange light [339-342]. KillerRed was further
optimized to obtain the monomeric derivative SuperNova, which shows similar
photophysical and photosensitizing properties as KillerRed, but produces 10% less ROS
via the type | and 5% more ROS via the type || mechanism and additionally allows for an
uncomplicated fusion to target proteins [343]. In addition to SuperNova, a further
derivative was developed, denoted as KillerOrange, which can be excited independently
of KillerRed at a blue-shifted wavelength (Fig. 1.6C) [344]. Besides these GFP-based
PSs, there are also members of the group of flavin-binding fluorescent proteins (FbFPs),
which are known to exhibit photosensitizing activity. The first known example is the mini
singlet oxygen generator, short miniSOG, which is derived from the engineered, green-
fluorescing LOV-domain 2 from A. thaliana phototropin 2 [345]. Unlike the GFP-related
PSs, the LOV-based proteins bind an endogenous flavin chromophore such as FMN,
which acts as a photosensitizer upon blue light illumination and results in the generation
of 'O, via the type |l reaction [345,346]. As the name suggests, miniSOG was proposed
to be an efficient singlet oxygen producer, but this could not be proven in subsequent
studies [347,348]. However, miniSOG was successfully used to perform CALI of synaptic

release in neurons or of mitochondrial proteins in nematodes [349,350]. Two noteworthy
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derivatives of miniSOG are SOPP and SOPP3, also known as singlet oxygen
photosensitizing proteins, which were shown to offer strongly improved singlet oxygen
quantum yields [346,351].

However, genetically encoded photosensitizers have not yet been used to control
relevant pathway enzymes in microbial secondary metabolite biosynthesis (Fig. I.1,
orchestration of complex biosynthetic pathways). Besides those LOV-derived variants,
there are various other flavin-binding fluorescent proteins including iLOV and phiLOV
[352,353], or proteins derived from bacterial photoreceptors such as DsFbFP and
DsFbFP M491 (Dinoroseobacter shibae), CreiLOV (Chlamydomonas reinhardtii),
EcFbFP (B. subtilis), or Pp1FbFP and Pp2FbFP (P. putida) [354—356], which all need to

be characterized with respect to their photosensitizing properties in further detail.

In summary, chromophore-assisted light inactivation is a powerful tool that utilizes
protein-protein interactions or protein fusions and light-sensitive chromophores to
produce ROS and thereby selectively deactivating enzymes or other cellular molecules.
The photosensitizing group can be a chemical molecule, which needs to be linked to a
targeting structure such as ligands or antibodies, or a genetically encoded fluorescent
protein that is able to produce ROS due to its encapsulated chromophore and can be
genetically linked to the protein of interest. However, the number of fluorescent proteins
used as fusion partners for CALI approaches is still quite low, although they offer
valuable features including an easy linkage and a straightforward targeting to a specific
cellular structure. Consequently, further fluorescent proteins known for ROS generation

should be evaluated with respect to their suitability for light-mediated enzyme inactivation.

[.3. PROTEIN-CELL INTERACTIONS FOR OPTOGENETIC CONTROL OF
CELLULAR PROCESSES

The use of fusion proteins consisting of an effector domain such as photosensitizers and
a target domain represents a very valuable approach for the precise
regulation/inactivation of desired proteins, as described in detail in the previous chapter.
However, photosensitizers are well-established for the optogenetic control of cellular
processes via protein-cell interactions (Fig. 1.1). In this context, the following chapter
focuses in particular on the use of those photosensitive proteins to control cell viability,
as it is performed for bacterial populations in mono- or co-cultures, denoted as
antimicrobial photodynamic inactivation (aPDI), or for tumor cells in photodynamic

therapy (PDT) approaches [357,358]. Since both chemical and genetically encoded
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photosensitizers produce not only short-lived singlet oxygen, but also longer-lived ROS,
such as H202 upon illumination, they can also be used to target and destroy surrounding
cellular organelles and membranes, finally triggering apoptosis of the respective cells.
These cells can, for example, be multi-drug-resistant bacteria, which are addressed in
aPDI approaches (Fig.l.7A) [319,327,358,359]. Here, particularly cationic
photosensitizing chromophores or additional moieties are used to specifically target the
negatively-charged cell membrane of bacteria, while avoiding damage to mammalian
tissue [360,361]. Secondly, the potential of this method can be exploited for the treatment
of tumor cells as it is frequently performed in biomedical applications, e.g., PDT
(Fig. 1.7B). Here, PSs are utilized for the treatment of various oncological and non-
oncological diseases, as ROS lead to oxidative damage of tumor tissue, resulting in cell

death and activation of the immune response [325,359,362].
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Figure 1.7 Applications of genetically encoded photosensitizers for light-controlled modulation of
cell viability.

A) The use of fluorescent proteins as photosensitizers (PS) proved valuable for various in vivo applications
such as the field of antimicrobial photodynamic inactivation (aPDI). Here, multi-drug-resistant bacteria are
damaged by reactive oxygen species (ROS) generated by genetically encoded PSs (red protein structure,
KillerRed PDB ID: 2WIQ), which sometimes are additionally linked to a targeting structure (blue crescents),
resulting in a significantly lower chance of resistance formation within a bacterial population. B) The use of
photosensitizers could further be successfully applied for combating oncological diseases via photodynamic
therapy (PDT), in which ROS produced by the PSs damage cancer cells and thereby lead to cell ablation
and an increased immune response. For a targeted effect, delivery tags such as antibodies or ligand are
used (blue crescents).

Chemical photosensitizers used in therapy are mainly based on tetrapyrroles, porphyrins,
chlorines, phthalocyanines, phenothiazinium salts, methylene blue, or BODIPYS, which
are combined with a targeting structure, such as an antibody or a ligand, or administered
locally [318,319,357,358]. However, in addition to the aforementioned elaborate design
of those PSs, there are further issues particularly in clinical application, including
undesirable side effects such as prolonged skin and eye sensitivity to visible light and
photoallergic reactions due to non-selective PS uptake [318,357,363]. Therefore, the

demand for novel photosensitizers with reduced side effects was likewise growing in this
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field, leading to the utilization of fluorescent proteins as genetically encoded PSs. In the
recent years, mainly KillerRed was successfully applied for PDT treatments of mice and
human cancer cell lines [336,364—367]. Additionally, miniSOG was employed for light-
induced killing of cancer cells [368,369]. The initiation of cell ablation has so far been
realized using red fluorescent proteins such as KillerRed or TagRFP for bacterial cells
including E. coli, but also for mammalian cells [334,370,371]. In a study of Ruiz-Gonzales
et al., it could be shown that miniSOG outperforms TagRFP with respect to its toxicity

towards bacterial cells [371].

In general, photosensitizers are a valuable tool for aPDI approaches, since ROS mostly
trigger severe impairments with collateral damage, making it more difficult for resistance
mechanisms to develop [372,373]. Furthermore, the generated ROS penetrate bacterial
biofilms, which are of central importance for the infectivity of pathogenic bacteria such
as Pseudomonas aeruginosa or Staphylococcus aureus, significantly better than
conventional antibiotics, which need hours to days to achieve complete functionality
[361,374,375]. Nonetheless, within the group of photosensitizers, genetically encoded
fluorescent proteins are so far in the minority and thus should be further investigated

regarding their applicability for killing cancer cells as well as multi-drug-resistant bacteria.

1.4. UTILIZATION OF LIGHT-RESPONSIVE TRANSCRIPTIONAL AND
POST-TRANSLATIONAL CONTROL FOR BIOTECHNOLOGICAL
APPLICATIONS

The detailed investigation of manifold biological processes is not only essential to gain a
detailed insight into cellular functions and dynamics but also to successfully apply these
findings in biotechnological bottom-up approaches. However, a profound understanding
of important regulatory networks strongly requires the ability to both visualize and
orchestrate dynamic in vivo processes in a straightforward and robust manner and with
high spatiotemporal resolution. As described in the previous sections, light-mediated
control over cellular functions can be gained besides others at the transcriptional and
post-translational level (chap. 1.1.3 and 1.2.2). Considering a native, unmodified
organism, which controls all its cellular processes with temporal perfection, exercising
artificial control does not seem to be necessary. However, it gains importance when, for
example, microbial production processes require the use of heterologous production
hosts, or bacteria are not monitored within their usual environment but in artificial
microbial consortia. In the following, both examples will be elucidated in more detail with

respect to relevant high-value products and their production in alternative, heterologous
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host organisms on the one hand and to possible application examples for controlling

biological processes or even the composition of artificial microbial consortia on the other.

[.4.1. CONTROL OF NATURAL PRODUCT BIOSYNTHESIS

Natural products and their derivatives have taken a significant market share in the
pharmaceutical industry over the last 40 years, accounting for over 60% of anticancer
agents and nearly 50% of anti-infectives [376]. However, these compounds are usually
laborious to synthesize chemically due to their complexity and sophisticated
stereochemistry [143,377] and an extraction out of the native host, such as plants or
fungi, is time-consuming and, in many cases, ecologically not feasible. Furthermore,
some organisms might be human pathogenic microbes that are not culturable under lab
conditions or suffer from insufficient growth or product titers [51,377-379]. Hence, the
heterologous expression of one or even the entire biosynthetic gene cluster in a
genetically accessible, non-toxic, and highly productive host is a promising alternative
for the production and engineering of natural products. The increasing interest in bacteria
as living cell factories arises from their diversified metabolism, which offers an impressive
capacity for a multitude of biocatalytic transformations [380]. In addition to the primary
metabolism, which provides metabolites needed for growth and maintenance of cellular
functions, such as amino acids, fatty acids, and sugars, bacteria further produce so-
called secondary metabolites. Those include antibiotics, siderophores, or signaling
molecules [381-385] and are not essential for the central metabolism of the organism,
but provide advantages for defense or for adaption under changing environmental
conditions [386—388]. Due to those valuable features and their versatile biological effect
on other organisms, secondary metabolites are utilized as natural antifungals and
antibiotics, as well as anti-cancer and immunosuppressive compounds in the
pharmaceutical industry [376,386,389]. However, the production of heterologous
proteins in general, as well as the biosynthesis of heterologous secondary metabolites
in particular, bears several challenges including (i) an effective transfer of the respective
gene cluster to the preferred host, (ii) diverse bioactivities of heterologous secondary
metabolite compounds leading to impaired strain stability, growth, or production yields,
and (iii) an insufficiently coordinated gene expression or enzyme activity resulting in low
production titers [51,390,391]. To address the first challenge, effective restriction-free
cloning techniques have been developed in recent years, which are replacing
conventional cloning methods based on the use of restriction endonucleases
[51,392,393]. In addition to PCR- or recombinase-based methods, the transfer and
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expression (TREX) system is particularly noteworthy in this context, as it enables the
straightforward transfer, integration, and heterologous expression of complex gene
clusters in different bacterial hosts, thus paving the way for the access to valuable natural
products, as nicely demonstrated by the work of Domrdse, Klein and Weihmann, who
were able to heterologously produce prodiginines, phenazines and violacein derivatives
in P. putida [390,391,394]. Once the integration of the heterologous genes has been
successfully completed, it is important to ensure that the overproduction of the bioactive
compound does not negatively affect the health and growth of the organism, which is
often achieved by selecting a suitable and robust production host. While well-established
platform organisms such as E. coli or S. cerevisiae are often used for the microbial
production of non-toxic products or building blocks such as amino acids or isoprene
scaffolds [51,143], specialized organisms are increasingly applied for the production of
antimicrobial substances or more complex natural products (chap. 1.1.2.2)
[124,143,388,395]. In the following, three examples for complex natural product
biosynthetic pathways, namely terpenes, prodiginines and rhamnolipids, will be
elucidated in more detail and recent metabolic engineering strategies for an optimized
metabolite production are briefly described. Those natural products classes were
selected in the project context of the Bioeconomy Science Center (BioSC) project
‘CombiCom’, which focused on the exploitation of natural product biosynthetic pathways
to deliver bioactive natural products and structurally derived compounds and thus, were

likewise used as model biosynthetic pathways in this work.

Terpenes constitute one of the largest and most diverse secondary metabolite class
encompassing over 80,000 compounds, which mainly are of plant-origin [396-399]. They
all are characterized by an isoprenoid Cs scaffold, which is repeatedly connected to form
hemi- (Cs), mono- (C1o), sesqui- (C1s), di- (C20), tri- (Cao), tetra- (Cao), and polyterpenes
(>Cao) (Fig. 1.8) [400,401].
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Figure 1.8 Homologous and heterologous terpene biosynthesis pathway of R. capsulatus and a
selection of metabolic engineering strategies for improved heterologous terpene titers.

A) The DXP pathway (blue arrows), which is composed of seven genes, is responsible for providing terpene
precursor molecules, while the inherent carotenoid biosynthesis pathway (green and red arrows)
encompasses nine genes located at several positions in the R. capsulatus genome and results in the
production of various homologous terpenes. For a further increased terpene precursor supply, the
heterologous MVA module from Paracoccus zeaxanthinifaciens (violet arrows) can be overexpressed.
Genes indicated with an asterisk are available in two chromosomal copies. The gene dxr is also denoted as
ispC and the gene ispE as cmk. B) Within the DXP pathway, pyruvate and GAP are used to build the terpene
precursor molecules IPP and DMAPP. Additionally, acetyl-CoA can be used as a building block for such
precursors, if the heterologous MVA module is co-expressed in the respective production strain. In the
following, IPP and DMAPP are converted via the precursors GPP, FPP and GGPP to different homologous
terpenes, such as the carotenoids spheroidene or neurosporene. If available, heterologous terpene synthase
can be overexpressed for conversion of FPP and its derivatives to novel terpenes of varying complexity and
isoprene chain length (yellow module). The enzyme names marked in red are common targets of metabolic
engineering strategies for increased terpene titers. MVA: mevalonate, DXP: 1-deoxy-D-xylulose 5-
phosphate, GAP: glyceraldehydes-3-phosphate, Dxs: 1-deoxy-D-xylulose 5-phosphate synthase, FPP:
farnesyl pyrophosphate, IPP: isopentenyl pyrophosphate, DMAPP: dimethylallyl pyrophosphate, Idi:
isopentenyl diphosphate isomerase, IspA: FPP synthase, GPP: geranyl pyrophosphate, CrtE: GGPP
synthase, GGPP: geranylgeranyl pyrophosphate, CrtB: phytoene synthase, CrtC: hydroxyneurosporene
synthase, CrtD: hydroxyneurosporene desaturase, CrtF: demethylspheroidene O-methyltransferase, Crtl:
phytoene desaturase.

The terpenoid synthesis starts from the two isoprene intermediates isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), which are produced
from three acetyl-coenzyme A molecules (acetyl-CoA) via the mevalonate (MVA)
pathway or from glyceraldehyde-3-phosphate (GAP) and pyruvate via the 1-deoxy-D-
xylulose 5-phosphate (DXP) pathway, also denoted as the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway. Starting from IPP and DMAPP, the prenyltransferases
catalyze the elongation of linear prenyl pyrophosphates via head-to-tail condensations

resulting in the formation of the three terpene precursors Cio- geranyl pyrophosphate
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(GPP), Cis-farnesyl pyrophosphate (FPP), and Caxo- geranylgeranyl pyrophosphate
(GGPP), which are subsequently used as precursor molecules for the biosynthesis of
monoterpenoids, sesqui- and triterpenoids, or di- and tetraterpenoid, respectively.
Afterwards, further rearrangements, cyclization reactions or decorating reactions may be
performed via P450 monooxygenases, reductases, dehydrogenases, or transferases,
further broadening the available terpene spectrum [402—407]. While the MVA pathway
is predominantly found in eukaryotes (e.g., mammals, plants, and fungi), archaea, and a
few bacteria [408,409], the DXP pathway mainly occurs in bacteria, cyanobacteria, and
green algae [410]. Inherently, terpenes are employed for a variety of purposes in plant
physiology and development, such as photoprotection or antioxidation (carotenoids),
communication, and hormone signaling (e.g. pinene) or repellent activity against
predators and parasites (e.g. verbenone, B-caryophyllene) [402,411—-413]. Due to those
versatile bioactivities, terpenes are also of commercial interest to the pharmaceutical
sector for the treatment of pathogenic infections, inflammation or cancer [376,414,415].
Furthermore, they render terpenoids exceedingly interesting for the production of flavors
and fragrances, biofuels or bio-based pesticides in agriculture [416—419]. As an industrial
production host, mainly E. coli and S. cerevisiae are exploited, as documented by
several heterologously produced and already marketed terpenes. Prominent examples
are p-farnesene, which is produced in yeast by Amyris, valencene and nootkatone, both
produced in yeast by Evolva, patchoulol and sclareol, which are produced in both yeast
and E. coli by Firmenich or stevio glycosides, marketed under the name EverSweet® and
produced in yeast by Cargil. Furthermore, alternative hosts such as
Rhodobacter sphaeroides are increasingly applied, as illustrated by the marketed
terpenes valencene and nootkatone by the biotech company Isobionics (now BASF)
[419].

Currently, there are several approaches for engineering efficient terpenoid production
strains, which can often be combined to increase effectiveness [396,420,421]. Here,
modifications can be carried out at different levels, e.g., increasing endogenous
precursor supply, modifying cofactor requirements, eliminating bottlenecks and
competitive reactions, and mitigating the toxic effects of intermediates or products, as
well as genetic and protein engineering [406,422-424]. Extensive research on the
production of heterologous terpenes in the phototrophic bacterium R. capsulatus has
been conducted, since it proved to be a promising host for the production of recombinant
membrane proteins or valuable natural compounds (chap. 1.1.2.2) [185-187]. It has
been shown that engineering of isoprenoid precursor biosynthesis can lead to a strong
increase in sesqui- and ftriterpenoid formation in R. capsulatus [187,425] and

R. sphaeroides [426—430], and in particular, co-expression of a terpene synthase with
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the FPP synthase IspA and/or enzymes of the heterologous MVA pathway led to
significantly increased production of the corresponding plant terpenoids. However, as
shown in various studies, overexpression of the isoprenoid intermediates in microbial
hosts can lead to toxicity, metabolic stress and feedback inhibition [402,431-435],
impairing the growth and production yield. This problem is often addressed by using
controllable induction techniques with gradual promoters or expression systems that
flexibly respond to product concentration or other environmental stimuli [417,436], as
demonstrated for the dynamic regulation of FPP level in the terpene biosynthesis of
E. coli [434]. Furthermore, increased yields can also be gained by reducing competitive
reactions with dynamic promoters, but without impairments in cell survival, as shown for
the yeast-based production of santalene [437] or the implementation of feedback loops

for improving microbial biofuel production [438].

In summary, terpenes are valuable and versatile metabolites for both pharmaceutical
and biotechnological applications. Thus, the heterologous production of novel terpene
variants needs to be transferred to alternative expression hosts, such as the phototrophic
bacterium R. capsulatus, as a natural terpene producer (chap. 1.1.2.2), and their
bioactivities should be elucidated with respect to further possible application fields such

as antimicrobial treatments.

The bacterial secondary metabolites belonging to the group of prodiginines are red-
pigmented, bioactive tripyrroles [439], which include compounds such as prodigiosin,
undecylprodigiosin, norprodigiosin, cycloprodigiosin, or streptorubin B. They are
naturally produced from amino acids and acetate building blocks by various
proteobacterial species, including Serratia, Hahella, Vibrio, and Streptomyces [440—
443]. In contrast to the great variety of terpenes, the diversity within prodiginines is rather
limited as the compounds can be divided into only two main groups according to their
structure: they either carry n-alkyl residues, such as prodigiosin, norprodigiosin, or
undecylprodigiosin or are cyclized derivatives such as cycloprodigiosin and streptorubin
B [441]. The biosynthesis genes of all prodiginines are encoded in a unidirectional gene
cluster (Fig..9A) and proceeds via a bifurcated pathway, yielding the bipyrrole
2,2-bipyrrole-5-carboxyaldehyde (MBC), originated from proline and malonyl-coA, and a
monopyrrole (e.g., 2-methyl-3-pentyl-pyrrole, MAP), produced from pyruvate and 2-
octenal. MBC and the monopyrrole are finally condensed by a ligase, such as the
prodigiosin ligase PigC, to form the tripyrrolic red-pigmented compound (Fig. 1.9B).
Afterwards, a cyclization reaction may be performed by non-heme iron oxidases [444].

While MBC synthesis is strictly conserved, the biosynthesis of monopyrrole
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intermediates varies in terms of substitution patterns and functional proportions and is

thus responsible for the natural diversity of prodiginines [394,441].
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Figure 1.9 Prodigiosin gene cluster and respective biosynthesis pathway.

A) The inherent prodigiosin biosynthesis cluster from Serratia marcescens encompasses 14 unidirectional
genes with a total length of 21 kb. While the genes pigB-pigE encode enzymes responsible for the synthesis
of MAP and the final condensation with MBC to form prodigiosin, the remaining genes pigA and pigF-pigN
encode enzymes catalyzing the production of MBC. B) The prodigiosin biosynthesis is a bifurcated pathway
starting on the one hand from pyruvate and 2-octenal, which are converted to the precursor molecule MAP
by the enzymes PigD,E,B, and on the other hand from proline and malonyl-CoA, which are transformed to
the precursor molecule MBC by the enzymes Pigl,G,A,J,H,M,F,N. The two resulting molecules MAP and
MBC are finally condensed to the red-colored prodigiosin by the enzyme PigC. MAP: 2-methyl-3-pentyl-
pyrrole, MBC: 2,2-bipyrrole-5-carboxyaldehyde, 3-AO: 3-acetyloctanal, HBM: 4-hydroxy-2,2’-bipyrrole-5-
methanol, HBC: 4-hydroxy-2,2’-bipyrrole-5-carbaldehyde, prodigiosin:
2-methyl-3-pentyl-6-methoxyprodiginine, PigD: 3-acetyloctanal synthase, PigE:
3-acetyloctanal aminotransferase, PigB: HMAP oxidase/ dehydrogenase, Pigl: L-prolyl-AMP ligase, PigG:
peptidyl carrier protein, PigA: L-prolyl-PCP dehydrogenase, PigJ: pyrrolyl-B-ketoacyl ACP synthase, PigH:
HBM synthase/ aminotransferase, PigM: HBM oxidase/ dehydrogenase, PigF: 3-acetyloctanal
aminotransferase, PigN: oxidoreductase.

Prodigiosin but also prodiginines, in general, offer a multitude of bioactivities, which
make them promising candidate compounds for pharmaceutical and biotechnological
industry. Firstly, they offer an antibiotic activity against various different species,
including major human pathogens such as Staphylococcus aureus or
Streptococcus pyogenes [445-449], with a particularly pronounced effect on Gram-
positive bacteria [440]. Secondly, prodigiosin has been shown to exhibit promising
activity against various cancer cell lines by induction of apoptosis, including
hematopoietic cancer, breast cancer, oral cancer, and skin cancer [450—454],
administered solely or in combination with other inhibitors [455]. A prominent example
for a synthetic anti-cancer agent is the indole bipyrrole named Obatoclax, that is already
being tested in phase Il clinical trials for the treatment of various cancers such as mantle

cell lymphoma, myelofibrosis or leukemia [456—458]. Additionally, prodiginines were
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shown to exhibit antifungal and nematocidal activities, which is a valuable source for
agricultural applications [459-461]. However, the availability of new-to-nature
prodiginine derivatives is limited by their low diversity, rendering the use of semi- or
mutasynthesis as well as in silico applications to broaden the product spectrum
particularly attractive. Due to the bifurcated biosynthetic pathway and the natural
promiscuity of PigC, mutasynthesis could be applied to specifically produce synthetic
prodiginines by Pietruzska and coworkers [394,462]. Furthermore, PigC was subject to
directed evolution approaches to enhance enzyme activity or broaden substrate
promiscuity [463—465] or even replaced by homolog ligases from
Pseudoalteromonadaceae strains [466]. Since those complex chemical and synthetic
biological approaches require a strict and straightforward control of enzymatic activity,
they might benefit from light-responsive regulatory tools on transcriptional or post-

translational level.

Finally, an increasingly important group of secondary metabolites are rhamnolipids
(RL), which are bio-based surfactants that provide a more sustainable substitute for
petrochemical-based tensides. In general, rhamnolipids belong to the group of
glycolipids and thus, are amphiphilic compounds composed of one or two hydrophilic
rhamnose molecules linked to one or two hydrophobic 3-hydroxy fatty acids of various
chain lengths (Cx-Cy), such as 3-(3-hydroxyalkanoyloxy)alkanoate (HAA) (Fig. 1.10)
[467,468]. Depending on the number of sugar residues, they are referred to as mono-
rhamnolipids (MRL) or di-rhamnolipids (DRL). In nature, rhamnolipids are mostly
produced by bacteria of the genus Pseudomonas, with the opportunistic pathogen

P. aeruginosa being one of the most prominent rhamnolipid producers, but they can also
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Rhamnolipid biosynthesis genes from Pseudomonas aeruginosa
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Figure 1.10 Rhamnolipid biosynthesis genes and associated pathway in Pseudomonas aeruginosa.
A) The biosynthesis of rhamnolipids is encoded by three genes and is organized in two bicistronic operons-
rhlA together with rhiB and rhiC with PA1131, a gene of unknown function [472]. B) The acyltransferase
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RhIA first assembles the 3-(3-hydroxyalkanoyloxy)alkanoic acid (HAA) from two activated B-hydroxy fatty
acids and in a next step HAA is coupled with a molecule of activated dTDP-rhamnose by the
rhamnosyltransferase RhiIB via a 3-glycosidic bond. The resulting mono-rhamnolipid (MRL) is converted to
a di-rhamnolipid (DRL) by the rhamnosyltransferase RhIC, which catalyzes the addition of a further dTDP-
rhamnose to the first rhamnose moiety. ACP: acyl carrier protein, dTDP: deoxythymidine diphosphate.

be found in Burkholderia spp. [468—470]. In P. aeruginosa, the length of fatty acid chains
varies between Cg and Ci4, but most frequently C10-C1o chains are found, whereas in

Burkholderia species long-chain C14-C14 fatty acids are mostly used [469,471].

The rhamnolipid biosynthesis encompasses three sequential enzymatic reactions
(Fig. 1.10B). In the first step, two 3-hydroxyacyl molecules bound to an acyl carrier
protein (ACP) are esterized by the acyltransferase RhIA to form HAA [473]. The
rhamnosyltransferase RhIB subsequently links an HAA molecule with activated dTDP-
rhamnose to create MRLs [474,475]. In the last reaction, the rhamnosyltransferase RhIC
catalyzes the addition of a second dTDP-rhamnose molecule to the MRLs, yielding DRLs
[472]. While the genes encoding RhIA and RhIB are organized in a bicistronic operon,
the gene encoding RhIC is part of a bicistronic operon with PA1131, a gene of unknown
function (Fig. 1.10A) [468,472]. Bacterial rhamnolipids fulfill important functions in their
natural producer, such as enabling swarming motility and biofilm formation or act as
virulence factors [476—479]. They also inhibit phagocytosis by host macrophages and
enhance the uptake of hydrophobic substances [480,481]. However, since their
amphiphilic character is valuable as a biosurfactant and they can be produced from
renewable resources, which commonly exhibit a low ecotoxicological potential and offer
an alternative to petrochemical-based surfactants, rhamnolipids have become a focus of
interest in the biotechnology and pharmaceutical industry [482—486]. Besides their use
for bioremediation and oil recovery, due to their emulsifying properties, they are also
applied in the field of pharmaceuticals and cosmetics, as they show low toxicity, surface
active properties and, antimicrobial activity [484,487—489]. Moreover, rhamnolipids are
valuable bio-detergents and thus are increasingly added to detergent compositions,
laundry products, shampoos and soaps [490,491]. Currently, P. aeruginosa is mostly
used for the industrial production of rhamnolipids, but it features some disadvantages,
such as a complex quorum-sensing-based regulatory mechanism of rhamnolipid
biosynthesis or its general pathogenicity [492,493]. Therefore, there are increasing
efforts to use heterologous hosts such as E. coli, P. fluorescens, and P. putida KT2440
[494—-496] and to make them industrially competitive by means of metabolic engineering,
adaptive laboratory evolution, and bioprocess optimization [137,482,497-499].
Additionally, attempts are being made to influence the composition of the rhamnolipid
mixtures at the genetic level by means of metabolic engineering and the use of inducible

promoters to finally be able to produce tailormade rhamnolipids [137,179,490]. In this
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context, controlling the different rhamnolipid mixtures by means of light-responsive
regulators could provide an advantage on the way to produce designer rhamnolipids
[500].

In summary, the presented examples illustrate that versatile approaches are available to
establish light control over different cellular processes. However, current tools
necessarily require further characterization, optimization, and redesign to be adaptable

to the requirements of these multifaceted biological processes.
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[.5. OUTLINE OF THIS THESIS

The field of synthetic biology is based on the redesign or development of artificial,
biological systems such as cells, tissues, or organisms with predictable performance
characteristics. For this purpose, both the strict and straightforward orchestration as well
as a simple and robust visualization of biological processes is indispensable. Light as
environmental factor seems to be ideally suited for this task, as it represents a very
precise, spatially, and temporally highly tunable and flexible stimulus. Thus, this thesis
aimed to establish optogenetic strategies for controlling versatile cellular
processes on different cellular levels and at several experimental scales.

The here addressed biological processes can be assigned to the following cellular level:
(i) the transcriptional level and (ii) the post-translational level via protein-cell interactions.
Furthermore, (iii) complex secondary metabolite pathways are established that could
benefit from light control. Additionally, (iv) relevant visualization strategies on batch
culture and single-cell level are utilized to online-monitor individual biological processes
with high temporal resolution and under defined cultivation conditions.

First, photocaged IPTG variants with varied solubility were analyzed with respect to their
usability for light-mediated transcriptional regulation in the expression hosts E. coli,
P. putida and B. subtills (chapter 1I.1.1). Subsequently, the application of photocaged
inducers for light-controlled gene expression was established for the alternative
production host R. capsulatus under both phototrophic and non-phototrophic conditions
(chapter 11.1.2) Furthermore, challenges and solutions of photocaged inducer synthesis
and their application in bacteria are illustrated by means of photocaged IPTG variants
with red-shifted absorption characteristics and photocaged salicylic acid derivatives and
corresponding promoter systems, which had not yet been applied for light-mediated
gene expression (chapter 11.1.3). Finally, photocaged inducers were utilized for
wavelength-selective activation of gene expression in P. putida (chapter I1.1.4).
Additionally, fluorescent proteins were characterized with respect to both their
spectroscopical and photosensitizing properties (chapter 11.2.1) and subsequently,
those proteins were analyzed for their suitability to control the cell viability of various
Gram-positive and Gram-negative bacteria via light-mediated protein-cell interactions
(chapter 11.2.2). As an example of metabolic pathways that would benefit from light-
mediated orchestration of enzyme activities or metabolite fluxes, the biosynthetic
pathway of both homologous and heterologous terpenes was established in the
alternative expression host R. capsulatus and optimized with respect to cultivation and

illumination conditions to improve the terpene titers (chapter 11.3.1-3).
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This chapter is composed of nine manuscripts, which either have already been published
or are about to be published in peer-reviewed journals. The presented work is based on
joint publications resulting from a variety of fruitful collaborations with working groups in
the context of the BioSC project CombiCom and beyond. In particular, | would like to
mention the Institute of Bioorganic Chemistry of Prof. Jorg Pietruszka (University of
Dusseldorf), the Multiscale Bioengineering group of Prof. Alexander Grlunberger
(University of Bielefeld) and the Molecular Phytomedicine group of Prof. Grundler
(University of Bonn). The own contribution to the respective manuscript is commented
on the first page of each document.
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Effect of Photocaged Isopropyl 3-D-1-
thiogalactopyranoside Solubility on the Light
Responsiveness of Lacl-controlled Expression Systems in

Different Bacteria

Fabian Hogenkamp*,® Fabienne Hilgers*,” Andreas Knapp,™ Oliver Klaus,™ Claus Bier,”
Dennis Binder,” Karl-Erich Jaeger,”“ Thomas Drepper,*™ and Joérg Pietruszka*® 9

Photolabile protecting groups play a significant role in control-
ling biological functions and cellular processes in living cells
and tissues, as light offers high spatiotemporal control, is non-
invasive as well as easily tuneable. In the recent past, photo-
responsive inducer molecules such as 6-nitropiperonyl-caged
IPTG (NP-cIPTG) have been used as optochemical tools for Lac
repressor-controlled microbial expression systems. To further
expand the applicability of the versatile optochemical on-
switch, we have investigated whether the modulation of cIPTG
water solubility can improve the light responsiveness of

Introduction

In general, optogenetics combines genetic and optical methods
to allow fast control of cellular functions with high spatiotem-
poral resolution and in a non-invasive fashion." The control
over gene expression by light can basically be realised by
employing genetically encoded photoreceptors or chemically
photocaged (bio)molecules. Recombinant photoreceptors are
typically based on light-responsive two- or one-component
systems, are extensively studied and have been successfully
employed as reversible photoswitches for light-mediated in vivo
signal transduction in various biological applications.”!
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appropriate expression systems in bacteria. To this end, we
developed two new cIPTG derivatives with different hydro-
phobicity and demonstrated both an easy applicability for the
light-mediated control of gene expression and a simple trans-
ferability of this optochemical toolbox to the biotechnologically
relevant bacteria Pseudomonas putida and Bacillus subtilis.
Notably, the more water-soluble cIPTG derivative proved to be
particularly suitable for light-mediated gene expression in these
alternative expression hosts.

Besides the use of photoreceptors photolabile protecting
groups were established as optochemical tools for a variety of
diverse applications.”) In recent years, many approaches were
published, in which photocaged compounds have been used
for controlling different cellular processes, ranging from cell
signalling,**® over drug delivery™ to gene expression.”! In this
context, especially 2-nitrobenzyl-photocaging groups (NB) and
their derivatives such as 6-nitropiperonyl (NP) were commonly
used to mediate an adequate and well-characterised UV-A light-
triggered release of bioactive molecules.”®” To implement
caged compounds as versatile optochemical switches, a variety
of photolabile protecting groups has been developed focusing
on the i) redshifted absorption,®*® ii) higher quantum yields®
and iii) an improved solubility."® Especially for in vivo
approaches an excellent stability towards enzymatic hydrolysis,
good biocompatibility, and low overall toxicity of caged
compounds (also including the photolysis products) are
indispensable.""! In addition, the extend of the caged com-
pound’s solubility could further modulate their ability to pass
bacterial cell membranes either through passive processes
including free diffusion and porin-based uptake or by active,
membrane transporter-mediated processes.!'?!

In the recent past, photoresponsive inducer molecules such
as caged derivatives of doxycycline,"” isopropyl p-p-thiogalac-
topyranoside (IPTG)®® or several other carbohydrates® have
been used as irreversible optochemical switches for appropriate
microbial expression systems. Especially the applicability of 6-
nitropiperonyl photocaged IPTG (NP-cIPTG, 1) for bioengineer-
ing approaches using Escherichia coli™ and Corynebacterium
glutamicum™ as production hosts could be demonstrated.
However, a further expansion of the applicability in different
expression hosts was for instance hindered by the low water-

© 2020 The Authors. Published by Wiley-VCH GmbH
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solubility of NP-cIPTG (1; 0.7 mm), as appropriately high inducer
concentrations were not soluble in the cultivation medium.

Derivatives of the 2-nitrobenzyl group with improved
solubility in aqueous media have been applied before (Figure 1
A). Tsien and co-worker as well as Ni et al. conceived a 4,5-bis
(carboxymethoxy)-2-nitrobenzyl protecting group (BC, 2), which
they stated to be highly water-soluble.

However, they masked the carboxylate 2 as acetoxymethyl
ester 3 to facilitate diffusion across cell membranes."** Russell
et al. published a similar derivative 4, but bearing an additional
third carboxy group in the benzylic position, for the synthesis of
photolabile tyrosine, whereby a solubility of at least 30 mm was
reached." As the formation of a dioxolane is required for the
protection of IPTG, previously reported a-carboxy-2-nitrobenzy!
(0-CNB, 5-8) photocages'®<'‘! were not considered, because
the a-carboxy-group increases solubility, but concurrently
blocks the position where the dioxolane is later formed.

Based on these results the BC protecting group 2 was
chosen in this work as a candidate for the synthesis of a
charged, highly water-soluble photocaged IPTG derivative (Fig-
ure 1 B) and was further applied to determine the influence of
the solubility and the charge on the inducer uptake through
the cell membrane and the resulting expression response. In
addition, the 4,5-bis(ethoxycarbonylmethoxy)-2-nitrobenzyl pro-
tecting group (BEC, 9) harbouring lipophilic ester moieties, was

selected as an alternative caging group, which might facilitate
its passive diffusion across cell membranes. Afterwards, enzy-
matic hydrolysis of the ester moiety could lead to intracellular
accumulation.”* To comparatively analyse the effect of caged
inducer solubility on light dependent control of gene expres-
sion in bacteria, the two new cIPTG derivatives BEC-cIPTG (10a,
derived from 9) and BC-cIPTG (10b, derived from 2) were
synthesised and the maximum solubility was quantified. The
photophysical properties as well as photolysis in aqueous media
were characterised. Subsequently, the in vive applicability of
the newly synthesised compounds for light-inducible gene
expression was analysed in comparison to the well-established
NP-cIPTG (1) in E coli in a time-resolved manner. Finally, we
investigated whether optochemical control of gene expression
can also be implemented in the alternative expression hosts
Pseudomonas putida and Bacillus subtilis, which exhibit individ-
ual morphological and physiological properties. Therefore, we
used the photocaged IPTG derivatives 1, 104, and 10b together
with appropriate Lacl repressor-controlled expression systems
and comparatively evaluated their light-responsiveness.

A 2 R'=R?=0CH,CO.H R3=H Makings (1994),112a] Ni (2007)!120]
R3 3 R'=R?=0CH,CO,CH,0Ac R*=H Makings (1994),1'22 Ni (2007)!"281
, 4 R'=R?= OCH,CO,H R®=CO,H Russell (2012)(10%]

R X 5 R'"=R?=H R®=CO,H Milburn (1989),1'¢3l Gee (1995),!"€<I Niu (1996),1'69 Breitinger (2000)!'€®!

6 R'=R2=0Me R*=CO,H Russell (2010)10al
R2 NO, 7 R'=H RZ=CO,H R3=CO,H Schaper (2002)!10¢]

8 R'=CO;H R2=H R®=CO,H Schaper (2010)!1cel

9 R'=RZ=0OCH,CO,Et R¥=H Makings (1994),1'2aINi (2007){120]
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Figure 1. Photolabile protection groups and their application in this work. A) A variety of previously published photolabile protection groups with improved
acjueous solubility or membrane permeability based on the NB photocaging group. B) Three photolabile protection groups were used in this work to
construct the photocaged IPTG variants NP-cIPTG (1), BEC-cIPTG (10a) and BCcIPTG (10b), strongly differing in their water solubility. These caged inducer
molecules (red dot with blue frame) are biologically inactive; however, upon illumination with UV-A light, their activity can be restored by a two-step cleavage
process. Subsequently, the IPTG binds the repressor protein Lacl releasing Lacl from the Py, Py, or Py, promoter and thus inducing gene expression. This
principle was applied to analyse the effect of cIPTG solubility on the inducibility of Lacl repressor-controlled target gene expression in E. cofi, P. putida, and

B. subtilis.
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Synthesis and photochemical properties of cIPTGs

The BC-cIPTG (10b) was synthesised in a three-step reaction
(Scheme 1; yield over three steps: 24%) from 4,5-bis
(ethoxycarbonylmethoxy)-2-nitrobenzaldehyde (11), which was
obtained following the previously reported procedure by Ni et
al. (see the Supporting Information)."* The 2-nitrobenzalde-
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RO RO
a) b) NO,
NO; NO, 0
(0]
H™ ~0 (O]
LN Qs
HO \(
OH
11 12 10a
c) [
0 10b
0.
11,12, 10a: R = CH,CO,Et
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O/—o NO, 10b: R = CH,CO; Li
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NO, __ 9
HOXAS
H S0 o \(
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Scheme 1. Synthesis of BEC-, BC- and NP-photocaged IPTGs 10a, 10b and 1:
a) Triethyl orthoformate, pyridinium p-toluenesulfonate, ethanol, reflux, 19 h
(89%); b) IPTG, p-toluenesulfonic acid, CH,Cl,, RT, 20 h (45 %); c) 0.2 m LiOH
(aq.), MeOH, 0°C-RT, 1 h (59%); d) IPTG, sulfuric acid, DMSO, 0°C-RT, 24 h
(21%).
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Scheme 2. Two-step release sequence after photolysis of BEC- and BC-
photocaged IPTG 10a and 10b by irradiation with UV-A light and a
subsequent enzymatic hydrolysis by a microbial esterase, as previously
described.®*!
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form the corresponding acetal 12 in 89% yield, which then was
converted to BEC-cIPTG (10a; 45%) in a transacetalisation, as
the direct acetalization was not feasible. In this step the triethyl
orthoformate was preferred to the trimethyl orthoformate due
to the occurrence of transesterification during the acid-
catalysed reaction, which was leading towards a mixture of
products. After deprotection under basic conditions the BC-
cIPTG (10b) could be obtained in 59% yield as the correspond-
ing lithium-salt, which promised advantageous solubility prop-
erties compared to the free-acid. NP-cIPTG (1) was synthesised
from  6-nitropiperonal  (13) according to literature
procedures.®*®! The purity of BEC-cIPTG (10a), BC-cIPTG (10b)
and NP-cIPTG (1) was determined by gqNMR (Table S3 in the
Supporting Information).

Due to the structural similarity of the newly synthesised
caged compounds 10a and 10b to the NP-cIPTG (1), IPTG (14)
should be released upon UV-A light exposure in a two-step
photocleavage reaction as previously described.®*® In the first
step the irradiation with UV-A light leads to the formation of
ester intermediates 15 and 16, which might subsequently be
cleaved by a microbial esterase. The corresponding nitroso
compounds 17 are formed as the photo by-product (Scheme 2).

The in vitro characterisation (Tables 1 and S2, Figures S1-S3)
of the new photocaged compounds 10a and 10b showed
uncaging quantum yields (@,) and molar extinction coefficients
(€) in the range of previously reported caged compounds.’**'”!
The resulting photolytic efficiencies (¢@,) are all in the same
order of magnitude. However, more importantly the uncaging
half-life time of the photolytic cleavage amounts to 2.2 min for
BEC-cIPTG (10a), 3.5 min for BC-cIPTG (10b), and 3.4 min for
NP-cIPTG (1). This underlines the fast formation of the ester
intermediates 15 and 16 (Figure S4, Table S2). Full photo-
conversion of the cIPTG variants (1 mm) by irradiation with UV-
A light (375 nm, 6.4 mW cm™) was achieved in less than 30 min
for 10a and 1. For derivative 10b about ~5% of the starting
material remained after irradiation for 30 min (Figure S15).

The BC-cIPTG (10b) showed a maximum solubility of
147 mm in deionised and degassed water, which is over
200 times higher than the maximum solubility of NP-cIPTG
(1), but only ~8% of the maximum solubility of IPTG (14)
itself (Table 1). Other previously reported photocaged carbohy-
drates were in the range of 4-58 mm.* In contrast, the BEC-

Table 1.
Compound A, [nm] & ts® 9 D e
m'em™  [min]  [mm] m~'em™

1 241 1690 34 0.7 0.50 845

336
10a' 298 1810 22 <01 068 1230
10b" 242 3543 35 147 046 1630

340
14 204 - - 1941 - -
[a] e=molar extinction coefficient at =375 nm. [b] ¢,5 = uncaging half-
life time. [c] s=solubility in deionised and degassed water. [d] &,=
uncaging quantum yield upon 375 nm irradiation. [e] measured in MeOH.
[fl measured in sodium phosphate buffer (0.1 mm, pH 7.5).
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cIPTG (10a) displayed a more than 7-times lower solubility of
<0.1 mm, as expected due to the ester-protected carboxylic
acids. Since the possible higher membrane permeability of BEC-
cIPTG might result in an improved in vivo applicability, this
cIPTG derivative was additionally used for further investigations.

Applicability of cIPTGs for light-controlled gene expression in
bacteria

After the successful synthesis of BEC- and BC-cIPTG (10a and
10b), we next analysed whether the different solubility of the
cIPTG derivatives (solubility in aqueous solvents: 10b>1>10a,
see Table 1) affect the inducibility of Lacl repressor-controlled
expression systems. The regulatory system, which originally
controls the lactose consumption in E. coli, is one of the most
often used regulation mechanisms for triggering heterologous
gene expression in this host!"® The development of different
recombinant promoters (e.g., Py Pyo Pr7), Whose activities can
be tightly and gradually controlled by the concentration of the
added inducer (e.g., the non-hydrolysable lactose analogue
IPTG) led to its broad applicability in basic research and
biotechnological production processes. Furthermore, the devel-
opment of light-responsive NP-cIPTG (1) allowed for non-
invasive light-mediated control of gene expression in E. coli./%
To further optimise light responsiveness of this promising
optochemical on-switch in E. coli and to facilitate its trans-
ferability to other industrially relevant microbes, we used the
following Gram-negative and -positive bacteria as appropriate
model hosts offering individual morphological and physiolog-
ical properties: i) E. coli Tuner(DE3) is a lactose permease-
deficient strain and was shown to be well suited for NP-cIPTG-
based light control of gene expression, because the uptake of
appropriate inducers is solely dependent on passive diffusion
processes. Previous studies using E. coli Tuner(DE3) revealed a
very stringently controlled and homogeneous gene expression
that gradually responded to changes of illumination time or
light intensity.®<'¥ ii) P, putida KT2440 is a rod-shaped, Gram-
negative soil bacterium, which offers a pronounced tolerance
towards xenobiotics"® as well as redox stress.”’” Besides its
genetic accessibility and its FDA certification as a host-vector
biosafety system,®"! P. putida exhibits an extraordinary versatile
metabolism that makes it especially suited for a variety of
biotechnological applications including the production of
various high-value natural products and their derivatives.?? iii)
Bacillus subtilis DB430 is a Gram-positive bacterium commonly
used as a “microbial cell factory” for high-level production and
secretion of proteins for industrial applications.” In contrast to
the Gram-negative bacteria used in this study, B.subtilis
possesses a more rigid and thick cell wall which might act as an
additional diffusion barrier for the photocaged IPTG molecules,
but lacks an outer membrane. For all the here tested bacterial
hosts, expression systems encompassing Lacl-controlled, IPTG-
inducible promoters have been successfully established in
recent studies (Table §1).1618 22¢. 241

To exclude detrimental effects of the new caged inducers or
UV-A light exposure on cell viability, we first analysed the
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growth of E. coli, P. putida and B. subtilis cells in the presence of
the cIPTG derivatives 10a and 10b as well as their correspond-
ing photoproducts in comparison to conventional IPTG (14). For
these studies, we used inducer concentrations that were
sufficient to fully induce reporter gene expression in the
respective expression hosts (Figure S5). Comparative growth of
all strains clearly demonstrated that UV-A light exposure
(30 min, 365 nm, ~1 mWcm=2) did not lead to considerable
growth impairments in the presence (Figure S6) or absence
(Figure S7) of IPTG (14) and its photocaged derivatives 1, 10a
and 10b. Furthermore, the stability of 1, 10a and 10b were
analysed by measuring the fluorescence intensity of cultures in
the dark (Figure S6 A). The data clearly reveals a pronounced
in vivo stability of the new cIPTG derivatives 10a and 10b over
20 h in LB medium at 30°C.

Expression studies in E. coli: To further evaluate the applic-
ability of the new cIPTG derivatives 10a and 10b in comparison
to 1 in E. coli, we used the well-established strain E. coli Tuner
(DE3) carrying the eYFP expression vector pRhotHi-2-lacl-
EYFP.2' |nitially, we could observe that, in contrast to the
variants 1 and 10a which form an emulsion-like structure at
relevant concentrations in LB medium without considerable
amounts of ethanol or DMSO, variant 10b can be completely
dissolved in the cultivation medium, superseding the use of
additional solvents. To compare the UV-A light-induced gene
expression mediated by differently soluble photocaged IPTG
variants during E. coli cultivation, light exposure was carried out
for 30 min in order to ensure sufficient photoconversion of 1,
10a and 10b (Figure S4). First, the general applicability of cIPTG
variants was evaluated by analysing eYFP expression in cultures
that reached the stationary growth phase. As shown in
Figure 2A, illumination of the already established NP-cIPTG
resulted in comparable eYFP expression levels as in the control
experiment, where conventional IPTG (14) was added. In
contrast, the new water-soluble BC-cIPTG (10b) and the more
hydrophobic BEC-cIPTG (10a) led to a slight decrease of
reporter gene expression in this experimental setup.

To analyse the properties of the cIPTG variants in more
detail, eYFP expression was subsequently online monitored
during batch cultivation of E coli. lllumination of BC-cIPTG
(10b) resulted in the fastest induction response in the early
logarithmic growth phase (~4-7 h after inoculation) as also
indicated by a lower half-maximal responsiveness with t;s fina =
4.16 h when compared to NP-cIPTG (1) and BEC-cIPTG (10a; ;5
fna=4.41 and 4.51 h, respectively, Table S4 and Figure S8). Thus,
these results give a first indication that NB caging group
derivatives with improved water-solubility such as BC might
slightly facilitate the overall uptake of cIPTG in E. coli. However,
the lower final eYFP expression levels in the respective cultures
point to a less efficient enzymatic release of IPTG from ester
intermediates 15 and 16, which is eventually caused by the
increasing size of these photolabile protecting groups. All in all
the differential solubility of tested cIPTG variants in aqueous
solvents seems to play a minor role for optochemical in vivo
applications in E. coli, since only marginal differences of light-
controlled gene expression could be observed.
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Figure 2. Light-controlled gene expression in A) E. coli Tuner(DE3)/pRhotHi-
2-lacl-EYFP, B) P. putida KT2440/pVLT33-GFPmut3 and C) B. subtilis DB430/
pHTO1-sfGFP using NP-, BC-, and BEC-cIPTG. A) /n vivo eYFP fluorescence
(Aex =508 nm, A4, =532 nm) of E. coli cultures supplemented with 50 um of
each cIPTG variant is shown in relation to a 50 um IPTG (14) after 20 h
(stationary growth phase). Induction was performed after 2.5 h by UV-A light
exposure at 365 nm (~1 mWcm™) for 30 min or the addition of 50 um 14.
B) in vivo GFPmut3 fluorescence (4,,=508 nm, 4,,,=532 nm) of P. putida
cultures supplemented with 1 mm of each cIPTG variant is shown in relation
to a 1T mm IPTG (14) control after 20 h (stationary growth phase). Induction
was performed after 3 h by UV-A light exposure at 365 nm (~1 mWcm™?) for
30 min or the addition of 1 mm 14. C) In vivo sfGFP fluorescence

(Lo =488 nm, 1, =520 nm) of cultures supplemented with 1 mm of each
cIPTG variant is shown in relation to a 1 mm IPTG (14) control after 20 h.
Induction was performed after 5 h by UV-A light exposure at 365 nm

(~1 mW cm™2) for 30 min or the addition of 1 mm 14. In vivo fluorescence
intensities were normalized to cell densities, and values are means of
triplicate measurements. Error bars indicate the standard deviations.

Expression studies in P. putida: Next, we analysed whether
the optochemical clPTG/Lacl system can be transferred to the
Gram-negative bacterium P. putida KT2440 and if the solubility
of the caged inducer has an effect on its in vivo applicability. In
the following experiments, we used P. putida KT2440 carrying
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the expression vector pVLT33 harbouring a GFPmut3 gene,
which is under control of the P, promoter (Table S1), and the
same experimental setup as established for reference strain
E. coli Tuner(DE3).

Because we could observe only basal induction of gene
expression when 50 pm IPTG (14) was added to P.putida
expression cultures (Figure S5), 1 mm of each IPTG derivative
was used. As depicted in Figure 2B, the comparison of GFPmut3
fluorescence in P. putida cultures that reached the stationary
growth phase demonstrates an induction of reporter gene
expression of about 70% for BC-cIPTG (10b) when compared to
conventional IPTG (14). In contrast, the use of NP- and BEC-
cIPTG (1 and 10a) led to a lower induction response of ~50%
or less. For BC-cIPTG (10b) the maximal responsiveness value
tos fina Of 2.62 h is significantly slower than IPTG (14; t,s =
1.41 h; Figure S8 and Table S4). In summary, cIPTG constitutes
an optochemical tool that can be used as an optogenetic switch
for Lacl-controlled expression systems in P. putida, but compa-
rative expression studies revealed that modified IPTG variants
10a, 10b and 1 work less efficient than in E. coli. Remarkably,
only the variant BC-cIPTG (10b) that offers an increased
solubility in aqueous solution showed a satisfactory applicability
for controlling gene expression by light. Similar to the E. coli
Tuner(DE3), P. putida lacks a specific lactose permease.®™ There-
fore, IPTG can only pass the cytoplasmic membrane via passive
diffusion processes. Furthermore, in pseudomonads including
P. putida, the outer membrane exhibits a reduced permeability
as compared to E. coli The uptake of small water-soluble
molecules is mainly mediated by a defined set of specific porins
such as OprF, which is characterised by a significantly slower
diffusion rate compared to the more unspecific E. coli porins
OmpF and OmpC.»2% As a consequence, the water-soluble
compound 10b could be transported over the outer membrane
in a slower process.

Expression studies in B. subtilis: The Gram-positive bacterium
B. subtilis was used as an expression host to determine the
effect of inducer solubility on the uptake process, which is here
solely influenced by the permeability of the cytoplasmic
membrane and the surrounding cell wall. As this bacterium is
not able to use lactose as a carbon source, and a lactose
permease-encoding gene could not be identified in the
genome,?”! the uptake of inducer molecules is most probably
restricted to passive diffusion. To evaluate the cIPTG applic-
ability, we used the B. subtilis DB430/pHTO1-sfGFP strain, where
fluorescence reporter expression is driven by the Lacl-controlled
Pyrac Promoter.?® Similar to P. putida, we added the respective
inducer at a concentration of T mm to ensure full induction of
recombinant gene expression (Figure S5). Remarkably, illumina-
tion of BC-cIPTG (10b) led to a strong and fast induction
response comparable to the results obtained with IPTG (14;
Figures 2C and S8, Table S4). In contrast, the induction with
BEC-cIPTG (10a) led to a sfGFP expression level of around 75%
in comparison to IPTG (14), while addition of NP-cIPTG (1)
resulted in only 50% sfGFP fluorescence. Based on this
observation, we cannot exclude that the cell wall of B. subtilis,
which is much thicker (20-80 nm) than in Gram-negative
organisms (5-10 nm),*® is less permeable for the more hydro-
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phobic cIPTG variants. In addition, the extremely fast respon-
siveness of BC-cIPTG (10b) in B. subtilis (tysqna~2.3 h), which
also outperforms the respective induction response in E. coli
(tosfinal ~4-3 h), might indicate an efficient catalytic cleavage of
the ester intermediate after photoconversion. It should be
noted that addition of BC- and BEC-cIPTG resulted in an
increased basal target gene expression in non-illuminated
cultures, which might be due to a slightly reduced stability of
these cIPTG derivatives probably caused by a minimal catalytic
release of the respective caging groups.

Analysis of expression heterogeneity: Finally, we elucidated, if
the differential solubility of the applied cIPTG derivatives has an
effect on the expression heterogeneity. For E. coli strain Tuner
(DE3), we have previously proven a homogeneous induction
response for both IPTG (14) and NP-cIPTG (1), which is primarily
due to the absence of the permease and the resulting inducer
uptake by diffusion.® In contrast, for Bacillus species consid-
erable expression heterogeneities are frequently described.”
For the direct comparison of expression heterogeneity,
fluorescence of the reporter proteins was determined at the
single-cell level in light-exposed and non-illuminated cell
cultures of E.coli and B.subtilis using flow cytometry. The
results indicate that reporter gene expression was induced
homogenously in E. coli cells irrespective of the added cIPTG
variant (Figure S9 A) thereby corroborating observations from
microfluidic investigations with NP-cIPTG (1).®! Similarly, the
differential solubility of cIPTG variants did not affect the rate of
expression heterogeneity in B. subtilis although it is generally
more pronounced than in E. coli (Figure S9 B). Thus, expression
heterogeneity is not provoked by a varying efficiency of inducer
uptake.

Discussion

We developed the two new cIPTG derivatives 10a and 10b
with varying hydrophobicity and aimed to analyse whether the
change of cIPTG solubility affects the inducibility of Lacl
repressor-controlled target gene expression in E. coli, P. putida
and B.subtilis. In the here presented in vivo studies, the
derivatives are stable against spontaneous hydrolysis and did
not induce elevated basal expression of target genes in the
dark. In E coli, only marginal differences of light-controlled
gene expression could be observed for the new cIPTG variants
in comparison to the well-established NP-cIPTG (1). Never-
theless, the increased water-solubility of derivative 10b and its
homogeneous dispersion without addition of an organic
cosolvent, noticeably improves the applicability of this cIPTG
derivative. The transfer to P.putida and B. subtilis clearly
demonstrated that the solubility of photocaged inducer mole-
cules is an important aspect that has to be considered for the
establishment of a light-controlled expression system. Here, BC-
cIPTG (10b), the variant that offers an increased solubility in
aqueous solution, resulted in high expression levels together
with a comparable or even increased induction factor in
comparison to IPTG (for direct comparison of cIPTG derivatives’
induction factors see Table S5). In this context it should be

ChemBioChem 2021, 22, 539 -547 www.chembiochem.org

noted that, besides the improved solubility in microbial
cultivation media, the diverging hydrophobicity of the cIPTG
variants as well as the negative charge in case of BC-IPTG might
additionally affect the complex processes that are involved in
light-induced gene expression. These processes include i) the
efficiency of photoconversion under the applied cultivation and
illumination conditions, ii) the enzymatic hydrolysis of cIPTG
ester intermediates by cytoplasmic, periplasmic or extracellular
esterases, and iii) the individual permeability of cell membranes
for cIPTG, the ester intermediates or released inducer. Thus, the
individual physiological and morphological properties of the
chosen microbial expression host might exhibit relevant differ-
ences such as the respective membrane composition or the
ability for active inducer uptake vig appropriate transporters. In
Gram-negative bacteria, for example, the inducer has to pass
two membranes, a process that occurs through i) free diffusion
(both membranes), ii) passive transport processes involving
unspecific or specific porins (outer membrane), and iii) active
transport mechanisms that are facilitated by suitable permeases
(cytoplasmic membrane). In  Gram-positive bacteria, even
though only one membrane needs to be passed, the surround-
ing cell wall is much thicker than in Gram-negative hosts and
thus a distinct interaction with the differently soluble cIPTG
variants might additionally influence their uptake. However, to
unravel the role of individual properties of respective bacterial
strains for cIPTG uptake and IPTG release, further experiments
have to be performed in future studies.

In conclusion, we have constructed two new caged IPTG
variants, characterised their (photo)chemical properties and
demonstrated an easy applicability for the light-mediated
control of gene expression in Gram-negative and Gram-positive
bacteria. Because of their differential solubility, BC-, NP- and
BEC-cIPTG constitute a valuable “starter set” which enables an
easy access to a robust, light-responsive expression system in a
broad variety of different hosts. Due to the non-invasive nature,
the here presented optochemical on-switches additionally allow
the external triggering of gene expression in closed biological
systems thereby making, for example, anaerobic expression
hosts more accessible in the near future.

Experimental Section

General remarks: All chemicals for synthesis were obtained from
commercial suppliers and used without further purification unless
stated otherwise. Solvents were reagent grade and were dried as
well as purified by common methods. Thin-layer chromatography
(TLC) was performed using pre-coated silica gel plates (Polygram®
SIL G/UV, Macherey-Nagel) and components were visualised by
oxidative staining or UV light. Flash chromatography was per-
formed on silica gel (Merck silica gel 60 (0.063-0.200 pm) and
solvents for flash chromatography (petroleum ether/ethyl acetate)
were distilled prior to use. Optical rotation was determined at 20°C
on a Perkin Elmer Polarimeter 241 MC against sodium D-line and
melting points were recorded using a Biichi melting point B-545
apparatus. The NMR spectra ('H and "*C) were measured at 20°C on
a Bruker Avance/DRX 600 spectrometer in deuterated solvents
(CDCl;, [DgIDMSO, D,0). The chemical shifts are given in ppm
relative to the solvent ('H: CDCl,=7.26 ppm, 'H: [DJDMSO=
3.31 ppm or 'H: D,0=4.79 ppm/”C: CDCl;=77.16 ppm or C: [Dy]
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DMSO =39.52 ppm). Signals were assigned by means of H COSY,
HSQC and HMBC experiments. The IR spectra were recorded with a
Perkin Elmer SpectrumOne IR-spectrometer ATR (Waltham, USA).
HRMS (ESI) spectra were recorded by the centrum of analytics of
the Heinrich Heine University. UV/Vis absorption spectra were
recorded on a Genesys 10S UV/VIS Spectrophotometer (Thermo
Scientific) and uncaging experiments were performed in a quartz
cuvette with the LUMOS 43° from Atlas Photonics at 375 nm. Light
intensity was quantified using a Thermal Power Sensor (S302C,
Thorlabs Inc, USA) and the decay was detected by a Jasco HPLC
system [column: Hyperclone 5u ODS (C18) 120 (Phenomenex)]
combined with an UV/Vis-detector.

Synthesis of 4,5-Bis(ethoxycarbonylmethoxy)-2-nitrobenzylalde-
hyde diethyl acetal (12): To a solution of 4,5-bis
(ethoxycarbonylmethoxy)-2-nitrobenzaldehyde (1) (3.00 g,
844 mmol) in ethanol (50 mL) triethyl orthoformate (1.88¢,
12.6 mmol, 1.50 equiv.) and pyridinium p-toluenesulfonate (424 mg,
1.69 mmol, 0.20 equiv.) were added and heated under reflux for
19 h. A dean-stark trap filled with molecular sieve (3 A) was utilised
for the constant removal of water. After the reaction was completed
as indicated by TLC, it was washed with saturated NaHCO, solution.
The aqueous phase was then extracted with CH,Cl, and the
combined organic phase was dried with anhydrous Na,SO, and
concentrated under reduced pressure. The residue was purified by
flash column chromatography on SiO, (petroleum ether/ethyl
acetate 85:15) to yield a yellow solid (3.22 g, 7.51 mmol, 89%). R;=
0.25 (petroleum ether/ethyl acetate 80:20) m.p. 62.1°C; '"H NMR
(600 MHz, [DJIDMSO): 6=1.12 (t, >4, =7.1 Hz, 6 H, 2-H), 1.22 (t,
1110 and 1120 =7-1 Hz, 6 H, 11-H and 11-H), 3.50 (dq, /.1, =9.3 Hz,
raz=7.1Hz, 2H, 1-H), 362 (dq, “hp1a=9.3 Hz, *J1py=7.1 Hz,
2H, VyH), 418 (0, *hont or 1021 ="7-1 Hz, 2 H, 10-H or 10-H), 4.19 (q,
St or 1011 =7-1 Hz, 2 H, 10-H or 10"-H), 4.96 (s, 2 H, 8-H), 499 (s,
2H, 8H), 588 (s, 1 H, 7-H), 7.09 (s, 1 H, 6-H), 7.57 ppm (s, 1 H, 3-H);
C NMR (151 MHz, [D]DMSO): 6 =14.0 (C-11 and C-11%), 14.9 (C-2),
60.8 (C-10 or C-10'), 60.9 (C-10 or C-10), 65.5 (C-8 or C-8), 65.6 (C-8
or C-8), 97.7 (C-7), 110.6 (C-3), 111.5 (C-6), 127.9 (C-1), 141.4 (C-2),
146.5 (C-4), 150.2 (C-5), 168.1 (C-9 or (-9'), 168.1 ppm (C-9 or C-9);
IR (ATR-film): v"=2981, 1755, 1692, 1581, 1526, 1446, 1346, 1291,
1196, 1176, 1080, 878, 796cm™'; HRMS (ESI): m/z calcd for
CioH7NOyo s 447.1973 [M +NH,]*; found: 447.1972.

Synthesis of BEC-cIPTG (10a): To a solution of 4,5-bis
(ethoxycarbonylmethoxy)-2-nitrobenzylaldehyde diethyl acetal (12)
(1.00 g, 2.33 mmol, 1.50 equiv.) in dry CH.Cl, (6 mL) IPTG (370 mg,
1.55 mmol) was added. After 5min p-TSA (11.8 mg, 0.06 mmol,
4 mol%) was added to the suspension and it was stirred at room
temperature for 20 h. After the reaction was completed as indicated
by TLC, a small amount of triethylamine was added and the
reaction was concentrated under reduced pressure. The residue
was purified by flash column chromatography on SiO, (petroleum
ether/ethyl acetate 50:50 to 20:80) to yield a white solid (403 mg,
0.70 mmol, 45%). R;=0.35 (petroleum ether/ethyl acetate 20:80);
m.p. 104.5°C; [a]= —68 (c=1.0 in CHCL,); '"H NMR (600 MHz, CDCl,):
6=131 (& 1o o naw=72Hz, 6H, 11-H and 17-H), 135
(d, Ypapsci=68Hz, 3H, CHy-a or CHyb), 1.36 (d, *Jopapscn=
6.8 Hz, 3 H, CH;-a or CH;-b), 2.56 (brs, 2 H, 2”-OH and 3”-OH), 3.25
(septet, Yseyanap="06.8 Hz, 1 H, SCH), 3.52 (dt, *Js.s =1.7 Hz, *Js 0o =
1.2Hz, 1H, 5”-H), 3.64-3.70 (m, 2H, 2”-H and 3"-H), 4.08 (dd,
2Jobea=12.5Hz, S5 =1.7 Hz, T H, 6"-H,), 4.24-4.31 (m, 6 H, 10-H
/V0-H [ 4"-H/ 6"-H,), 441 (d, *J.,,=87 Hz, 1 H, 1"-H), 477 (s, 2 H,
8-H), 482 (s, 2 H, 8-H), 6.21 (s, 1 H, 7-H), 7.35 (s, 1 H, 6-H), 7.54 ppm
(s, 1 H, 3-H); ®C NMR (151 MHz, CDCl,): 6=14.3 (C-11 or C-11'), 14.3
(C-11 or C-11), 24.1 (CHy-a or CHy-b), 24.3 (CHy-a or CHy-b), 35.5
(SCH), 61.8 (C-10 or C-10'), 61.9 (C-10 or C-10'), 66.4 (C-8 or C-8),
66.6 (C-8 or C-8'), 69.8 (C-6"), 70.1 (C-5"), 70.3 (C-3"), 73.9 (C-2"),
76.2 (C-4"), 85.7 (C-1"), 96.6 (C-7), 111.5 (C-3), 112.8 (C-6), 127.7 (C-
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1), 141.3 (C-2), 147.6 (C-4), 151.7 (C-5), 167.9 (C-9 or C-9), 167.9 ppm
(C-9 or C-9; IR (ATR-film): v"=3478, 2967, 2916, 2866, 1747, 1520,
1287, 1176, 1097, 1077, 1027, 989 cm™"; UV/Vis (MeOH): 4., (6)=
298 nm (8006 dm> mol™" c¢m™'); HRMS (ESl): m/z calcd for
CogHyyN,O,5S: 593.2011 [M+ NH,]™; found: 593.2011.

Synthesis of BC-cIPTG (10b): A solution of BEC-cIPTG (10a)
(200 mg, 0.35 mmol) in MeOH (3.5 mL) was cooled to 0°C and a
0.2 m solution of LIOH (3.5 mL) was added. The reaction mixture
was stirred for 1 h at room temperature. After the reaction was
completed as indicated by TLC, the MeOH was evaporated under
reduced pressure and the remaining solution was lyophilised
overnight. The residue was suspended in THF, sonicated for 15 min
and filtrated. After washing with small amounts of cold THF a white
solid (107 mg, 0.21 mmol, 59%) was obtained. m.p. 190°C (decay);
[al==92 (c=1.0 in H,0);; 'H NMR (600 MHz, D,0): 6=1.29
(d, YJars.ascn=6.8 Hz, 3 H, CHs-a), 1.31 (d, *Joppsc=6.8 Hz, 3 H, CHy-
b), 3.26 (septet, *Jscycpan="6.8 Hz, 1 H, SCH), 3.66 (t, *Js..-=9.8 Hz,
1H, 2"-H), 3.71-3.82 (m, 2 H, 3"-H, 5-H), 4.18 (m, 2 H, 6"-H), 4.37 (d,
*Jy3»=36Hz, 1H, 4”-H), 460 (s, 2 H, 8-H), 462 (d, */.,,=9.8 Hz,
1H,1"-H), 467 (d, J=2.6 Hz, 2 H, 8-H), 6.20 (s, 1 H, 7-H), 7.32 (s, 1 H,
6-H), 7.55 ppm (s, 1 H, 3-H); ®C NMR (151 MHz, D,0): 6 =229 (CH,-
a), 23.3 (CH;-b), 35.0 (SCH), 67.3(C-8'), 67.4 (C-8), 69.1 (C-2"), 69.3 (C-
6"), 69.6 (C-5"), 72.8 (C-3"), 76.5 (C-4"), 84.8 (C-1"), 96.4 (C-7), 109.2
(C-3), 1108 (C-6), 126.3 (C-1), 140.0 (C-2), 147.2 (C-4), 151.5 (C-5),
175.1 (C-9), 175.4 ppm (C-9; IR (ATR-film): v"=3124, 3043, 1605,
1522, 1398, 1335, 1277, 1077, 1047, 1024, 824 cm™"; UV/Vis (H,0):
Amax (€)=245 (5008), 342 nm (3191 dm® mol™ ¢cm™"); HRMS (ESI): m/z
caled for CyHyN,0135 ™2 537.1385 [M + NH,] T; found: 537.1382.

Determination of purity by gqNMR: The purity of the photocaged
IPTG derivatives 10a, 10b and 1 was determined via quantitative
NMR. 3,5-bis(trifluoromethyl)bromobenzene was utilised as internal
standard for 10a as well as 1 and (methanesulfonyl)methane for
10b. The spectra were measured at 20°C on a Bruker Avance/DRX
600 spectrometer with 64 scans each and 30 ps relaxation time
between each scan. The results in Table S3 are means of triplicate
measurements.

Solubility analysis: The solubility of 10a, 10b and 14 was
determined photometrically at 25°C using a spectrophotometer
Shimadzu UV-1800 (CPS-240A). The absorbance of a serial dilution
in degassed and deionised water was measured at the absorption
maximum of the respective compound. A saturated solution was
measured under the same conditions. The solubility was calculated
using the Beer-Lambert law."®!

Hydrolytic stability: For the determination of the hydrolytic
stability, a 1 mm solution of the respective compound in methanol
or sodium phosphate buffer (0.1 m, pH 7.5) was stored in the dark
at room temperature. Samples were removed after 0 and 24 h and
analysed by reversed-phase HPLC.

Quantification of uncaging half-life times: A 1 mm solution of
each photocaged compound in methanol or sodium phosphate
buffer (0.1 m, pH7.5) was prepared. In a cuvette 1 mL of this
solution was irradiated at room temperature using the LUMOS 43
(375 nm) for a certain time period. The sample was then analysed
by reverse phase HPLC Jasco HPLC system [column: Hyperclone 5 p
ODS (C,5) 120 (Phenomenex)]. For each photocaged compound, the
procedure was repeated for different irradiation times. The decrease
of concentration was measured by an UV detector.™

Determination of uncaging quantum yields: The quantum yields
of 1, 10a and 10b were determined by a relative method in
comparison to the quantum yield of 2-nitropiperonylacetate (NPA-
Ac), as this substrate shows a sufficient similarity to 1, 10a and
10b. The procedure was followed as previously described in
literature (Figure S4 and Table $2).6<*"
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Bacterial strains and plasmids: The E. coli strain DH50.*" was used
for all cloning procedures, while the E. coli strain $17-1%? and Tuner
(DE3) (Novagen) were applied for conjugation and expression
studies, respectively. All E. coli strains, the P. putida strain KT2440>
and the B. subtilis strain DB430"" were grown on LB agar plates or
in liquid LB medium (Luria/Miller, Carl Roth®), at 37°C (E. coli) or
30°C (P. putida, B. subtilis). Media were supplemented either with
kanamycin (50 ygmL™"), gentamicin (25 ugmL™"), irgasan
(25 pgmL™") or chloramphenicol (5 ugmL™"), when appropriate.

All bacterial strains and plasmids used in this study are listed in
Table S1, Supporting Information.

Plasmid construction: All recombinant DNA techniques were
carried out as described by Sambrook et al.** For the construction
of the B. subtilis expression vector pHTO1-sfGFP, the sfGFP-encoding
gene was synthesised with flanking Ndel and Hindlll restriction sites
(Eurofins Genomics, Germany) and subsequently cloned into pET-
22(b) (Novagen, Merck). The resulting vector pET-22(b)-sfGFP was
used as template for SLIC cloning®® of a DNA fragment encompass-
ing the sfgfp gene into the B. subtilis expression vector pHTO1
(MoBiTec, Germany) using oligos 3-6 (Table S1, Supporting Infor-
mation). The P.putida expression vector pVLT33-GFPmut3 was
constructed by restriction and ligation. To this end, the gfpmut3
gene was amplified with flanking EcoRl and Xbal restriction sites via
PCR using oligos 1-2 (Table S1). Afterwards, the EcoRl/Xbal hydro-
lysed fragment was ligated into the likewise hydrolysed vector
backbone pVLT33, resulting in the final expression vector pVLT33-
GFPmut3. Correct nucleotide sequences of all constructs were
confirmed by Sanger sequencing (Eurofins Genomics).

Cultivation conditions: All E. coli, P. putida and B. subtilis expression
cultures were grown in 48-well Flowerplates® in a Biolector
microbioreactor system (m2p labs, Germany) (800 uL LB medium,
1200 rpm, 30°C), inoculated with an optical density at 580 nm of
0.05. During cultivation, the cell density was measured online
through the scattered light intensity at 620 nm. In addition,
fluorescence of eYFP and GFP variants (GFPmut3 and sfGFP) were
continuously determined using a 508/532 nm and 488/520 nm
filter, respectively. cIPTG variants 10a, 10b or NP-cIPTG (1) were
added prior inoculation (final concentration: 50 pum for E. coli, 1 mm
for P. putida and B. subtilis; purities of cIPTG variant after synthesis
were taken into account accordingly) and expression of reporter
genes was induced during the early logarithmic growth phase (after
approx. 2.5 h for E. coli, 3 h for P. putida and 5 h for B. subtilis) via
UV-A light exposure (VL-315.BL lamp, Vilber Lourmat, France;
~1 mWem~2 30 min exposure) or by addition of equal amounts of
conventional IPTG (14) after illumination.

Determination of expression heterogeneity: For measurement of
the expression heterogeneity, E.coli and B.subtilis cultures were
analysed on the single-cell level by flow cytometry regarding their
fluorescence intensity and distribution. Expression cultures were
grown as described above and were subsequently sampled as soon
as they reached the late logarithmic growth phase (after 8 h for
E.coli and after 10 h for B.subtilis). For this purpose, 40 pL was
taken out of the Flowerplate® cultures and added to 600 uL PBS
buffer (pH 7.4). Subsequently, the cells were harvested by centrifu-
gation (2 min, 15000 rpm - 21130xg, RT), adjusted to an optical
density of 0.5 (ODsg,) in 100 uL PBS buffer and then transferred into
a 96-well microtiter plate (Greiner Bio-One GmbH, Frickenhausen,
Germany). Finally, these samples were analysed with a flow
cytometer (Amnis® CellStreamTM System, Luminex Corporation,
Austin, USA). The individual cellular fluorescence brightness was
measured using a 488-nm laser (15 % intensity for E. coli and 5% for
B. subtilis) for excitation and a 528/46 nm bandpass filter for
detection. To exclude cell debris and cell aggregates, the cells were
also analysed regarding their size (forward scatter, FSC) and
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granularity (side scatter, SSC). FSC was measured using an FSC laser
(nm) with 80% of the laser power for E. coli and 50% for B. subtilis
and a 456/51 nm bandpass filter for detection. For determination of
SSC a nm-light laser with 80% of the laser power for E. coli and
50% for B. subtilis (773/56 nm bandpass filter) was used. Based on
the scatter plots, bacterial cells were gated from irrelevant counts
for fluorescence analysis. Flow cytometric data were evaluated with
the CellStream™ Analysis Software (Merck, now Luminex Corpora-
tion).
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Abstract

Photocaged inducer molecules, especially photocaged isopropyl-B-b-1-thiogalactopyranoside (cIPTG),
are well-established optochemical tools for light-regulated gene expression and have been extensively
applied in Escherichia coli and alternative bacterial hosts like Corynebacterium glutamicum,
Pseudomonas putida or Bacillus subtilis. In this study, we aimed to implement a light-mediated on-
switch for target gene expression in the facultative anoxygenic phototroph Rhodobacter capsulatus by
using clPTG under both phototrophic and non-phototrophic cultivation conditions. We could
demonstrate that especially nitropiperonyl- (NP)-cIPTG can be applied for light-mediated control of
target gene expression in this alternative host. Furthermore, we successfully applied the optochemical
approach to control the intrinsic carotenoid biosynthesis to showcase engineering of a cellular function.
Photocaged IPTG thus represents a light-responsive tool which offers various promising properties
suitable for future biotechnological applications including automated multi-factorial engineering of target

gene expression as well as optimization of production processes for high-value products.

Introduction

In the field of optogenetics, the application of light offers various advantageous properties such as non-
invasive control with high spatiotemporal resolution [1-5]. In this context, photolabile protecting groups
are a well-established tool for controlling a multitude of cellular processes including cell signaling [1,6,7]
or gene expression [8-12]. For light-regulated gene expression, especially photocaged isopropyl-3-D-1-
thiogalactopyranoside (cIPTG) was e.g. applied for automated optimization of heterologous gene
expression in Escherichia coli using a high-throughput screening system [13]. The growth medium can
be supplemented with photocaged IPTG, which remains non-functional, until a light-pulse releases the
inducer from its cage so that it can induce expression of target genes under control of a /ac (or lac-type)
promoter by specific interaction with the Lacl repressor. Caged IPTG has further been utilized to control
gene expression in alternative expression hosts like  Corynebacterium glutamicum,
Pseudomonas putida or Bacillus subtilis [14,15]. Recently, we expanded the applicability of caged IPTG
by introducing two novel clPTG derivatives with varying compound solubilities in aqueous solution [15].

While the well-established 6-nitropiperonyl photocaged IPTG (NP-clPTG) is almost insoluble in the
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cultivation medium, 4,5-bis(carboxymethoxy)-2-nitrobenzyl photocaged IPTG (BC-cIPTG) offers a
significantly higher water-solubility. 4,5-bis(ethoxycarbonylmethoxy)-2-nitrobenzyl photocaged IPTG
(BEC-cIPTG), in contrast, shows also low solubility, but might exhibit an improved membrane-
permeability due to its hydrophobic side chains.

When conventionally inducible expression systems are applied in anaerobic bacteria, the induction
process (i.e. the addition of the corresponding inducer molecule) is more challenging due to the tightly
closed cultivation vessels. In this case, the induction of gene expression in a log phase culture requires
an invasive process such as the opening of cultivation vessels, which might conflict with the
maintenance of strictly anaerobic conditions. In contrast, inoculation of cell cultures in media that were
directly supplemented with the inducer often results in reduced cell growth and/or product yields, since
the synthesis of heterologous proteins or metabolites competes with biomass formation [16-22]. In
addition, the engineering of complex biosynthetic pathways often requires the possibility to specifically
control the expression of defined pathway genes with both a high temporal resolution and flexibility. In
this study, we thus aimed at implementing non-invasive light-control for target gene expression in the
facultative anaerobic bacterium Rhodobacter capsulatus by using photocaged IPTG.

R. capsulatus is a metabolically versatile bacterium that is able to grow either under phototrophic
conditions (i.e. in the absence of oxygen and presence of light) by performing anoxygenic
photosynthesis or under chemotrophic conditions (in the presence molecular oxygen) [23-25]. Upon
reduction of oxygen tension, R. capsulatus starts to form an extracellular capsule composed of
exopolysaccharides (EPS) and an intracytoplasmic membrane (ICM) system, which harbors the
photosynthesis apparatus [26—29]. Since the intracellular membrane system can function as a naturally
enlarged storage compartment for membrane-embedded enzymes and metabolites, the phototrophic
lifestyle renders novel approaches possible where R. capsulatus is applied as an alternative host for the
production of otherwise difficult-to-express membrane proteins as well as hydrophobic secondary
metabolites such as plant-derived terpenes [30-33]. However, the EPS capsule as well as the ICM
might function as natural diffusion barriers making the uptake of (caged) inducers less efficient.

In the laboratory, non-phototrophic cultivation of Rhodobacter is usually performed in the dark using
shaking flasks to ensure aerobic or microaerobic conditions. For phototrophic growth, tightly sealed
hungate tubes (with culture volumes of up to 15 mL), sealable bottles (volume < 2 L) or bioreactors
(volume = 1 L) are used and illumination is mostly conducted by applying conventional light bulbs

[30,34-39]. Phototrophic growth is particularly well established [31,32,36,37,40,41] and offers robust
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and fast cell division for a variety of different applications, as the broad emission spectrum of bulb light
is suitable for the excitation of all photopigments of R. capsulatus, namely the carotenoids spheroidene
(ASmax = 454, 478, 509 nm) and spheroidenone (A**max = 500 nm) as well as bacteriochlorophyll a
(Bchl a, A**max = 800 and 860 nm ) [33]. In this work, we established the (micro)aerobic cultivation in
the BiolLector microbioreactor system, allowing online-monitoring of growth and (optochemical)
induction of gene expression in small cultivation volumes. For anaerobic, phototrophic cultivation, we
analyzed whether optogenetic induction of gene expression by using UV-A light-responsive caged
inducers can be implemented in R. capsulatus cultures solely illuminated with IR light (Amax = 800 nm)
(Figure 1 A). We additionally evaluated the usability of the three cIPTG variants NP-cIPTG, BEC-cIPTG

and BC-cIPTG for this optochemical approach (Figure 1 B) [15].
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Figure 1: Experimental strategy for establishment of optochemical control over gene expression in
R. capsulatus under non-phototrophic and phototrophic growth conditions. A) Light-controlled
expression of the reporter gene eyfp in R. capsulatus using photocaged IPTG (clPTG; red circle with
blue frames). Upon illumination with UV-A light (purple flash symbol), the protection group is cleaved
off, the previously inactive IPTG molecule is released and induces Lacl/Puc-mediated eYFP expression.
B) Photocaged IPTG variants NP-cIPTG, BC-cIPTG and BEC-cIPTG used in this study.
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As those photocaged molecules strongly differ in hydrophobicity and water-solubility, we wanted to
compare their general usability for light-controlled gene expression in R. capsulatus under phototrophic
(high level of EPS and ICM formation) and non-phototrophic (moderate to low EPS and ICM formation)
conditions. For these studies, we chose R. capsulatus SB1003, as it is particularly suited for various
biotechnological applications including the production of terpenes, as illustrated in our recent studies
[30-32,42]. In summary, we could demonstrate that photocaged inducer molecules and especially NP-
cIPTG can be applied for light-mediated control over gene expression in this alternative host under all
tested growth conditions. Furthermore, we successfully applied this optogenetic approach to control the
intrinsic carotenoid pathway to showcase engineering of secondary metabolite biosynthesis. This light-

responsive on-switch thus offers various promising properties suitable for biotechnological applications.

Results and Discussion

clPTG-mediated light control of gene expression in Rhodobacter capsulatus under non-

phototrophic conditions

In order to establish a cIPTG-based optogenetic control of gene expression in the facultative
phototrophic organism R. capsulatus, we first constructed the expression plasmid pRholHi-2-eYFP
containing the repressor gene /acl, the Lacl-controlled P:ac promoter (Table S1; Supporting Information)
and the downstream located eyfp reporter gene, whose expression was first analyzed in R. capsulatus
under aerobic and microaerobic conditions in the absence of light. Since we implemented small scale
cultivation of R. capsulatus in the BioLector for the first time, the filling volume of the Round Well plates
as well as the shaking frequencies were appropriately adapted to control the aeration of cultures during
non-phototrophic growth (Fig. 1 B; Figure S 1; Supporting Information). To this end, the R. capsulatus
strain carrying the corresponding eYFP expression vector pRholHi-2-eYFP was cultivated without
addition of IPTG but with varying filling volumes and shaking frequencies for 48 h. In these cultures,
bacterial growth (Figure S1 A) and the dissolved oxygen tension (DOT; Figure S1 B) were online-
monitored using the scattered light intensity and DO optodes (m2p-labs, Germany), respectively.
Sufficient conditions for aerobic or microaerobic growth were found to be 800 pL filling volume and
800 rpm shaking frequency or 1500 pyL and 400 rpm, respectively. To evaluate the functionality and

inducibility of the Lacl/Ptac promoter system in R. capsulatus under non-phototrophic growth conditions,
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IPTG was added at increasing concentrations (0 — 10 mM) to the medium after 9 h of cultivation (early
logarithmic growth phase) and reporter gene expression was analyzed by detecting the specific eYFP
fluorescence (Figure S2 A and B; Supporting Information). The results show a comparatively high eYFP
expression for IPTG concentrations of 1 mM and above; thus, 1 mM was chosen as sufficient inducer
concentration in all further experiments. To evaluate, whether cIPTG derivatives can be applied for light-
controlled gene expression in R. capsulatus under non-phototrophic conditions, we analyzed the
induction response of NP-cIPTG, BC-cIPTG and BEC-cIPTG in comparison to IPTG for the strain
R. capsulatus SB1003/ pRholHi-2-eYFP in the presence and absence of UV-A light. Both experiments
revealed considerable induction levels of at least 70% and up to nearly 150% for all three clPTG
derivatives leading to induction levels of at least 70% and up to nearly 150% in comparison to IPTG

(Figure 2 A and B).
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Figure 2. Application of cIPTG derivatives for light-mediated control of gene expression in R. capsulatus
under non-phototrophic conditions. A-B) Light-controlled eYFP reporter gene expression in aerobically
(A) and microaerobically (B) grown R. capsulatus SB1003 cultures carrying pRholHi-2-eYFP using the
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three cIPTG derivatives NP-, BC- and BEC-cIPTG. Biomass-normalized eYFP in vivo fluorescence
(Aex= 508 nm, Aem= 532 nm) of cultures supplemented with 1 mM of each cIPTG variant is shown in
relation to a 1 mM IPTG control after 48 h of cultivation (RVC medium, 30°C; for aerobic cultures
800 rpm and 800 pL filling volume and for microaerobic cultures 400 rpm and 1500 pL filling volume).
Induction was performed after 9 h via UV-A light exposure at 365 nm (~1 mW/cm?) for 30 min or the
addition of 1 mM IPTG. Values are means of individual biological triplicates. Error bars indicate the
respective standard deviations.

However, only NP-cIPTG showed a reasonably low induction level under light exclusion for aerobic and
microaerobic cultivation conditions over 48 h in RCV medium at 30°C, whereas the use of BC-cIPTG
and BEC-cIPTG led to high illumination-independent fluorescence signals. In order to identify factors
that might be responsible for the observed instability effect, the light-independent cleavage of IPTG was
analyzed in a control experiment using the well-established strain E. coli Tuner(DE3). To this end, we
measured the induction of eyfp reporter gene expression upon addition of cIPTG variants, which were
previously incubated either in LB or RCV medium (negative control) or in R. capsulatus culture
supernatant (Figure S3 C; Supporting Information). These data show that no auto-hydrolysis was
observed for any cIPTG derivative in sole LB or RCV medium, whereas BC- and BEC-cIPTG elicited an
increased fluorescence signal when pre-treated with R. capsulatus supernatant. This could give a first
hint that host specific enzymes or metabolites might be involved in the light-independent hydrolysis of
BC- and BEC-cIPTG. We also tested the toxicity of each compound and the corresponding
photoproducts to exclude further unfavorable side effects on both aerobically and microaerobically
grown R. capsulatus cells. By comparing the growth behavior of accordingly supplemented cultures with
cultures where IPTG was added to the cultivation medium (Figure S3 A and B; Supporting Information),
no toxic effects could be observed for the caged inducer variants as indicated by similar growth rates in
the logarithmic phases. We therefore identified the non-toxic and functional NP-cIPTG as the most
promising candidate for light-controlled induction of gene expression in R. capsulatus under aerobic and
microaerobic conditions. Additionally, to further exclude a negative effect of UV-A light exposure on the
R. capsulatus eYFP expression strain, growth behavior of UV-A light-exposed and non-exposed
cultures was comparatively analyzed in the presence and absence of IPTG (Figure S4; Supporting
Information), showing no considerable effect of this treatment on the growth of respective strains.

In summary, we successfully established an optogenetic strategy allowing light control of gene
expression in R. capsulatus under non-phototrophic conditions. In a next step, we evaluated the
applicability of this system under phototrophic conditions, where additional bottlenecks may arise such
as permanent illumination necessary for photosynthesis and the formation of EPS and ICM that might

function as additional cellular diffusion barriers.
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Light-mediated induction of gene expression in Rhodobacter capsulatus under anaerobic,

phototrophic growth conditions

In the laboratory, phototrophic R. capsulatus cultures are typically grown in sealed hungate tubes under
constant illumination with bulb light to ensure both a strict oxygen exclusion and optimal light conditions.
First, we analyzed whether illumination of cultures, which is essential for phototrophic growth, already
leads to unwanted uncaging effects. For this purpose, we used 1,2-dimethoxy-4-nitrobenzene (DMNB)
as a molecular UV-A light detector suitable for the quantitative analysis of nitrobenzyl-based
photouncaging processes [2,43,44]. Under UV-A light exposure, the DMNB molecule undergoes a full
conversion into 2-methoxy-5-nitrophenolate (MNP) accompanied by a sensitively detectable increase
of absorption at Amax =422 nm (Figure S5; Supporting Information) [45,46]. To detect undesired
uncaging processes induced by different light sources applicable for phototrophic cultivation of
R. capsulatus cells [33,42,47], the DMNB solution was exposed for 48 h either to bulb light (broad
emission spectrum with high IR light and low UV light components) or IR light (monochromatic, Amax=
850 nm). Additionally, a dark control and samples with increasing UV-A light exposure times from 30 min
to 90 min were performed (Figure 3).

Bl 24h
Hl 48h

4+

absorbance at 422 nm [a.u.]
N @

-
1

DK BL 30 min 60 min 90 min IR
UV-A light

Figure 3. Photochemical detection of UV-A light exposure under various illumination conditions using
DMNB. Light-mediated formation of 2-methoxy-5-nitrophenolate (MNP) from a 1.25 mM DMNB solution
in aqueous potassium hydroxide was determined spectrophotometrically via the increase of absorbance
at 422 nm after illumination with bulb light (BL, 2500 Ix) and IR light (IR, Amax= 850 nm; 1.23 mW/cm?)
for 24 h or 48 h. DMNB photoconversion was compared to samples that have been exposed to UV-A
light for 30-90 min (Amax= 365 nm; 5.4 mW/cm?) or kept unexposed (dark control, DK). Values are
means of triplicate measurements. Error bars indicate the respective standard deviations.
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Interestingly, analysis of photochemical MNP formation at 422 nm after 24 h and 48 h revealed that
exposure to bulb light leads to absorption values comparable to samples that were irradiated by UV-A
light for 30 min. Thus, bulb light is not applicable as a light source for the phototrophic cultivation of
R. capsulatus if cIPTG is intended to be used as an optogenetic on-switch. In contrast, IR light seems
to be a promising alternative light source, as even after 48 h no photoconversion of DMNB could be
detected, since the IR exposure wavelength is beyond the absorption wavelength of DMNB. To
determine, which IR light intensities are needed for efficient phototrophic growth of R. capsulatus, cells
were cultivated with IR light of increasing intensities ranging from 0.5 mW/cm? up to 5.1 mW/cm? using
a custom-made IR light LED panel [33] and analyzed the growth behavior (Figure S6; Supporting
Information). The data revealed that both too high and too low IR light intensities have a negative effect
on phototrophic growth due to insufficient energy supply or adverse cultivation temperatures. However,
illumination properties of IR LED panels at 850 nm (i.e. the absorption maximum of the photopigment
BChl a) could be appropriately adjusted for phototrophic growth of R. capsulatus: An IR-light intensity
of 1.7 mW/cm? led to similar cell densities as compared to bulb light irradiation without exceeding the
optimal growth temperature.

Finally, we analyzed whether photocleavable cIPTG derivatives can be used for non-invasive control of
gene expression in phototrophically growing R. capsulatus cells by UV-A light exposure. To this end,
the strain R. capsulatus SB1003 carrying the plasmid pRholHi-2-eYFP was cultivated under constant
IR light illumination and reporter gene expression in clPTG-supplemented cultures was induced after
6 h (early logarithmic growth phase) with 30 min of UV-A light. Resulting eYFP fluorescence was
analyzed when cells reached the stationary growth phase (48 h). As shown in Figure 4, UV-A light-
induced uncaging of the cIPTG derivatives NP- and BC-cIPTG resulted in even higher eYFP expression
levels as in the control experiment, where IPTG was added to UV-A exposed cultures, while the
expression strength of BEC-cIPTG was slightly inferior to this control culture. Remarkably, changing the
water solubility of cIPTG did not result in improved eYFP expression levels under phototrophic growth
conditions. Based on the approximately similar output observed after IPTG and NP-cIPTG induction
under aerobic, microaerobic, and phototrophic conditions, it can be concluded that putative IPTG
diffusion barriers formed by ICM and EPS do not exert a significant influence on NP-cIPTG uptake. In
addition, as previously observed in cultures that have been grown under aerobic and microaerobic

conditions, BC-cIPTG and BEC-cIPTG were not stable during phototrophic cultivation, resulting in
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almost equally high induction levels in the dark control as compared to the UV-A light exposed cultures.

In contrast, NP-cIPTG also showed sufficient stability under phototrophic growth conditions.
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Figure 4. Light-controlled induction of gene expression in phototrophically grown R. capsulatus cells.
The strain R. capsulatus SB1003 carrying pRholHi-2-eYFP was cultivated in RCV medium
supplemented with 1 mM IPTG (Figure S2; Supporting Information) or with one of the three cIPTG
derivatives NP-, BC- and BEC-cIPTG before inoculation (30°C, screw neck vials, IR light (Amax = 850 nm,
1.7 mW/cm?)). Biomass-normalized eYFP in vivo fluorescence (Aex: 508 nm, Aem: 532 nm) is shown in
relation to the non-illuminated control culture supplemented with 1 mM IPTG (-UV) after 48 h of
cultivation. Induction was performed after 6 h via UV-A light exposure (365 nm; ~2 mW/cm?) for 30 min.
Values are means of individual biological triplicates. Error bars indicate the respective standard
deviations.

Further it should be noted that the cell density-normalized eYFP expression strength under phototrophic
conditions is significantly higher (2.2 a.u.) than under aerobic (0.42 a.u.) or microaerobic conditions
(0.67 a.u.), as also documented in the study of Katzke and co-workers, where the expression strength
of the T7-promoter system was superior under phototrophic growth conditions in the R. capsulatus strain
B10S [40]. Additionally, phototrophically grown cultures without supplemented IPTG exhibited a high
basal eYFP expression level (Figures 2 and 4; Figure S2; Supporting Information). Since wild-type
control cultures without an expression plasmid did not show significantly increased fluorescence levels
(Figure S2), the promoter system appears to be affected by high basal expression, possibly caused by
an insufficient amount of the Lacl repressor. As noted in previous studies, increasing the level of Lacl
has been shown to be extremely valuable for reducing basal expression and thereby increasing the
tightness of an expression system [48,49].

The data presented so far can be summarized as follows: (i) the eYFP expression experiments clearly
demonstrated that NP-cIPTG can in principle be used as an optogenetic on-switch for the non-invasive

control of heterologous gene expression in R. capsulatus. (ii) Neither constant illumination with IR light,

which is required for photosynthesis, nor morphological changes (formation of ICM and EPS) negatively
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affected the function of the light-responsive inducer molecule. Hence, the optogenetic switch can be
used for the facultative phototrophic bacterium under both non-phototrophic and phototrophic growth
conditions.

In the following, we applied the light switch to modulate an intrinsic biosynthetic secondary metabolite
pathway of R. capsulatus. We chose an early enzymatic step of the carotenoid pathway, which is
responsible for the production of essential precursor molecules such as farnesyl pyrophosphate (FPP)
for both homologous terpenes (e.g. the photopigments spheroidene and spheroidenone) and

heterologous sesqui- and triterpenes (Figure 5 A) [31,33,50].
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Figure 5. Light-controlled induction of carotenoid production in phototrophically grown R. capsulatus
SB1003 AcrtEF cells carrying pRholHi-2-crtE-crtF. A) Intrinsic carotenoid synthesis of R. capsulatus
starting from the terpene Cs building blocks IPP and DMAPP. Deletion of genes encoding the relevant
carotenoid pathway enzymes CrtE and CrtF results in a carotenoid-deficient strain [31]. The genes crtE
and crtF were cloned in a plasmid and placed under control of the P:c promoter to facilitate IPTG-based
control. Light-mediated induction of crt gene expression was achieved by using NP-cIPTG.
IPP: isopentenyl pyrophosphate; DMAPP: dimethylallyl pyrophosphate; IspA: FPP  synthase;
FPP: farnesyl pyrophosphate; CrtE: GGPP synthase; GGPP: geranylgeranyl pyrophosphate;
CrtB: phytoene synthase; Crtl: phytoene desaturase; CrtC: hydroxyneurosporene  synthase;
CrtD: hydroxyneurosporene  desaturase; CrtF: demethylspheroidene  O-methyltransferase. B)
Pigmentation of phototrophically grown R. capsulatus strains SB1003 AcrtEF (AcrtEF), SB1003 AcrtEF/
pRholHi-2-crtE-crtF supplemented with 1 mM NP-cIPTG under non-illuminated (-UV, L-crtEF) or UV-A
illuminated conditions (+UV, L-crtEF) and SB1003 wildtype strain (SB1003). Besides liquid cultures, a
cell pellet corresponding to an optical density at 660 nm of 2.5 are shown. C) Carotenoid absorption at
476 nm of culture extracts of R.capsulatus SB1003 AcrtEF/ pRholHi-2-crtE-crtF  (L-crtEF)
supplemented with 1 mM of NP-cIPTG (+NP-cIPTG) is shown in relation to the respective absorption of
extracts from R. capsulatus SB1003 wildtype (SB1003) cells. In addition, cell cultures supplemented
with 1 mM IPTG (positive control, +IPTG) or without IPTG (negative control, -IPTG) likewise analyzed
after 96 h of phototrophic cultivation (RVC medium, 30°C, screw neck vials, IR light (Amax = 850 nm, 1.7
mWi/cm?)). R. capsulatus SB1003 AcrtEF extracts were used to determine the background absorption
of R. capsulatus cells at 476 nm and thus corresponding values were subtracted from all other values.
Induction was performed after a cultivation time of 24 h via UV-A light exposure at 365 nm (~2 mW/cm?)
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for 30 min. Values are means of individual biological triplicates. Error bars indicate the respective
standard deviations.

In a mutant strain lacking the relevant carotenoid biosynthesis genes crtE and crtF, intrinsic carotenoid
biosynthesis cannot be performed, which results in a distinct greenish-colored phenotype [31]. We used
this strain for light-controlled complementation of the observed mutant phenotype, by placing crtEF
expression under light control.

For this purpose, the plasmid pRholHi-2-crtE-crtF was transferred to the deletion strain R. capsulatus
SB1003 AcrtEF and cells were grown phototrophically for four days under IR light (Amax = 850 nm,
1.7 mW/cm?). Induction of the plasmid-encoded genes crtE and crtF was performed after 24 h (because
of the slower growth of this mutant) via appropriate UV-A light exposure (30 min, Amax =365 nm,
2 mW/cm?) or by adding IPTG prior to culture inoculation. For quantification of the carotenoid
accumulation, photopigments were extracted from cell cultures with ethanol. Subsequently, the
absorption of extracted carotenoids was analyzed in comparison to cultures containing IPTG as well as
R. capsulatus SB1003 wildtype and SB1003 AcrtEF cultures as corresponding positive and negative
controls using a Tecan Microplate reader (Figure 5 C). While R. capsulatus SB1003 AcrtEF cultures
without induction of crtEF expression exhibited a similar pigmentation as observed in the control strain
(AcrtEF) (Figure 5 B), addition of IPTG resulted in a clearly visible change of the cell coloration indicating
a partial complementation of the phenotype that is caused by the crt gene deletion. This observation
could be verified by quantitative analysis of the corresponding carotenoid absorption (Figure 5 C). In
addition, optogenetic induction of crtfEF gene expression using NP-cIPTG could almost completely
restore the carotenoid-deficient phenotype resulting in a pronounced carotenoid absorption level thereby
underpinning the importance of non-invasive, optogenetic control of these biosynthesis processes under
anaerobic conditions. This can open up new strategies for the dynamic modulation of substrate fluxes
in complex secondary metabolite pathways such as the terpene pathway in phototrophic bacteria, which
were recently shown to be promising alternative production hosts for the sustainable production of plant

terpenes [31-33].

Discussion
For the establishment of photocaged inducers as an alternative optogenetic switch allowing non-
invasive induction of gene expression in the phototroph R. capsulatus, two parameters needed to be

addressed: (i) the general functionality of photocaged inducers with respect to their stability in host-
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specific cultivation medium, their non-toxicity, and their induction efficiency and (ii) the implementation
of an optogenetic control tool that is compatible with specific growth conditions of this host, such as
varying oxygenation and constant illumination necessary for phototrophic cultivation.

Firstly, we could show that all photocaged IPTG variants exhibit minimal interference with the biological
system, which is a prerequisite for a control tool, since all three cIPTG variants were non-toxic and
functional in the host organism. However, only NP-cIPTG showed a pronounced stability in cultures that
were grown in the absence of UV-A light. By using NP-cIPTG derivative, we were finally able to control
gene expression with an induction strength comparable to IPTG.

Subsequently, the photocaged inducer molecule was evaluated with respect to its non-invasive
applicability, since it should function robustly under diverse host-specific growth conditions. We could
prove the applicability of NP-clIPTG under aerobic, microaerobic, and phototrophic conditions and
applied it successfully for light-mediated expression of FPP converting enzymes involved in the host-
specific carotenoid biosynthesis.

For the establishment of light-mediated control of biotechnological processes in the phototrophic
bacterium R. capsulatus, we applied IR light-emitting LED panels as alternative light sources suitable
for irradiation of BChl a, which is essential for photosynthesis, while omitting emission of light in the
visible range. Consequently, the spectral range of 300-800 nm can be utilized for additional optogenetic
approaches such as the use of photocaged inducers, as shown here, or a variety of photoreceptors
including well-known blue light-responsive photoreceptors of the LOV-, BLUF- or cryptochrome families
[5,51-54] or green light-responsive photoreceptors (e.g. CcaS cyanobacteriochrome receptor and CarH
cobalamine-dependent receptor [55-58]). The CarH photoreceptor would be especially well-suited for
optogenetic control in R. capsulatus, as its chromophore 5’-deoxyadenosylcobalamin, a form of vitamin
B2, is naturally provided by this organism [59].

Originally, energy acquisition in R. capsulatus during anaerobic growth is preferably performed via
anoxygenic photosynthesis using both carotenoids and BChl a as photopigments [60,61]. By narrowing
the light emission spectrum to the IR range, only BChl a absorbs light for energy acquisition and
principally, most of the isoprenoid precursors can be redirected to recombinant secondary metabolite
pathways to produce high-value compounds such as plant sesquiterpenes. In this context, the
optogenetic control of the carotenoid production might offer the possibility to precisely adjust the
carotenoid level in R. capsulatus cultures allowing to balance the FPP level for obtaining high titers of

heterologous terpenes. This approach seems to be promising as an accumulation of FPP can exert toxic
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effects on the host organism [62—64] and the production of heterologous terpenes in R. capsulatus is
most commonly performed in carotenoid-producing strains in which resources for endogenous
carotenoid production are drained from the heterologous terpene pathway [30,32,33]. Recently, the
production titers of the triterpene cycloartenol in R. capsulatus cultures were shown to be increased 3-
fold in a carotenoid-deficient R. capsulatus strain [31]. However, cultivation of the terpene producing
strain was performed microaerobically in this case and could therefore not benefit from ICM formation
and elevated isoprene metabolism associated with anaerobic phototrophic growth [32]. In the future,
heterologous production of terpenes could thus be improved by performing phototrophic growth with
optogenetically adjusted carotenoid levels to ensure an optimal utilization of the toxic FPP intermediate.
Consequently, the established phototrophic cultivation process in combination with light-mediated
regulation using photocaged inducers opens up the possibility to address more complex controlled
metabolic pathways in the future. By means of combining different optogenetic stimuli, this on-switch
offers a light-driven regulation approach for dynamically controlling metabolic pathways in a rapid,
tunable and user-controlled manner. In future studies, this tool could furthermore prove valuable for
automated control processes, where an optogenetic stimulus controls cellular processes such as growth
or target gene expression in response to a specific biosensor signal in a closed-loop setup [65—-68].

In conclusion, we successfully established NP-cIPTG as a suitable on-switch for light-controlled gene
expression in R. capsulatus. Neither constant illumination with IR light, which is required for
photosynthesis, nor morphological changes such as the formation of ICM and EPS, resulted in limited
applicability of the light-responsive inducer molecule. The presented toolset can contribute to non-
invasive, light-mediated bioprocess optimization, induction profiling or strain development for an

improved microbial synthesis of bioproducts [18,20,69,70].
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Material and Methods

Bacterial strains and plasmids: The Escherichia coli strain DH5a [71] was used for cloning and the
strain S17-1 [72] for the conjugational transfer of expression plasmids. All E. coli strains were grown at
37°C on LB agar plates or in liquid LB medium (Luria/Miller, Carl Roth®), supplemented with kanamycin
(50 ug mL") when necessary. The Rhodobacter capsulatus strain SB1003 [25] was grown on PY agar
plates containing 2% Select Agar (Thermo Fisher Scientific) orin RCV liquid medium containing 15 mM
ammonium and supplemented with kanamycin (25 ug mL") at 30°C. For cultivation of strain SB1003,
rifampicin (25 ug mL-") was used additionally. If not stated otherwise, cultivation was conducted under
anaerobic, photoheterotrophic conditions and permanent illumination with bulb light (2500 Ix), as

described previously [32].

All bacterial strains as well as the construction and genetic properties of plasmids used in this study are

listed in Table S1 (Supporting Information).

Cultivation of R. capsulatus for target gene expression: The aerobic and microaerobic expression
cultures were grown in RCV + ammonium medium at 30°C using 48-well Round Well Plates® in a
BioLector microbioreactor system (m2p labs, Germany) applying variable filling volumes and shaking
frequencies to control dissolved oxygen tension (800, 1000 and 1500 pL; 800 rpm or 400 rpm,
respectively). Cultures were inoculated with an optical density of 0.1 determined at 660 nm. The cell
density was measured during cultivation via scattered light intensity at 620 nm and the eYFP
fluorescence intensities were online monitored using a 508/532 nm filter. Heterologous and homologous
gene expression was induced during early logarithmic phase (after approx. 9 h) via UV-A light exposure
(VL-315.BL lamp, Vilber Lourmat, France; ~1 mW/cm?, 30 min exposure) in RCV medium that was
supplemented with BC-, BEC- or NP-cIPTG (1 mM) or by adding IPTG (1 mM) directly after light
exposure in corresponding control cultures. The phototrophic expression cultures were inoculated with
a starting ODssonm Of 0.5 in completely filled 4.2 mL screw neck vials (N13; Macherey-Nagel, Duren,
Germany) using tight screw caps with a bonded septum (Macherey-Nagel, Duren, Germany) in RCV +
ammonium medium at 30°C. Those were shown to be appropriate cultivation vessels for phototrophic
growth in a previous study [33]. To establish adequate environmental conditions for anoxygenic
photosynthesis, cells were permanently illuminated with IR light (850 nm, 1.7 mW/cm?). The expression

was induced after 6 h by UV-A light irradiation (365 nm, 2 mW/cm?, 30 min exposure) using NP-, BC-,
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or BEC-cIPTG (1 mM) added prior to cultivation. The same concentration of IPTG was used for
corresponding control experiments. After 48 h of cultivation, R. capsulatus biomass and eYFP
fluorescence were determined. For comparable measurements, 800 pL of each vial were transferred to
one well of a Round Well Plate and further incubated at 30°C for 1.5 h in a BioLector microbioreactor
system (m2p labs, Germany) (800 pL, 800 rpm) to ensure O2-dependent YFP chromophore maturation.
After eYFP maturation was completed, the cell density was measured via scattered light intensity at

620 nm and the eYFP fluorescence was determined by using a 508/532 nm filter.

DMNB-actinometry: For the DMNB assay, 1.25 mM DMNB was dissolved in aqueous KOH solution
(0.5 M) with 10%(v/v) DMSO. The alkaline DMNB solution was subsequently incubated under the same
conditions applied for phototrophic growth of R. capsulatus. DMNB photoconversion to MNP was
monitored by the increase of absorption at a wavelength of 422 nm (100 pL, Tecan Infinite M1000 Pro
microplate reader). The UV-A exposure was carried out using a UV-A hand lamp (VL-315.BL 45 W,
Vilber Lourmat, France; 5.4 mW/cm? at 365 nm for 1.5 cm distance to light source), the other light

sources were used as described above.

Carotenoid production and extraction: The carotenoid complementation assay was performed using
42 mL screw neck vials (N13; Macherey-Nagel, Duren, Germany) for cultivation in NP-cIPTG
supplemented RCV + ammonium medium (starting OD660nm = 0.1, 30°C, anaerobic conditions,
permanent illumination with IR light (850 -nm, 1.7 mW/cm?)). The expression of the crtEF genes was
induced after 24 h via UV-A light exposure (365 nm, 2 mW/cm?, 30 min exposure). IPTG was also added
prior to the cultivation. After further 72 h of cultivation, cells corresponding to an optical density at 660 nm
of 2.5 were pelleted and resuspended in 10 pl RCV medium. For carotenoid extraction, 500 uL ethanol
(100% p.a.) was added and suspensions were thoroughly vortexed at room temperature before the
pigment extracts were cleared by centrifugation. For carotenoid absorption, 100 pL of those extracts
were analyzed for their respective absorption at 476 nm using an Infinite M1000 Pro microplate reader

(Tecan Group LTD., Maennedorf, Switzerland).

For all illumination experiments, intensities of different light sources were quantified at relevant

wavelengths (i.e. 365 and 850 nm) by using a Thermal Power Sensor (S302C, Thorlabs Inc, USA).
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Synthesis of photocaged compounds: NP-cIPTG [8,9], BEC-cIPTG and BC-cIPTG [15] were

synthesized as published previously.

Determination of compound purity by gNMR: The purity of the NP-cIPTG, BEC-cIPTG and BC-cIPTG
was determined via quantitative NMR. (Methanesulfonyl)methane was utilized as internal standard for
BC-cIPTG and 3,5-bis(trifluoromethyl)bromobenzene for NP-cIPTG as well as BEC-cIPTG. The spectra
were measured at 20°C on a Bruker Avance/DRX 600 spectrometer with 64 scans each and 30 us

relaxation time between each scan. The results in Table S2 are means of triplicate measurements.

Keywords: caged compounds ¢ light-controlled gene expression * optogenetic * purple non-sulfur

photosynthetic bacteria « Rhodobacter capsulatus




Il. RESULTS

449

450
451
452

453
454

455
456

457
458

459
460
461

462
463
464

465
466
467

468
469

470

References

10.

12.

13.

14.

17.

Bardhan A, Deiters A. Development of photolabile protecting groups and their application to the
optochemical control of cell signaling. Curr Opin Struct Biol. 2019;57: 164-175.
doi:10.1016/j.sbi.2019.03.028

Brieke C, Rohrbach F, Gottschalk A, Mayer G, Heckel A. Light-controlled tools. Angew Chem Int
Ed. 2012;51: 8446-8476. doi:10.1002/anie.201202134

Gardner L, Deiters A. Light-controlled synthetic gene circuits. Curr Opin Chem Biol. 2012;16:
292-299. doi:10.1016/j.cbpa.2012.04.010

Deiters A. Light activation as a method of regulating and studying gene expression. Curr Opin
Chem Biol. 2009. 13: 678-686. doi:10.1016/j.cbpa.2009.09.026

Drepper T, Krauss U, Meyer zu Berstenhorst S, Pietruszka J, Jaeger K-E. Lights on and action!
Controlling microbial gene expression by light. Appl Microbiol Biotechnol. 2011;90: 23-40.
doi:10.1007/s00253-011-3141-6

Liu J, Hemphill J, Samanta S, Tsang M, Deiters A. Genetic code expansion in zebrafish embryos
and its application to optical control of cell signaling. J Am Chem Soc. 2017;139: 9100-9103.
doi:10.1021/jacs.7b02145

Kolarski D, Sugiyama A, Breton G, Rakers C, Ono D, Schulte A, et al. Controlling the circadian
clock with high temporal resolution through photodosing. J Am Chem Soc. 2019.
doi:10.1021/jacs.9b05445

Young DD, Deiters A. Photochemical activation of protein expression in bacterial cells. Angew
Chem Int Ed. 2007;46: 4290-4292. doi:10.1002/anie.200700057

Binder D, Grunberger A, Loeschcke A, Probst C, Bier C, Pietruszka J, et al. Light-responsive
control of bacterial gene expression: precise triggering of the /ac promoter activity using
photocaged IPTG. Integr Biol. 2014;6: 755-765. doi:10.1039/C41B00027G

Gardner L, Zou Y, Mara A, Cropp TA, Deiters A. Photochemical control of bacterial signal
processing using a light-activated erythromycin. Mol Biosyst. 2011; 7. 2554-2557.
doi:10.1039/c1mb05166k

Bier C, Binder D, Drobietz D, Loeschcke A, Drepper T, Jaeger K-E, et al. Photocaged
carbohydrates: versatile tools for controlling gene expression by light. Synthesis (Stuttg).
2016;49: 42-52. doi:10.1055/s-0035-1562617

Kusen PM, Wandrey G, Krewald V, Holz M, Berstenhorst SM zu, Biichs J, et al. Light-controlled
gene expression in yeast using photocaged Cu?*. J Biotechnol. 2017;258: 117-125.
doi:10.1016/j.jbiotec.2017.04.032

Wandrey G, Bier C, Binder D, Hoffmann K, Jaeger K-E, Pietruszka J, et al. Light-induced gene
expression with photocaged IPTG for induction profiling in a high-throughput screening system.
Microb Cell Fact. 2016;15: 63. doi:10.1186/s12934-016-0461-3

Binder D, Frohwitter J, Mahr R, Bier C, Gruinberger A, Loeschcke A, et al. Light-controlled cell
factories: employing photocaged isopropyl--D-thiogalactopyranoside for light-mediated
optimization of /ac promoter-based gene expression and (+)-valencene biosynthesis in
Corynebacterium  glutamicum.  Appl  Environ  Microbiol.  2016;82: 6141-6149.
doi:10.1128/AEM.01457-16

Hogenkamp F, Hilgers F, Knapp A, Klaus O, Bier C, Binder D, et al. Effect of photocaged
isopropyl B-D-1-thiogalactopyranoside solubility on the light responsiveness of Lacl-controlled
expression systems in different bacteria. ChemBioChem. 2021;22: 539-547.
doi:10.1002/cbic.202000377

Rodolfi L, Zittelli GC, Bassi N, Padovani G, Biondi N, Bonini G, et al. Microalgae for oil: Strain
selection, induction of lipid synthesis and outdoor mass cultivation in a low-cost photobioreactor.
Biotechnol Bioeng. 2009;102: 100-112. doi:10.1002/bit.22033

Malik S, Hossein Mirjalili M, Fett-Neto AG, Mazzafera P, Bonfill M. Living between two worlds:

67



I RESULTS

498
499

500
501
502

503
504
505

506
507
508

509
510
511

512
513
514

515
516

517
518
519

520
521
522

523
524
525

526
527

528
529

530
531
532
533

534
535
536
537

538
539
540

541
542
543

544
545
546

547
548

68

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

Two-phase culture systems for producing plant secondary metabolites. Crit Rev Biotechnol.
2013;33: 1-22. doi:10.3109/07388551.2012.659173

Monshupanee T, Nimdach P, Incharoensakdi A. Two-stage (photoautotrophy and heterotrophy)
cultivation enables efficient production of bioplastic poly-3-hydroxybutyrate in auto-sedimenting
cyanobacterium. Sci Rep. 2016;6: 37121. doi:10.1038/srep37121

Narala RR, Garg S, Sharma KK, Thomas-Hall SR, Deme M, Li Y, et al. Comparison of microalgae
cultivation in photobioreactor, open raceway pond, and a two-stage hybrid system. Front Energy
Res. 2016;4: 1-10. doi:10.3389/fenrg.2016.00029

Nagappan S, Devendran S, Tsai P-C, Dahms H-U, Ponnusamy VK. Potential of two-stage
cultivation in microalgae biofuel production. Fuel. 2019;252: 339-349.
doi:10.1016/j.fuel.2019.04.138

Aziz MMA, Kassim KA, Shokravi Z, Jakarni FM, Liu HY, Zaini N, et al. Two-stage cultivation
strategy for simultaneous increases in growth rate and lipid content of microalgae: A review.
Renew Sustain Energy Rev. 2020;119: 109621. doi:10.1016/j.rser.2019.109621

Pagels F, Lopes G, Vasconcelos V, Guedes AC. White and red LEDs as two-phase batch for
cyanobacterial  pigments  production. Bioresour  Technol. 2020;307: 123105.
doi:10.1016/j.biortech.2020.123105

Stoppani AO, Fuller RC, Calvin M. Carbon dioxide fixation by Rhodopseudomonas capsulatus.
J Bacteriol. 1955;69: 491-501. doi:10.1128/jb.69.5.491-501.1955

Tabita FR. The biochemistry and metabolic regulation of carbon metabolism and CO: fixation in
purple bacteria. Anoxygenic Photosynthetic Bacteria Advances in Photosynthesis and
Respiration, vol 2. Springer, Dordrecht; 1995. pp. 885—914. doi:10.1007/0-306-47954-0_41

Strnad H, Lapidus A, Paces J, Ulbrich P, Vicek C, Paces V, et al. Complete genome sequence
of the photosynthetic purple nonsulfur bacterium Rhodobacter capsulatus SB1003. J Bacteriol.
2010;192: 3545-6. doi:10.1128/JB.00366-10

Brautigam E, Fiedler F, Woitzik D, Flammann HT, Weckesser J. Capsule polysaccharide-protein-
peptidoglycan complex in the cell envelope of Rhodobacter capsulatus. Arch Microbiol. 1988;150:
567-573. doi:10.1007/BF00408251

Drews G, Oelze J. Organization and differentiation of membranes of phototrophic bacteria. Adv
Microb Physiol. 1981. 22: 1-92. doi:10.1016/S0065-2911(08)60325-2

Drews G. The intracytoplasmic membranes of purple bacteria--assembly of energy-transducing
complexes. J Mol Microbiol Biotechnol. 2013;23: 35-47. doi:10.1159/000346518

Tucker JD, Siebert CA, Escalante M, Adams PG, Olsen JD, Otto C, et al. Membrane invagination
in Rhodobacter sphaeroides is initiated at curved regions of the cytoplasmic membrane, then
forms both budded and fully detached spherical vesicles. Mol Microbiol. 2010;76: 833—47.
doi:10.1111/j.1365-2958.2010.07153.x

Loeschcke A, Dienst D, Wewer V, Hage-Hulsmann J, Dietsch M, Kranz-Finger S, et al. The
photosynthetic bacteria Rhodobacter capsulatus and Synechocystis sp. PCC 6803 as new hosts
for cyclic plant triterpene  biosynthesis. PLoS One. 2017;12: e0189816.
doi:10.1371/journal.pone.0189816

Hage-Hulsmann J, Metzger S, Wewer V, Buechel F, Troost K, Thies S, et al. Biosynthesis of
cycloartenol by expression of plant and bacterial oxidosqualene cyclases in engineered
Rhodobacter capsulatus. J Biotechnol 2019; 4: 100014. doi:10.1016/j.btecx.2020.100014

Troost K, Loeschcke A, Hilgers F, Ozgur AY, Weber TM, Santiago-Schiibel B, et al. Engineered
Rhodobacter capsulatus as a phototrophic platform organism for the synthesis of plant
sesquiterpenoids. Front Microbiol. 2019;10: 1998. doi:10.3389/fmicb.2019.01998

Hilgers F, Habash SS, Loeschcke A, Ackermann YS, Neumann S, Heck A, et al. Heterologous
production of B-caryophyllene and evaluation of its activity against plant pathogenic fungi.
Microorganisms. 2021; 9: 168. doi:10.3390/microorganisms9010168

Katzke N, Bergmann R, Jaeger K-E, Drepper T. Heterologous high-level gene expression in the
photosynthetic bacterium Rhodobacter capsulatus. Meth Mol Biol. 2012. 824: 251-269.




Il. RESULTS

549

550
551
552

553
554
555

556
557
558

559
560

561
562
563

564
565
566
567

568
569
570

571
572
573

574
575

576
577
578

579
580
581

582
583
584

585
586
587

588
589
590

591
592

593

595

596
597

598
599

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

doi:10.1007/978-1-61779-433-9_13

Khan NE, Nybo SE, Chappell J, Curtis WR. Triterpene hydrocarbon production engineered into
a metabolically versatile host- Rhodobacter capsulatus. Biotechnol Bioeng. 2015;112: 1523-32.
doi:10.1002/bit.25573

Obeid J, Magnin JP, Flaus JM, Adrot O, Willison JC, Zlatev R. Modelling of hydrogen production
in batch cultures of the photosynthetic bacterium Rhodobacter capsulatus. Int J Hydrogen
Energy. 2009;34: 180-185. doi:10.1016/j.ijhydene.2008.09.081

Boran E, Ozgur E, van der Burg J, Yucel M, Gundiz U, Eroglu I. Biological hydrogen production
by Rhodobacter capsulatus in solar tubular photo bioreactor. J Clean Prod. 2010;18: S29-S35.
doi:10.1016/j.jclepro.2010.03.018

Uyar B. Bioreactor design for photofermentative hydrogen production. Bioprocess Biosyst Eng.
2016;39: 1331-1340. doi:10.1007/s00449-016-1614-9

Gebicki J, Modigell M, Schumacher M, van der Burg J, Roebroeck E. Comparison of two reactor
concepts for anoxygenic Hz production by Rhodobacter capsulatus. J Clean Prod. 2010;18: S36—
S42. doi:10.1016/j.jclepro.2010.05.023

Katzke N, Arvani S, Bergmann R, Circolone F, Markert A, Svensson V, et al. A novel T7 RNA
polymerase dependent expression system for high-level protein production in the phototrophic
bacterium  Rhodobacter capsulatus. Protein Expr Purif. 2010; 69: 137-146.
doi:10.1016/j.pep.2009.08.008

Elkahlout K, Sagir E, Alipour S, Koku H, Gunduz U, Eroglu I, et al. Long-term stable hydrogen
production from acetate using immobilized Rhodobacter capsulatus in a panel photobioreactor.
Int J Hydrogen Energy. 2019;44: 18801-18810. doi:10.1016/j.ijhydene.2018.10.133

Peters L, Weidenfeld I, Klemm U, Loeschcke A, Weihmann R, Jaeger K-E, et al. Phototrophic
purple bacteria as optoacoustic in vivo reporters of macrophage activity. Nat Commun. 2019;10:
1191. doi:10.1038/s41467-019-09081-5

Pelliccioli AP, Wirz J. Photoremovable protecting groups: Reaction mechanisms and applications.
Photochem Photobiol Sci. 2002; 1:441-458. doi:10.1039/b200777k

Nakayama K, Heise |, Gorner H, Gartner W. Peptide release upon photoconversion of 2-
nitrobenzyl compounds into nitroso derivatives. Photochem Photobiol. 2011; 87: 1031-1035.
doi:10.1111/j.1751-1097.2011.00957.x

van Riel HCHA, Lodder G, Havinga E. Photochemical Methoxide Exchange in Some
Nitromethoxybenzenes. The Role of the Nitro Group in Sn2 Ar* Reactions. J Am Chem Soc.
1981; 103: 7257-7262. doi:10.1021/ja00414a036

Zhang JY, Esrom H, Boyd IW. UV intensity measurement of 308 nm excimer lamp using
chemical actinometer. Appl Surf Sci. 1999; 138-139: 315-319. doi:10.1016/S0169-
4332(98)00412-7

Kaschner M, Loeschcke A, Krause J, Minh BQ, Heck A, Endres S, et al. Discovery of the first
light-dependent protochlorophyllide oxidoreductase in anoxygenic phototrophic bacteria. Mol
Microbiol. 2014;93: 1066-1078. doi:10.1111/mmi.12719

Dubendorf JW, Studier FW. Controlling basal expression in an inducible T7 expression system
by blocking the target T7 promoter with /ac repressor. J Mol Biol. 1991;219: 45-59.
doi:10.1016/0022-2836(91)90856-2

Studier FW. Use of bacteriophage T7 lysozyme to improve an inducible T7 expression system.
J Mol Biol. 1991;219: 37—44. doi:10.1016/0022-2836(91)90855-Z

Troost K, Loeschcke A, Hilgers F, Ozgur AY, Weber TM, Santiago-Schiibel B, et al. Engineered
Rhodobacter capsulatus as a phototrophic platform organism for the synthesis of plant
sesquiterpenoids. Front Microbiol. 2019;10: 1998. doi:10.3389/fmicb.2019.01998

Briggs WR, Christie JM. Phototropins 1 and 2: versatile plant blue-light receptors. Trends Plant
Sci. 2002;7: 204-210. doi:10.1016/S1360-1385(02)02245-8

Losi A, Gartner W. Bacterial bilin- and flavin-binding photoreceptors. Photochem Photobiol Sci.
2008;7I: 1168-78. doi:10.1039/b802472¢c

69



I RESULTS

600
601

602
603

604

606

607
608

609
610
611

612
613
614

615
616
617

618
619

620
621
622

623
624
625

626
627
628

629
630
631

632
633

634
635

636
637

638
639
640

641
642
643

644
645
646

647
648

649

70

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Gomelsky M, Klug G. BLUF: A novel FAD-binding domain involved in sensory transduction in
microorganisms. Trends Biochem Sci. 2002;27: 497-500. doi:10.1016/S0968-0004(02)02181-3

Lin C, Todo T. The cryptochromes. Genome Biol. 2005;6: 220-220.9. doi:10.1186/gb-2005-6-5-
220

Hirose Y, Shimada T, Narikawa R, Katayama M, lkeuchi M. Cyanobacteriochrome CcaS is the
green light receptor that induces the expression of phycobilisome linker protein. Proc Natl Acad
Sci U S A. 2008; 105: 9528-9533. doi:10.1073/pnas.0801826105

Tabor JJ, Levskaya A, Voigt C a. Multichromatic control of gene expression in Escherichia coli.
J Mol Biol. 2011;405: 315-324. doi:10.1016/j.jmb.2010.10.038

Padmanabhan S, Jost M, Drennan CL, Elias-Arnanz M. A new facet of vitamin B12: gene
regulation by cobalamin-based photoreceptors. Annu Rev Biochem. 2017;86: 485-514.
doi:10.1146/annurev-biochem-061516-044500

Chatelle C, Ochoa-Fernandez R, Engesser R, Schneider N, Beyer HM, Jones AR, et al. A Green-
light-responsive system for the control of transgene expression in mammalian and plant cells.
ACS Synth Biol. 2018;7: 1349-1358. doi:10.1021/acssynbio.7b00450

Cheng Z, Li K, Hammad LA, Karty JA, Bauer CE. Vitamin B12 regulates photosystem gene
expression via the CrtJ antirepressor AerR in Rhodobacter capsulatus. Mol Microbiol. 2014;91:
649-664. doi:10.1111/mmi.12491

Gregor J. Regulation of bacterial photosynthesis genes by oxygen and light. FEMS Microbiol
Lett. 1999;179: 1-9. doi:10.1016/S0378-1097(99)00374-2

Bauer C, Elsen S, Swem LR, Swem DL, Masuda S. Redox and light regulation of gene
expression in photosynthetic prokaryotes. Allen JF, Raven JA, editors. Philos Trans R Soc Lond
Ser B Biol Sci. 2003;358: 147-154. doi:10.1098/rstb.2002.1189

Martin VJJ, Pitera DJ, Withers ST, Newman JD, Keasling JD. Engineering a mevalonate pathway
in Escherichia coli for production of terpenoids. Nat Biotechnol. 2003;21: 796-802.
doi:10.1038/nbt833

Pitera DJ, Paddon CJ, Newman JD, Keasling JD. Balancing a heterologous mevalonate pathway
for improved isoprenoid production in Escherichia coli. Metab Eng. 2007;9: 193-207.
doi:10.1016/j.ymben.2006.11.002

Dahl RH, Zhang F, Alonso-Gutierrez J, Baidoo E, Batth TS, Redding-Johanson AM, et al.
Engineering dynamic pathway regulation using stress-response promoters. Nat Biotechnol.
2013;31: 1039-1046. doi:10.1038/nbt.2689

Lalwani MA, Zhao EM, Avalos JL. Current and future modalities of dynamic control in metabolic
engineering. Curr Opin Biotechnol. 2018;52: 56—65. doi:10.1016/j.copbio.2018.02.007

Boada Y, Vignoni A, Picé J, Carbonell P. Extended metabolic biosensor design for dynamic
pathway regulation of cell factories. iScience. 2020;23: 101305. doi:10.1016/j.isci.2020.101305

Toettcher JE, Gong D, Lim WA, Weiner OD. Light-based feedback for controlling intracellular
signaling dynamics. Nat Methods. 2011;8: 837—839. doi:10.1038/nmeth.1700

Milias-Argeitis A, Rullan M, Aoki SK, Buchmann P, Khammash M. Automated optogenetic
feedback control for precise and robust regulation of gene expression and cell growth. Nat
Commun. 2016;7: 12546. doi:10.1038/ncomms 12546

Zhang D, Wan M, del Rio-Chanona EA, Huang J, Wang W, Li Y, et al. Dynamic modelling of
Haematococcus pluvialis photoinduction for astaxanthin production in both attached and
suspended photobioreactors. Algal Res. 2016;13: 69—-78. doi:10.1016/j.algal.2015.11.019

Lindberg P, Park S, Melis A. Engineering a platform for photosynthetic isoprene production in
cyanobacteria, using Synechocystis as the model organism. Metab Eng. 2010;12: 70-79.
doi:10.1016/j.ymben.2009.10.001

Hanahan D. Studies on transformation of Escherichia coli with plasmids. J Mol Biol. 1983;166:
557-580. doi:10.1016/S0022-2836(83)80284-8

Simon R, Priefer U, Puhler A. A Broad host range mobilization system for in vivo genetic




Il. RESULTS

650
651

652

engineering: transposon mutagenesis in gram-negative bacteria. Bio/Technology. 1983;1: 784—
791. doi:10.1038/nbt1183-784

71



I RESULTS

[1.1.3. CHALLENGES AND SOLUTIONS IN CAGED COMPOUND
SYNTHESIS AND /N VIVO APPLICATION

/ Optochemical Control of Bacterial Gene Expression: \

Novel Photocaged Compounds for Different Promoter Systems

$
VY \ Photocaged
L)/ compounds -
challenges
and
perspectives

Compound
synthesis

in vivo
application

in vitro %

analysis

Fabian Hogenkamp*, Fabienne Hilgers*, Nora Lisa Bitzenhofer, Vera
Ophoven, Mona Haase, Claus Bier, Dennis Binder, Karl-Erich Jaeger,
Thomas Drepper and Jorg Pietruszka

ChemBioChem, 22, 2021. cbic.202000467

The online version may be found at: 10.1002/cbic.202100467

Status: published
For the Supporting Information see Appendix (Chapter V.3., page 307).

Copyrights © 2021 Hogenkamp et al. Reprinted with permission.

This article is distributed under the terms of the

Creative Commons Attribution CC BY-NC-ND 4.0 License. gloeo

Own contribution:

Designing and performing biological experiments, plasmid constructions,
analyzing in vivo data, writing parts of the manuscript.

. /

72



Il. RESULTS

'.) Check for updates
asvassavvay
Europe

European Chemical
Societies Publishing

Full Papers

ChemBioChem doi.org/10.1002/cbic.202100467

Optochemical Control of Bacterial Gene Expression: Novel
Photocaged Compounds for Different Promoter Systems

Fabian Hogenkamp*,” Fabienne Hilgers*,™ Nora Lisa Bitzenhofer,” Vera Ophoven,®
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Photocaged compounds are applied for implementing precise,
optochemical control of gene expression in bacteria. To broad-
en the scope of UV-light-responsive inducer molecules, six
photocaged carbohydrates were synthesized and photochemi-
cally characterized, with the absorption exhibiting a red-shift.
Their differing linkage through ether, carbonate, and carbamate
bonds revealed that carbonate and carbamate bonds are
convenient. Subsequently, those compounds were successfully
applied in vivo for controlling gene expression in E. coli via blue
light illumination. Furthermore, benzoate-based expression

Introduction

Gene expression is a fundamental biological process which
needs to be tightly controlled both in vivo and for biotechno-
logical applications. Light provides an orthogonal, external,
easily tuneable stimulus with high spatiotemporal resolution
and thus constitutes an ideal signal for this purpose.!” In the
recent past, light-controlled gene expression has been estab-
lished in form of two concepts either by employing light-
sensitive proteins or light-activatable (bio)molecules.” Mastly,
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systems were subjected to light control by establishing a novel
photocaged salicylic acid derivative. Besides its synthesis and
in vitro characterization, we demonstrate the challenging choice
of a suitable promoter system for light-controlled gene
expression in E. coli. We illustrate various bottlenecks during
both photocaged inducer synthesis and in vivo application and
possibilities to overcome them. These findings pave the way
towards novel caged inducer-dependent systems for wave-
length-selective gene expression.

genetically encoded light-sensitive photoreceptors, which have
their natural origin in plants or fungi (e.g. LOV domains,
phytochromes or other photosensory proteins), are used to
construct recombinant control elements applicable for activat-
ing or repressing transcription."®¥ In contrast, light-activatable
molecules consist of a bioactive component and a photo-
removable protecting group, retaining it in an inactive state
until irradiation with a certain wavelength restores its bio-
activity by photochemically initiated covalent bond cleavage."”
Different types of biomolecules as nucleic acids, peptides or
small inducer molecules can be targeted with this method to
achieve light-regulated gene expression."™ However, there is
still a limited number of small molecule-inducible gene
expression systems available, which have been addressed by
light-regulation. Most of them were targeted in eukaryotic cells
by ecdysone” doxycycline” tamoxifen,” cyclofen-OH,"”
methionine,"” and copper."" Isopropyl B-p-1-thiogalactopyra-
noside (IPTG, 1a)," erythromycin and a variety of carbohy-
drates (arabinose (2a),"" glucose, galactose, rhamnose,
lactose)™™ were employed in bacteria, viz. Escherichia coli.
Among them, only photocaged IPTG derivatives were recently
applied to alternative production hosts, namely Corynebacte-
rium  glutamicum,"®  Pseudomonas putida,"” and Bacillus
subtilis."”

A photocaged compound has to fulfil different require-
ments: It should offer strong absorption (€) at the desired
wavelength, a high quantum yield (¢) and efficiency (e¢) of the
corresponding photoreaction, as well as a low background
activity prior to irradiation. Furthermore, it must be non-toxic
and stable as well as soluble in the targeted media."® The
application of photocaged small inducer molecules in bacteria
is challenging: Cultivation of bacteria usually occurs at elevated
temperatures (30-37°C), requires long cultivation conditions
(=24 h), and, most notably, a variety of different degrading
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enzymes are present, which are unique for each cultivation
host. Therefore, even marginal instability of photocaged inducer
molecules can lead to a significant expression level even in an
unirradiated sample. An effective light-controllable expression
system thus requires a low basal expression, a broad dynamic
range, and gradual controllability of the expression rate.'” As
not every photocaged inducer is suitable for every application,
it is worthwhile to examine the pitfalls in the design of these
light-responsive compounds. In this study, we describe the
synthesis of new representatives of the well-established class of
photocaged carbohydrates featuring redshifted absorption, and
the exploration of non-carbohydrate responsive promoter
systems for light-mediated control of gene expression in E. coli.

A bathochromic absorption shift of a photocaged com-
pound should provide enhanced bio-applicability as the
irradiation is less likely to be absorbed by cellular components
and thus avoids cell damage or even death.?” This also leads to
improved flexibility regarding the irradiation period and
intensity. Contrary to eukaryotes,®™*<*" photocaged small
molecule inducers cleavable with light of >400 nm wavelength
and at short irradiation time have not been used for bacteria.
As many well-established bacterial promoter systems such as
the Pp/Lacl-, Pyga/lacl or Pgyp/AraC regulatory systems are
inducible by the addition of carbohydrates (Figure 1A, B),*? a
photocaged carbohydrate with redshifted absorption appears
as a promising target for synthesis and in vivo evaluation as an
optochemical inducer in E. coli. In addition, we tested different
types of linkages in photocaged inducers.

Beside the above-mentioned IPTG- or arabinose-inducible
expression systems, benzoate-based systems find increasing
applications for controlling heterologous gene expression.”
Thus, in a second part, a novel photocaged salicylic acid
derivative was used to demonstrate the challenging choice of a
suitable promoter system. Besides the photocaged compound
synthesis and in vitro characterization, we evaluated both the
P./XylS and the P,,./NagR expression systems (Figure 1C, D)
for their usability for light-mediated control of gene expression
in E.coli and proved the applicability of the latter in combina-
tion with photocaged salicylic acid. In conclusion, we illustrate
several drawbacks in the synthesis of functional photocaged
inducers and their applications and show possibilities to over-
come them.

Results and Discussion
Photocaged carbohydrates with redshifted absorption

Selection and design of target structures: So far, only ortho-
nitrobenzyl derived protected carbohydrates have been re-
ported as inducer molecules and tested for controlling gene
expression. Besides this photolabile protecting group (PPG),
coumarin derivatives offer similar advantages such as a high
biocompatibility, a comparatively fast and easy chemical syn-
thesis, but in contrast, their maximum absorption wavelength
can be modified by small structural changes."®? Therefore, we
chose the 7-diethylaminocoumarin 3 regarding wavelength-
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Figure 1. Promoter systems for optogenetic control of target gene expres-
sion used in this study. Firstly, the applicability of photocaged carbohydrates
for controlling gene expression with blue light (flash symbol) was evaluated.
For induction with photocaged IPTG (cIPTG, red dot with grey frame), the
well-established P,,/Lacl promoter system (A) was chosen, in which the P,
promoter is subject to regulation by the Lacl activator protein. Upon binding
of a suited inducer such as IPTG (red dot), Lacl undergoes a conformational
change leading to the dissociation from the operator region and thus, de-
repression of transcription. For induction with photocaged arabinose (cAra,
blue dot with grey frame), the P,,,/AraC promoter system (B) was applied,
which is positively regulated by the activator protein AraC upon L-arabinose
(blue dot) binding. As a second step, salicylic acid-responsive promoter
systems were for the first time evaluated for photo-controllable gene
expression using photocaged salicylic acid derivatives (cSal, red hexagon
with grey frame). For this purpose, the P,,/XylIS regulatory system was
applied, which is positively controlled by the activator protein XylS in the
presence of salicylic acid (red hexagon). Furthermore, the P,../NagR
regulon was evaluated, which is also positively regulated by its activator
protein NagR in the presence of salicylic acid (red hexagon).

selective applications and the dicyanocoumarin 4 with the
hope of orthogonal applications, as this modification grants an
even more pronounced bathochromic shift (Figure 2).%’
Different strategies exist for the introduction of photolabile
protecting groups onto reactive groups of the effector mole-
cules, which have been reviewed before? They are always
dependent on the functional groups provided by the effector
molecules and whether a modification of this moiety is blocking
its biological function.”® We choose a pair of carbohydrates
[IPTG (1a) and arabinose (2a)] which only provide hydroxy
groups. Therefore, one is limited towards utilising acetals,
ethers, carbonates, or carbamates (when combined with a self-

2 © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 2. Photocaged carbohydrates deployed in previous publications,”?'¥

alternative photolabile protecting groups 3 and 4 serving as starting point
and targeted photocaged inducer molecules 1b-e and 2 b-c based on the
effector molecules 1a and 2a potentially suitable for bathochromically
shifted irradiation.

immolative spacer) as linkage. IPTG (1a) and arabinose (2a)

were chosen as targets, since for both molecules, light-
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3

controlled gene expression systems have already been estab-
lished. Furthermore, they provide three different types of
hydroxy groups, which differ in their reactivity, namely a
primary, a secondary and an anomeric hydroxy group. Based on
the results of previous publications, acetals were excluded as
linkage. For coumarins, a six-membered-ring acetal, which
represents the leading motive in nitrobenzyl derivatives of IPTG,
would most likely not be photolysable due to a particularly
high stability, which was reported by Lin and Lawrence.””
Photolysis could be achieved exclusively through the reduction
of electron-density in the six-membered ring acetal by addition
of an ester moiety.”

Synthesis of target structures. Overall, six photocaged
carbohydrates bearing different photolabile protecting groups
(1b-e, 2b-c) were synthesized. They all originated from the
well-established coumarin motive tethered via ether, carbonate,
or carbamate moieties. Synthesis procedures for all starting
materials are described in the Supporting Information. These
include the synthesis routes towards coumarins 3 as well as
5-7, which were obtained following previously published
procedures, and synthesis routes towards the protected
carbohydrates 8-12.

The first synthesis was performed in analogy to previously
published photocaged carbohydrates."*'* Therefore, ether 13
was prepared via a Koenigs-Knorr-type reaction of coumarin 3
and 2,3,4-tri-O-acetyl-f-L-arabinopyranosyl bromide (8) (59%
yield). In the following deprotection the acetate-protecting
groups were removed under basic conditions by addition of
ammonia in methanol to give photocaged arabinose 2b
(Scheme 1) in a quantitative yield.

The carbonates 14 and 15 were prepared with the
protected carbohydrate 9 by reaction with the activated
coumarin carbonates 5 and 6, respectively, with yields ranging
from 77 % to 96%. The activated carbonate 5 was analogously
converted with the protected carbohydrate 10 into carbonate
16 (66 % vyield) (Scheme 2). To access the photocaged carbohy-
drates 1b, 1c and 1d, the carbonates 14, 15, and 16 were
deprotected with trifluoroacetic acid (TFA) (78-96% yield).
Finally, the carbamates 17 and 18 were synthesized by addition
of the coumarin amine 7 to the activated carbohydrate
derivatives 11 as well as 12 in the presence of NN-
diisopropylethylamine (DIPEA) and 4-dimethylaminopyridine
(DMAP) with yields ranging from 85% to 97 % (Scheme 3). After
deprotection with TFA or else ammonia in methanol, the

Ohc oR o
OH @O
AcO RO
AcO OR
X Br A
a)+8
Et,N 0" Yo Et,N 0" Yo
3 13R=Ac
i
2bR=H

Scheme 1. Synthetic scheme for preparation of photocaged arabinose 2b.
Reagents and conditions: a) AGOTf, CH,Cl,, RT, 22 h, 59%; b) NH; in MeOH
(7 m), MeOH, RT, quant.
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Scheme 2. Synthetic scheme for preparation of photocaged IPTG 1b, 1¢c and
1d. Reagents and conditions: a) DMAP, CH,Cl,, RT, 20 h, 77-96%; b) TFA,
H,0, CH,Cl,, 0°C, 10 min, 96%; ¢) TFA, H,0, CH,Cl,, 0°C, 10 min, 92%;

d) DMAP, CH,Cl,, RT, 20 h, 66%; €) TFA, H,0, CH,Cl,, 0°C—RT, 1 h, 78%.

products 2c and 1e were obtained in high (86%) to
quantitative yields. The purity of all synthesized photocaged
carbohydrates was confirmed by 'H-, *C-NMR, HRMS and HPLC
(for detailed synthesis procedures see Supporting Information).

In vitro characterization of target structures: Initially the
photochemical and photophysical properties of the photocaged
carbohydrates were determined in vitro (Table 1). Previously
published photocaged carbohydrates showed absorption maxi-
ma in the range of 336-358 nm."*'*'! |n contrast, the
absorption maxima (A, of compounds 1b+d and 2b-c are
redshifted by at least 28-50 nm and show peak at ~386 nm
(Figure 3A). An exception is the photocaged IPTG 1c¢, which
showed an additional strong bathochromic shift of ~100 nm to
an absorption maximum at 488 nm, due to the introduction of
the dicyanomethylene group (Figures S1-6). Additionally, the
molar extinction coefficients (€) of the novel photocaged
carbohydrates 1b-d and 2b-c proved to be adequately high
for efficient photolysis even upon irradiation with wavelengths
up to 430 nm (Table 1). Especially carbonate 1c shows interest-
ing parameters for orthogonal uncaging due to its strongly
redshifted absorption maximum and its comparatively low
molar extinction coefficient at 375nm (e=1300 M 'em™).
Uncaging quantum vyields (¢,) and the resulting photolytic
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Scheme 3. Synthetic scheme for preparation of photocaged arabinose 2 ¢
and photocaged IPTG 1e. Reagents and conditions: a) DIPEA, DMAP, CH,Cl,,
RT, 24 h, 97 %; b) TFA, H,0, 0°C, 10 min, quant.; ¢) DIPEA, DMAP, CH,Cl,, RT,
24 h, 85%; d) NH; in MeOH (7 m), MeOH, RT, 86 %.
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efficiency (e@,) were in the range of previously reported
coumarins.*?

A look at the decay curves of compounds 2b, 1b und 1e
after irradiation at 405 nm (determined by HPLC) as well as
hydrolysis in the dark allows to compare the applicability of the
different linkages (Figure 3C). The ether 2b was resilient against
hydrolysis in the dark but showed only tenuous photolysis after
irradiation. Thus, about 90% of the photocaged compound 2b
remained unreacted after irradiation for 30 min. This can be
explained by the low pK,, value of the released anion, since the
stabilization of the released anion is crucial for the heterolytic
bond cleavage mechanism and the prevention of non-produc-
tive ion-recombination.®” For a thorough evaluation, it was
nonetheless included in the in vivo experiments. The carbonate
1b showed the fastest decay after irradiation with complete
release of the inducer in under 2 min. A stability comparison of
photocaged IPTG 1b and 1d displayed that even though they
only differ in their linkage position (2-OH vs. 6-OH), compound
1d shows almost no hydrolysis, whereas compound 1b is not
entirely stable (Table 1). The carbonate 1 ¢, bearing the dicyano
group, demonstrated the highest hydrolysis rate in the dark
with only 70% of starting material remaining after 24 h without
irradiation. This can be explained by a reduced electron density
at the carbonate moiety, which should facilitate hydrolysis.
Differences in carbonate stability have been reported before.®"

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Table 1. Spectral and (photo-)chemical properties of photocaged carbohydrates 1b-e and 2b-c.
Compound Jnar™ £(375)" £(405)" €(430)"™ st Pl £,
[nm) M 'em ] M 'em ™) M 'em ] [%] M 'em ]
2b" 388 8100 7100 2600 94 4.51x10* (405) 4 (405)
1b" 386 22900 18000 4000 88 3.20%10°* (375) 687 (375)
120 (430)
1 488 1700 2900 7900 70 235x107% (430) 34 (375)
158 (430)
1d" 386 11000 8700 1900 100 3.46x10 % (375) 330 (375)
1€ 386 15900 12000 2300 95 1.01x10 ? (430) 159 (375)
23 (430)
2 385 13100 9500 1700 100 1.33x 107 (430) 17 (430)
[a] Long-wavelength absorption maxima. [b] £(4;,) =Molar extinction coefficient at irradiation wavelength k. [c] S="Stability against hydrolysis in the dark
after 24 h (in % of remaining compound). [d] ¢,(4;,) =Uncaging quantum yield determined at irradiation wavelength %,,. [e] Measured in H,O/DMSO 99:1.
[f]l Measured in Tris buffer (20 mm, pH=7.5)/MeCN 1:1.

Considering the diverging stabilities in vitro, carbonate 1d
appears to exhibit the best properties for the in vivo experi-
ments.

The carbamate 1e was stable against hydrolysis in the dark
as well and released the self-immolative spacer nearly com-
pletely after irradiation for 15 min. Overall, carbamate 2c
displayed similar properties and its exemplary uncaging
cascade is shown in Scheme 4. After irradiation, the heterolytic
cleavage leads to decarboxylation subsequently exposing the
amine group of the spacer. The intermediate 19 should under-
go intramolecular 5-exo-trig cyclization to form the five-
membered cyclic urea-derivative 20 (self-immolation) and
release the inducer 2a'? In literature the release of a
carbohydrate by the N,N'-dimethylethylenediamine linker has
been reported with a release efficiency of up to 60% after
2 h®¥ HPLC analysis of the carbamates 1e and 2c could only
confirm the successful uncaging and therefore the release of an
ethylenediamine-inducer intermediate, but not the following
self-immolation step. Accordingly, this step was monitored via
ESI-MS (Figures 524-25) confirming that after irradiation the
corresponding intermediate was formed. For compound 1e the
intermediate refused to under-go self-immolation, whereas for
compound 2c¢ a decrease of intermediate 19 was monitored.

6”0 H,O  3,CO0, 19 ‘

oS self-

ELN o S0 immolation

\N ‘(O
2c «/ N
20

Scheme 4. Representative release cascade after irradiation of compound 2¢
in aqueous media.
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Nonetheless, both carbamates were tested in vivo as well to
confirm the invitro results. The detailed uncaging kinetics
(Figures S8-13; Table S3) and stability measurements (Fig-
ure S22) of all synthesized photocaged carbohydrates are
shown in the Supporting Information.

Photocaged carbohydrates for light-controlled gene ex-
pression: Next, the synthesized photocaged carbohydrates
were tested for their applicability for light-mediated induction
of gene expression in the well-established expression host
E. coli. In the following experiments, we firstly used the strain
E. coli Tuner (DE3), as this strain offers a passive IPTG uptake
due to a deletion of the lacY gene encoding the lactose
permease and thus a homogeneous and precisely controllable
reporter gene expression.'”** Furthermore, the expression
plasmid pRhotHi-lacl-eYFP harbouring the eyfp reporter gene
under the control of the well-established Py/Lacl promoter
system was used, as this regulatory system was proven to
provide both tightly regulated and gradually controllable target
gene expression.'*'"** Secondly, for arabinose-inducible gene
expression, the previously published strain E. coli LMG194 was
chosen, since it bears the Aara714 deletion, which encompasses
most of the araBAD operon, and thus is not able to metabolise
arabinose.”™ This allows for using lower inducer concentrations
in comparison to the strain E. coli Tuner (DE3).*¥ Additionally,
the expression plasmid pBTBX-2-mCherry harbouring the
mCherry gene under the control of the well-known Pgyp
promoter was used, since this system was repeatedly applied
for tight and gradually controllable gene expression in
E. mﬁ_[m,sa.as]

As a first step, all relevant photocaged inducers were
evaluated with respect to their biotoxicity. For this purpose, the
biomass of cultures supplemented with a respective compound
were compared to uninduced cultures, as well as to cultures
induced with the conventional inducer (Figure 526 A-D). The
measurements did not reveal any negative effect of photocaged
derivatives on the growth of the cultures, so that a biotoxicity
can be precluded. Subsequently, the usability and induction
strength of photocaged IPTG 1b was compared with
photocaged IPTG 1d (Figure 4A, B) under illumination with
visible light. Here, both caged IPTG variants led to eYFP
fluorescence intensities between 60 and 90% in comparison to

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. A) Exemplary absorption spectrum of photocaged inducer mole-
cule 1b. B) Molecular structures of photocaged inducer molecules 1b, 1e
and 2b. C) Comparison of decay of photocaged inducer molecules 1b, 1e
and 2b after irradiation at 405 nm. Ether 2b (red triangles), Carbonate 1b
(blue squares), Carbamate 1 e (black circle).

cultures, which were equimolarly induced with conventional
IPTG (1a). Furthermore, it can be seen that 50 um caged IPTG is
sufficient for a pronounced target gene expression in both
cases since an increased compound concentration led to a
decreased induction strength with comparable or even higher
signals in the dark controls. Contrary to expectations resulting
from the in vitro stability data, photocaged IPTG 1b is more
stable under in vivo conditions compared to photocaged IPTG
1d. This could be explained by an improved stability towards
esterases, since the linkage is tethered at a secondary alcohol
whereby it could be sterically more difficult to access.
Subsequently, we evaluated the photocaged IPTG 1 c regarding
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Figure 4. Normalized in vivo eYFP fluorescence intensity of E. coli Tuner
(DE3)/pRhotHi-2-lacl-eYFP expression cultures supplemented with 50 pm
and 125 pm of the photocaged compounds 1b (A), 1d (B) or 1¢ (C). All
cultures were incubated in the dark for 20 h in LB medium at 30°C.
Induction of reporter gene expression was performed after 2.5 h by blue
light exposure at 447 nm (+BL; ~10 mWcm™) for 10 min [1b, 1¢, 1d or by
the addition of respective amounts of conventional IPTG (1a)]. In vivo
fluorescence intensities were determined by using a Tecan Microplate
Reader (eYFP: A, =488 nm, A.,, =527 nm), normalized to cell densities and
are shown in relation to the respective fluorescence intensities of a culture
kept in the dark (-BL). Values are means of triplicate measurements. Error
bars indicate the respective standard deviations.

its applicability for light-controlled gene expression (Figure 4C).
The invivo experiments revealed that photocaged IPTG 1c
showed between 80% and 100% induction strength in
comparison to cultures induced with equimolar concentrations
of conventional IPTG (1a). Although the use of 125 um led to
higher induction levels, the dark control cultures showed
increased fluorescence signals in comparison to the cultures
induced with 50 um, which probably is caused by instability
effects in the cultivation medium or hydrolysis by host-specific
enzymes. Hence, the use of lower caged IPTG concentrations
again seems to be favourable as it leads to a sufficiently high
induction strength, but lower induction levels in the unexposed
cultures.

6 © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Since carbonates are known to be more susceptible to
hydrolysis than carbamates we also tested the compounds 1e
and 2c¢ as an alternative.®”” However, as previously implied by
the in vitro measurements, no light-mediated induction could
be observed for compound 1e due to the insufficient release of
the inducer by the self-immolative spacer (Figure S27). The
experiment was performed under suitable conditions for the
release such as elevated temperatures (37°C), a polar solvent
and a slightly basic pH-value (pH=7.4) as it is known that the
self-immolation is affected by these external parameters.?”
Compound 2¢, in contrast, demonstrated a superior
applicability as it led to mCherry fluorescence intensities of
~50% in comparison to cultures which were equimolarly
induced with conventional arabinose (2a) (Figure 5A). This
difference in reactivity can be explained by the higher acidity of
the anomeric hemiacetal OH group®® and the subsequently
improved stabilization of the resulting anion. This underlines
that the self-immolation proceeds when the released carbohy-
drate anion possesses a sufficiently high pK, value. The low
fluorescence intensities of cultures in the dark reveal a
pronounced in vivo stability of the carbamates 1e and 2c. The
in vivo applicability of compound 2b was investigated as well,
but it caused only a marginal increase in fluorescence (Fig-
ure 5B).
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Figure 5. Normalized in vivo mCherry fluorescence intensity of E. coli
LMG194/pBTBX-2-mCherry expression cultures supplemented with 50 um of
the photocaged arabinose variants 2c (A) and 2b (B). All cultures were
incubated in the dark for 20 h in LB medium at 37 °C and light-mediated
induction of reporter gene expression was performed after 2.5 h by blue
light exposure at 447 nm (++BL; ~ 10 mWcm ) for 10 or 30 min or the
addition of respective amounts of conventional arabinose (2a). In vivo
fluorescence intensities were determined by using a Tecan Microplate
Reader (mCherry: A, =580 nm, A, =610 nm), normalized to cell densities
and are shown in relation to the respective fluorescence intensities of a
culture induced with conventional arabinose (2a) and exposed to blue light
for 30 min. Values are means of triplicate measurements. Error bars indicate
the respective standard deviations.
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In summary, novel photocaged IPTG and arabinose variants
with bathochromically shifted absorption maxima could be
synthesized. The in vivo application in E. coli demonstrated that
these compounds, and particularly the photocaged IPTG
variants 1b and 1c¢, are sufficiently stable and lead to a
pronounced induction response upon illumination.

Salicylic acid-responsive promoter systems for light-con-
trolled gene expression: After extending the repertoire of
photocaged carbohydrates towards compounds possessing
bathochromically shifted absorption maxima, we attempted to
expand the photocaged inducer toolbox by using photocaged
aromatic compounds instead of carbohydrates for light-medi-
ated control of gene expression. Several well-established and
suitable promoter systems can be induced with aromatic
compounds such as toluene, anthranilic acid or benzene,
proved valuable for transcriptional control in various bacterial
hosts.?*** We therefore choose salicylic acid (21) as an inducer
molecule and evaluated two promoter systems for their
suitability for light-mediated gene expression in E. coli Tuner
(DE3). Notably, like all enterobacteria, E. coli typically favours
simple carbon sources like sugars over complex carbohydrates
or aromatic compounds and therefore does not possess specific
transporters for salicylic acid (21). Uptake solely occurs via
passive diffusion processes.” We used the P,/XylS expression
system (Figure 1C), which originates from the P. putida TOL
meta operon for the degradation of benzoates. In a first step, an
inducer, e.g., m-toluic or salicylic acid,“" interacts with the XylS
regulatory protein, which subsequently initiates gene tran-
scription from its associated promotor P,,. Applicability of this
regulatory system for transcriptional regulation of gene ex-
pression was demonstrated in well-established bacteria such as
E. coli or P. putida.***? Thus, we used the expression strain
E. coli Tuner (DE3) carrying the plasmids pM117-R45T-GFPmut3
or pM-R45T-GFPmut3 harbouring the gene gfpmut3 under the
control of the P, \,.;; or the native P,, promoter, respectively
(Table S1). The promoter P, ,;.;, is a high-level expression
variant of the native P,, promoter.”***? To enable a promiscuous
induction with diverse benzoate derivatives, in particular
salicylic acid (21) and m-toluic acid, a XylS regulator protein
carrying the mutation R45T was used** As a second
alternative, we evaluated the P,,../NagR regulatory system
from Comamonas testosteroni GZ42 (Figure 1D). This system
originally belongs to the nag operon allowing for naphthalene
utilization and is based on the LysR-type transcriptional
regulator NagR, which activates its associated promoter P44,
upon addition of the inducer salicylic acid (21).* In recent
years, this system was frequently used for target gene
expression in different bacterial hosts such as E. coli, P. putida or
Pseudomonas taiwanensis.“® The expression system of choice in
our study was the strain E. coli Tuner (DE3) carrying the plasmid
pBNTmcs-mCherry-Km, which harbours the mCherry-encoding
reporter gene under the control of the P,,../NagR system
(Table S1).

Selection and design of target structure: Since the P, /XylS
as well as the P,./NagR promoter systems can both be
activated by salicylic acid (21), we focused on the synthesis of a
photocaged salicylic acid (cSal). For the initial setup of this new
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photocaged inducer class and to fulfil the previously stated
properties for application in cell cultivation media, a reliable
and established photocage was chosen and for simplicity no
additional modifications were made for release at wavelengths
above 400 nm. Therefore, the 4,5-bis(carboxymethoxy)-2-nitro-
benzyl protecting group (BC) was selected, which is photo-
activatable at around 375 nm and readily soluble in aqueous
buffer. To ensure the required high stability, an ether bond was
chosen as linkage rendering it resistant against esterases and
hydrolysis. Hence, the BC-cSal (22a) and its corresponding
sodium salt 22 b were synthesized (Figure 6).

Synthesis of target structure: Starting from 4,5-bis-(eth-
oxycarbonylmethoxy)-2-nitrobenzaldehyde (23), which was ob-
tained following a previously reported procedure,”*” 2-O-[4,5-
bis(carboxymethoxy)-2-nitrobenzyllsalicylic acid (BC-cSal, 21)
was synthesized in a four-step reaction (Scheme 5, yield over
four steps: 59%). The aldehyde 23 was reduced with sodium
borohydride to give the 2-nitrobenzylalcohol derivative 24,
which was converted into the corresponding bromide 25 via
the Appel reaction.*® O-Alkylation of ethyl salicylate with the
bromide 25 resulted in formation of the photocaged ethyl
salicylate 26. The subsequent deprotection under basic con-
ditions and elevated temperature yielded the target structure
BC-cSal (22a), which could be further converted to the
corresponding sodium salt 22 b.

In vitro characterization of target structure: The absorption
spectrum of BC-cSal (22a) shows a maximum (},,) at 346 nm
in sodium phosphate buffer (0.1 m, pH=7.4) with a molar
extinction coefficient (€) of 5900 M 'ecm™' (Scheme 5B; Fig-
ure S7). Upon irradiation for 15 min with UV-A light (375 nm)
salicylic acid (21) was completely released from BC-cSal (22a)
with a quantum yield (¢,) of 7.68x 107> in sodium phosphate
buffer (0.1 m, pH=7.4) (Figure S14; Table S3). The solubility was
sufficient (~3 mm) for the intended application and could be
further improved when converted to its sodium salt form 22b
(>100 mm). HPLC monitoring of a 0.5 mm solution in sodium
phosphate buffer (0.1 m, pH=7.4) over 24h showed no
significant decrease in concentration of BC-cSal (22a), indicat-
ing an adequate in vitro stability (Figure S23).

In vivo application of novel photocaged salicylic acid
derivatives in E. coli: We analyzed whether the novel caged
salicylate derivative BC-cSal (22a) in its acid form is suitable for
light-controlled induction of gene expression in the common
expression host E. coli. For this purpose, first both the P,, and
the P, y;.;,-based expression systems were tested for sufficient
GFPmut3 reporter gene expression upon addition of increasing
salicylic acid (21) concentrations in complex but undefined LB
medium as well as in synthetic and defined M9CA-Gly minimal
medium. As shown in Figure 7A, the salicylic acid-mediated
induction of GFPmut3 production worked well in M9CA-Gly
medium. However, the induction response is drastically
decreased in LB medium, presumably caused by changing pH
values during cultivation and the resulting dissociation state of
the inducer.”* Furthermore, it could be seen that nearly no
increase in induction response could be obtained with Sal
concentrations over 250 um, which was also shown by Binder
etal® and that, contrary to past studies,*® both promoter

ChemBioChem 2021, 22, 1-14 www.chembiochem.org
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Figure 6. Targeted photocaged salicylic acids 22a and 22b.
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Scheme 5. A) Synthetic scheme for preparation of BC-cSal (22a) and BC-
cSal*Na (22 b). Reagents and conditions: a) NaBH,, CH,Cl,, EtOH, AcOH, 0°C,
3 h, 73%; b) CBr,, PPh;, CH,Cl,, 0°C—RT, 6 h, 96 %; c) ethyl salicylate, K,COs,
acetone, RT, 2 d, 92%; d) KOH (0.2 m), MeOH, 60°C, 4 h, 92%; e) NaOH

(0.2 m), MeOH, RT, 5 min, quant. B) Absorption spectrum of compound 22a.

variants showed almost identical fluorescence levels. As a
second step, the invivo toxicity of the novel photocaged
salicylic acid variants were evaluated by comparing the biomass
of cultures supplemented with caged Sal with both uninduced
cultures and cultures induced with conventional salicylic acid
(Figure S26E). It could be seen that none of the derivatives had
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Figure 7. Light-controlled gene expression in E. coli Tuner (DE3)/pM117(pM)-
R45T-GFPmut3 using BC-cSal (22a). A) In vivo GFPmut3 fluorescence
(hex=508 nm, A, =532 nm) of E. coli cultures grown in LB medium (grey) or
M9CA minimal medium (green) at 30°C after 20 h (stationary growth phase).
Induction was performed after 6 h with salicylic acid (21) concentrations
ranging from 0 to 1000 pm. B) In vivo GFPmut3 fluorescence (h., =508 nm,
hem=532 nm) of E. coli cultures grown in MOCA minimal medium at 30°C
and supplemented with 500 um or 1000 pum of BC-cSal (22a) is shown in
relation to a 0 and 1000 um salicylic acid (Sal) control after 20 h (stationary
growth phase). Induction was performed after 6 h via UV-A light exposure at
365 nm (~1 mWcm~?) for 30 min or the addition of 1000 um salicylic acid
(Sal). In vivo fluorescence intensities were normalized to cell densities and
values are means of individual biological triplicates. Error bars indicate the
respective standard deviations.

a negative influence on bacterial growth, thus no toxicity effect
could be detected. For induction with the caged Sal variant
BC-cSal (22a), the induction response at both caged inducer
concentrations was comparable with conventional salicylate
(Figure 7B). Without UV-A light exposure, no fluorescence
increase could be detected, which illustrates the in vivo stability
of this variant. However, the fluorescence level of the control
without inducer was significantly increased in comparison to
the control in the dark.

As the UV-A light exposure was the only modified
parameter, we analyzed the influence of UV-A light on this
expression system without addition of an inducer (Figure 8A).
Surprisingly, upon increasing exposure time, the GFP expression
levels for both promoter variants increased likewise nearly
reaching the fluorescence level of the control culture, where
1000 um salicylate was added for induction of reporter gene
expression. This unexpected effect could be elucidated further
in order to achieve a more precisely tuneable, gradual induction
process mandatory for the potential use of this system as a
stand-alone regulator element. To check whether this effect is

ChemBioChem 2021, 22, 1-14 www.chembiochem.org
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Figure 8. Light-controlled gene expression in E. coli Tuner(DE3)/pM117-
R45T-GFPmut3 or pM-R45T-GFPmut3 using UV-A light. A) In vivo GFPmut3
fluorescence (A, =508 nm, A, =532 nm) of E. coli cultures illuminated with
UV-A light for different exposure time is shown in relation to a salicylic acid
control (Sal). Induction was performed after 6 h via UV-A light exposure at
365 nm (~1 mWcm™2) or the addition of 1000 um Sal. B) In vivo GFPmut3
fluorescence of E. coli cultures harbouring plasmid with both XyIS gene and,
as a negative control, a xy/S gene deletion (AXylS) plasmid variant and
illuminated with UV-A light for 10-30 min is shown in relation to a 1000 pm
salicylic acid control (Sal). Induction was performed after 6 h via UV-A light
exposure at 365 nm (~1 mWcm™?) or the addition of 1000 pm Sal. In vivo
fluorescence intensities were normalized to cell densities and values are
means of individual biological triplicates. Error bars indicate the respective
standard deviations.

associated with the transcriptional regulator XylIS or can also be
observed independently, we performed the same experiment
with AXyIS plasmid variants for both promoters (Figure 8B).
After illumination with UV-A light for 10 to 30 min, GFPmut3
production could only be observed when XylS is present, while
cultures harbouring the expression plasmid with AXylS variant
exhibited almost no fluorescence. These findings indicate that
there might be a connection between the UV-A light as an
environmental factor and the XylS-dependent signal trans-
duction. The expression of the XylS protein, which belongs to
the XylS/AraC regulator family,“? is naturally stimulated by two
different promoters, the Ps2 and the Ps1. The Ps2 promoter
induces low constitutive expression of xy/S®® and is
o*?-dependent during exponential growth phase and o® (or 6*)-
dependent in early stationary phase and thereafter.”" Beyond
that, xylS expression is also induced by the master regulator
XyIR from the o0**-dependent promoter Ps1,°* which, in contrast
to Ps2, is controlled by catabolite repression.”? Under the
influence of UV-A light, the heat shock sigma factor RpoH (6%?)
as well as the common stress sigma factor RpoS (6**) might be
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upregulated in E. coli, even though 6 is generally known to be
active during stationary phase.®® Those two sigma factors
might stimulate the Ps2 promoter resulting in a hyperproduc-
tion of XylS, which in turn would lead to the induction of the P,
promoter even in absence of the effector molecule*¥ Hence,
the observed results indicate that this promoter system is
unsuitable for the application of photocaged inducer molecules,
as the use of UV-light is indispensable for the uncaging process.
However, the P,/XylS system allows for gradually controlling
gene expression by light that does not require a chemical
inducer, even though it still needs to be characterized in more
detail prior to its actual application.

As the above used P,/XylS-based expression system led to
an induction of gene expression upon illumination with UV-A
light in E. coli, we tested the P,,,./NagR system, which can
similarly be induced with salicylic acid, and thus might be
alternatively applicable for BC-cSal-mediated light control of
gene expression in E. coli. Firstly, the P,,.,,-based expression
system was tested for sufficient mCherry reporter gene
expression in the strain E. coli Tuner (DE3)/pBNTmcs-mCherry-
Km upon addition of increasing salicylic acid (21) concentra-
tions (0-1000 pum) in complex LB medium as well as in synthetic
MOCA-Gly minimal medium (Figure 9A). Interestingly, a suffi-
cient induction strength could only be observed in LB medium,
while MOCA medium led to minor fluorescent levels. Hence,
further experiments were performed with LB medium. Secondly,
the usability of the novel photocaged salicylic acid derivative
BC-cSal (22a) as well as its respective sodium salt form 22b was
analyzed. The sodium salt form 22b allows for an increased
solubility in the cultivation medium and eliminates the need to
dissolve the substance in organic solvents such as ethanol or
DMSO before use. The sodium salt variant 22 b indeed exhibited
an improved solubility in comparison to the conventional acid
form, which had to be pre-solved in DMSO, and was nearly
equally stable under dark/non-induced conditions (Figure 9B).
Furthermore, both BC-cSal variants led to comparably high
fluorescence levels as the culture induced with conventional
salicylic acid (21). However, to increase the responsiveness of
the system, the basal activity and the overall expression level
need to be optimized. This could be done, for example, by
directed promoter mutagenesis or by the supplementary
addition of 4-nitrobenzoate to the cultivation medium, as
described previously.“*>

Conclusions

We have synthesized a variety of coumarin-caged carbohy-
drates and evaluated their photochemical and photophysical
properties with respect to their applicability for light-controlled
gene expression in bacteria. Of the various types of linkages
tested, only the carbonates 1b and 1c as well as the carbamate
2 ¢ proved to be suitable with some restrictions. For carbonates,
concentrations must be low to reduce the influence of
hydrolysis in the dark and esterase cleavage. Despite these
limitations photocaged IPTG 1b and 1c are decent aspirants for
optochemical applications requiring bathochromically shifted

ChemBioChem 2021, 22, 1-14 www.chembiochem.org
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Figure 9. Light-controlled gene expression in E. coli Tuner (DE3)/pBNTmcs-
mCherry-Km using novel caged salicylic acid derivatives. A) In vivo mCherry
fluorescence (Ao, =580 nm, A, =610 nm) of E. coli cultures grown in LB
medium (light green) or M9CA-Gly minimal medium (dark green) at 30°C
after 20 h (stationary growth phase). Induction was performed after 2 h with
salicylic acid (19) concentrations ranging from 0 to 1000 pm. B) In vivo
mCherry fluorescence (A.,=580 nm, X, =610 nm) of E. coli cultures grown
in LB medium at 30°C and supplemented with 1000 um of BC-cSal (22a) and
BC-cSal sodium salt (BC-cSal*Na, 22b) is shown in relation to control
cultures, where reporter gene expression was not induced (0 um) or induced
by adding 1000 pm salicylic acid (Sal) after 20 h (stationary growth phase).
Induction was performed after 2 h via UV-A light exposure at 365 nm

(~1 mWcm™?) for 30 min or the addition conventional inducer (Sal). In vivo
fluorescence intensities were normalized to cell densities and values are
means of triplicate measurements. Error bars indicate the respective
standard deviations.

excitation. We demonstrated that even though the photolysis
of the hydrolysis-stable carbamates 1e and 2c¢ proceeds in a
suitable timeframe, the released spacer tethered to the
investigated carbohydrates refused to undergo self-immolation
for compound 1e where it was linked to the 2-OH group of
IPTG. When tethered to the anomeric OH group of arabinose
2a as in compound 2 c the self-immolation was successful.
Secondly, we evaluated the newly synthesized salicylic acid-
based caged compound BC-cSal (22a) as well as its sodium salt
derivative 22b for their use as optochemical on-switch. Two
salicylic acid-inducible promoter systems were chosen that
should enable light-mediated induction of gene expression in
E. coli. The P,/XylS system, which was tested first, exhibited
auto-induction effects caused by UV-A light exposure even
without BC-cSal (22 a). Although this fact renders the use of this
system unfeasible in combination with photocaged inducers, it
represents a promising regulatory system that might be
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gradually addressable exclusively with UV-A light and will be
further investigated in future studies. The second P,..../NagR
system proved suitable for the use of photocaged salicylic acid
22a, although the responsiveness of the system needs to be
improved by reducing the basal activity and by increasing the
induction strength. Hence, these results indicate that the
applicability of each host and system has to be evaluated with
respect to potential side effects caused by UV-A light exposure
itself and its interplay with additional factors such as media
composition.

In summary, these results highlight the importance of a
photocaged compound toolbox that can be used to address
the different demands of varying organisms and expression
systems. Moreover, the redshifted variants and the expansion of
the available promoter systems addressable by light-activatable
inducer molecules pave the way towards a combination of
multiple optochemical inducers with diverging absorption
maxima for control of complex biosynthetic pathways in a
multi-chromatic fashion.

Experimental Section

Synthesis of photocaged compounds: Details on the synthesis and
characterization of the photocaged compounds 1b-e, 2b-c and
22a-b are provided in the Supporting Information.

Determination of photon flux density: The photon flux density
(g, of each light source of the LUMOS 43 (375 nm, 405nm,
430 nm) was measured by ferrioxalate actinometry following a
standard protocol.”® The obtained values are summarized in
Table S3.

Irradiation experiments: For the photocaged compound 1b-e and
2c a 0.5 mMm solution in Tris buffer (20 mm, pH=7.5)/MeCN 1:1
was prepared. For the photocaged compounds 2b respectively 21
a 0.5mm solution in HO or else sodium phosphate buffer
(100 mm, pH=7.4) was prepared. In a cuvette 1 mL of this solution
was irradiated at room temperature using the LUMOS 43 (375 nm,
405 nm, or 430 nm) for a definite time. The sample was then
analyzed by reversed-phase HPLC Jasco HPLC system [column:
Hyperclone 5p ODS (C18) 120 (Phenomenex)l. For each
photocaged compound, the procedure was repeated for different
irradiation times. The decrease of concentration was measured by
an UV detector."”

Determination of uncaging quantum yields: The uncaging
guantum yield (¢,) for the release of the inducer molecules is
defined by Equation 1.

number of consumed reactant

® = umber of absorbed photons M

Values for the photocaged compounds 1b-e, 2b-c and 21 were
calculated in accordance with a standard method using
Equation 2"

dn

Gl @

P qu[‘l - 107”]
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The term (dn/dt) refers to the decay rate of the photocaged
compound (mols™), g,, to the photon flux density (mols™) and A
is the absorbance at the excitation wavelength i.

Hydrolytic stability: For the determination of the hydrolytic
stability, a freshly prepared 0.5 mm solution of the photocaged
compounds 1b-e and 2c in Tris buffer (20 mm, pH=7.5)/MeCN
1:1 as well as 2b respectively 21 in H,0 or sodium phosphate
buffer (100 mm, pH=7.4) were stored in the dark at room temper-
ature. Samples were removed after 0 and 24 h and analyzed by
reversed-phase HPLC.

Bacterial strains and plasmids: For all cloning procedures, the E.
coli strain DH5a*® was used, while the E. coli strain Tuner (DE3)
(Novagen) was applied for the expression studies. All E. coli strains
were grown on LB agar plates or in liquid LB medium (Luria/Miller,
Carl Roth®) or M9CA-Gly minimal medium® at 37°C if not stated
otherwise and all media were supplemented with kanamycin
(50 pgmL™") for strain maintenance if appropriate.

All bacterial strains and plasmids used in this study are listed in
Table S1, Supporting Information.

Plasmid construction: All recombinant DNA techniques were
conducted as described by Sambrook et al.® For construction of
the expression vector pM-R45T-GFPmut3, which offers a benzoate
induction with a broader inducer spectrum, the previously
described R45T mutation™** was introduced to the XylS activator
protein via overlap extension PCR®” using oligos 1-4 (Table S1,
Supporting Information). The resulting PCR product was Sall/ Sacl
digested and inserted into the likewise hydrolyzed target plasmid
pSB-M-2-g™ via ligation, yielding the final plasmid pM-R45T-
GFPmut3. For construction of the expression plasmid pBNTmcs-
mCherry-Km, the mcherry reporter gene was extracted out of the
plasmid pJT'Tmecs-mCherry® via EcoRl/ Xbal digestion and inserted
into the likewise hydrolyzed target plasmid pBNTmcs(t)-Km."“*” The
plasmid pBTBX-2-mCherry was constructed using the In-Fusion® HD
Cloning Plus kit (Takara Bio Europe, St Germain en Laye, France).
For this purpose, the plasmid backbone of pBTBX-2 was amplified
by PCR using oligos 5 and 6 (pBTBX-2 was a gift from Ryan Gill,
Addgene plasmid # 26068). The mcherry reporter gene was
extracted out of the plasmid pJTTmcs-mCherry®®” using oligos 7
and 8 (containing homologous sequences suitable for integration
into the amplified pBTBX-2 plasmid backbone) and the plasmid
pJTTmcs-mCherry as template. Finally, both fragments were
assembled using the In-Fusion® cloning reaction mix as indicated
by the supplier. Correct nucleotide sequences of all constructs were
confirmed by Sanger sequencing (Eurofins Genomics, Germany).

Expression cultures for novel photocaged IPTG and arabinose
variants: All E. coli cultures were grown in 48-well Flowerplates® in
a ThermoMixer C (Eppendorf, Germany) (800 puL LB medium,
1200 rpm, 30 or 37°C) in the dark for 20h and previously
inoculated with a cell density corresponding to an optical density
of 0.05 at 580 nm if not stated otherwise. Induction was performed
after 2.5 h by blue light exposure at 447 nm (~10 mWcm?) for
10 min or the addition of respective amounts of conventional IPTG
(1a) or arabinose (2a). The LED diodes exhibit an emission range of
410-500 nm and an emission maximum at 447 nm (LUXEON Z
Color Line (LXZ1-PRO1) Royal Blue, Lumileds, USA; for an emission
spectrum see data sheet available at the manufactures website
https://lumileds.com/products/color-leds/luxeon-z-colors/). In vivo
eYFP or mCherry fluorescence intensities were determined using a
Tecan Microplate Reader (h,=488nm, i,,=527nm or
hex =580 nm, k., =610 nm, respectively), normalized to cell den-
sities and are shown in relation to the respective fluorescence
intensities of a culture induced with conventional IPTG (1a) or
arabinose (2a).

11 © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

These are not the final page numbers! 77

European Chemical
Societies Publishing

83



I RESULTS

ChemBioChem

Full Papers

doi.org/10.1002/cbic.202100467

Chemistry
Europe

European Chemical
Societies Publishing

Expression cultures for novel cSal variants: All £. coli cultures were
grown in 48-well Flowerplates® in a ThermoMixer C (Eppendorf,
Germany) (800 uL LB medium or M9CA-Gly minimal medium,
1200 rpm, 30°C) in the dark for 20 h. Previously, expression cultures
were inoculated with a cell density corresponding to an optical
density of 0.01 (P, and P, promoter system) or 0.05 (P,gu,
promoter system) at 580 nm if not stated otherwise. Induction was
performed after 6 or 2h by UV-A light exposure at 365 nm

(

~1 mWcm?) for 30 min or the addition of respective amounts of

conventional salicylic acid. The UV-A lamp exhibits an emission
range of 320-400 nm and an emission maximum at 365 nm (VL-
315.BL 45-W lamp, Vilber Lourmat, Germany). /n vivo GFPmut3 or
mCherry fluorescence intensities were determined using a Tecan
Microplate Reader (A, =488 nm, X.,=527 nm or h,=580nm,
hem=610 nm, respectively), normalized to cell densities and are
shown in relation to the respective fluorescence intensities of a
culture induced with conventional salicylic acid.
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Abstract

The control of bacterial gene expression using chemical inducers is well-established in a
variety of different organisms and is frequently applied in both biotechnological and industrial
applications. Since the manual addition of inducer molecules offers a limited applicability,
various optogenetic tools emerged during the last few decades, which all use the
environmental factor light as an external stimulus. A prominent example are photocaged
molecules, which were successfully applied for controlling gene expression in bacteria.
However, the engineered light-regulated gene expression systems are mostly monochromatic
as transcription from a given promoter is reversibly or irreversibly activated by one light color.
Hence, we describe the wavelength-selective photocontrol of bacterial gene expression using
two photocaged inducer molecules, namely caged IPTG and caged salicylic acid, in the
versatile expression host Pseudomonas putida KT2440. Finally, we evaluated the applicability
of our system for the multichromatic orchestration of the complex biosynthetic rhamnolipid
pathway in P. putida.

Keywords
Optogenetics, photocaged inducers, multichromatic control, gene expression, Pseudomonas
putida

Introduction

As the precise control of bacterial gene expression is an essential tool for understanding and
manipulating biological systems, the use of chemical inducers for transcriptional control has a
long history in a variety of different organisms and for both biotechnological and industrial
applications [1-5]. The efficient control of gene expression helps to achieve maximal
production of the desired products by circumventing the problem of metabolic burden in
biological systems [6—10]. Common inducible promoters used for gene expression are based
on the addition of chemicals such as isopropyl p-D-1-thiogalactopyranoside (IPTG), arabinose
or anhydrotetracycline [11,12]. However, a manual addition of inducer molecules during the
cultivation process bears some disadvantages including the disruption of well-defined
cultivation parameters or the limited applicability for high throughput applications [13]. Hence,
various tools emerged during the last few decades which all use the environmental factor light
as an external stimulus for controlling gene expression. Beside the application of genetically
encoded photoreceptors [14—18], photocaged molecules gained more and more interest and
were successfully applied for a wide range of different applications [13,19—24]. However, the
engineered light-regulated gene expression systems are mostly monochromatic as
transcription from a given promoter is reversibly or irreversibly activated by one light color [25—
27]. The development of multichromatic gene regulation systems, in which different light
wavelengths regulate the expression of different genes, allows a more sophisticated control of
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synthetic and natural gene regulatory networks and could help balancing complex metabolic
pathways [28-31]. In recent years, several examples for multichromatic control of gene
expression have been established [32—-35], however, all of those control circuits rely on the
use of photoreceptors for transcriptional regulation. The use of multichromatic photocaged
molecules was so far mainly limited to photoresponsive surfaces [36,37], neurology [38,39],
drug delivery [40], gene silencing [41], the control of signaling pathways [42] and bacterial
growth [43] as well as development of zebrafish embryos [44]. Very recently, a first example
of multichromatic regulation of gene expression has been reported in mammalian cells by
photoactivation of mMRNA [45]. In this context, the terms wavelength-orthogonal and -selective
control should be defined accurately. A wavelength-orthogonal arrangement includes two or
more processes, which are completely spectral independent, whereas a wavelength-specific
process may include components with a certain spectral crosstalk between each other, but
without affecting the desired functionality [46—48]. Thus, for a minimal spectral overlap of the
two photocaged compounds, the light colors can be regulated in any order, thereby achieving
the greatest possible flexibility. Here we describe the wavelength-selective photocontrol of
bacterial transcription using two photocaged inducer molecules, namely caged IPTG (cIPTG)
and caged salicylic acid (cSal), in the versatile expression host Pseudomonas putida KT2440.
This organism is a rod-shaped, Gram-negative soil bacterium with a highly versatile
metabolism and an extraordinary tolerance to xenobiotics, organic solvents and other
environmental stresses [49-53] making P. putida strains especially interesting for biocatalysis
and industrial applications [54-57] as well as the production of various high-value natural
products [58—61]. To achieve a multichromatic control over gene expression, we evaluated the
applicability of the well-known Lacl/P:c promoter system in combination with the NagR/Pragaa
system. While the first has already been successfully applied for light control in various
organisms including Escherichia coli, P. putida or Rhodobacter capsulatus using photocaged
IPTG [22,62], the latter has not been subjected to light control using photocaged inducers in
P. putida so far. Originally, the NagR/Pragaa promotor system is based on the nag operon from
Comamonas testosteroni GZ42 allowing the utilization of naphthalene and phenanthrene as
carbon sources and is composed of the LysR-type regulator NagR and the associated
promoter Ppagaa [63]. Over the last few decades this system was used for the control of
benzoate-mediated heterologous gene expression in different bacterial hosts such as P. putida,
Pseudomonas taiwanensis or E. coli [64-69]. However, in terms of light controlled gene
expression, the development of light-responsive transcriptional inducer molecules has been
largely limited to photocaged carbohydrates including caged IPTG [19,22,70], caged arabinose
[71], or caged glucose [72], leaving the benzoate-inducible promoter systems rather aside.
Hence, the establishment of novel photocaged salicylate variants addressing the NagR/Ppagaa

system in P. putida presented in this study should close this gap. Finally, we evaluated the
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applicability of our system for the multichromatic orchestration of the complex biosynthetic

rhamnolipid pathway in P. putida.

Results
Photocaged inducer design.

For the following investigations two clPTG-derivatives as well as four cSal-derivatives were
employed. The syntheses and characterization of 6-Nitropiperonyl clPTG (NP-cIPTG, 1) and
4,5-bis(carboxymethoxy)-2-nitrobenzyl cSal (BC-cSal, 2) as well as its corresponding sodium
salt 3 (BC-cSal*Na) were previously published elsewhere [22,70,73]. The synthetic route to
the novel photocaged inducer molecules, namely 2-nitrobenzyl cIPTG (NB-cIPTG, 4) and the
coumarin-based cSal 5 (DC-cSal) as well as its corresponding sodium salt 6 (DC-cSal*Na) are
described in detail in the supporting information (Scheme S1-3). The in vitro photochemical
properties of the new compounds were characterized (Figure S4-8). The absorption spectra
of the potentially combinable photocaged compounds are shown in combination with the

emission spectra of the LED diodes applied in this study (Figure 1).
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Figure 1. Experimental setup of wavelength-selective uncaging experiment. A) Photocaged inducer variants NB-
clPTG (4), NP-cIPTG (1) and DC-cSal (5) investigated in this study. B) The UV-Vis absorption spectra of NB-cIPTG
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(4, red), NP-cIPTG (1, orange) and DC-cSal (5, green) underlaid with the wavelength ranges of the UV-A (violet
zone) and the blue light sources (blue zone).

Establishment of the NagR/Pnagas €xpression system in P. putida.

Initially, the NagR/Pragas-based expression system was evaluated in P. putida KT2440 to gain
information about suitable inducer concentrations, expression strength of the fluorescence
reporter mCherry and the applicability of different cSal variants. For this purpose, we
comparably analyzed the induction response of several cSal derivatives in expression cultures
of P. putida KT2440 carrying the mCherry expression vector pBNTmcs-mCherry. The cSal
derivatives included two BC-cSal variants (2, 3), which were recently applied for light-mediated
gene expression in E. coli [73], and two DC-Sal variants (5, 6). Within each subgroup, the
compounds were tested in their common acidic form as well as in their sodium salt form (*Na)
offering an enhanced water solubility. The observed efficiency of reporter gene expression
represents the integrated response of the cells to all processes involved in caged inducer
uptake and salicylic acid release. These include the passage of cSal derivatives across the
two membranes, the efficiency of their photoconversion as well as the enzymatic cleavage of
the photoproduct by intra- and/or extracellular esterases. As shown in Figure 2A, illumination
of all cSal variants resulted in even higher mCherry expression levels as in the control

experiment, where salicylic acid (Sal) was added.
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Figure 2. Light-controlled gene expression in P. putida KT2440/pBNTmcs-mCherry using cSal variants.

A) In vivo mCherry fluorescence (i.ex = 580 nm, Lem = 610 nm) of P. putida cultures supplemented with 1000 pm of
DC-cSal (5), it's sodium form DC-cSal*Na (6), BC-cSal (2) and its sodium form BC-cSal*Na (3) is shown in relation
to a 1000 pwm salicylic acid (Sal) control after 20 h (stationary growth phase). Induction was performed after 3 h via
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to a 1000 pm salicylic acid (Sal) control after 20 h (stationary growth phase). Induction was performed after 3 h via
UV-A light exposure (365 nm, ~1 mW cm?) for 30 min or by the addition of 1000 um Sal. B) In vivo mCherry
fluorescence (hex = 580 nm, Lem = 610 Nm) of P. putida cultures supplemented with 1000 pum of DC-cSal (5) is shown
in relation to a 1000 um salicylic acid (Sal) control after 20 h (stationary growth phase). Induction was performed
after 3 h via blue light exposure (447 nm, ~10 mW cm-?), UV-A light exposure (365 nm, ~1 mW cm?) for 30 min or
by the addition of 1000 pm Sal. In vivo fluorescence intensities were normalised to cell densities and values are
means of triplicate measurements. Error bars indicate the respective standard deviations.

Since the exposure time should guarantee a full photo-conversion of all tested cSal variants,
this observation could be explained by either an optimized uptake or enzymatic conversion of
the caged inducers. Interestingly, there is no significant difference between the DC-cSal (5) or
its corresponding sodium salt form 6 with respect to the induction strength but a noticeable
decrease in compound stability could be seen for the highly water-soluble salt form 6,
exhibiting an mCherry fluorescence of nearly 50 % in comparison to the UV-A exposed culture.
Interestingly, the BC-cSal variants 2 and 3 both showed a sufficient induction strength, but a
drastically decreased stability after a cultivation period of 20 h, resulting in a complete induction
without any UV-A light. This result is in strong contrast to the recently published application in
E. coli [73], where BC-cIPTG could successfully be applied without severe instability effects.
This result could possibly be explained by the individual set of intra- and extracellular enzymes
each organism produces, especially in varying cultivation media and has recently also been
observed for selected photocaged IPTG variants in R. capsulatus [62]. However, the acid form
of DC-cSal (5) showed a particularly good applicability, as it offers a higher induction response
in comparison to salicylic acid as well as a sufficient in vivo stability. In order to further evaluate
the applicability of caged salicylic acid for non-invasive control of heterologous gene
expression, the photorelease of the best performing cSal variant, the acidic form of DC-cSal
(5), was analyzed after UV-A light illumination in comparison to blue light illumination, as this
variant exhibits an absorption maximum at around 390 nm and thus, should be addressable
by both excitation wavelengths (Figure 1). For this purpose, P. putida cells carrying the
expression plasmid pBNTmcs-mCherry were cultivated and induction was performed using
both salicylic acid and DC-cSal (5) (Fig. 2B). For uncaging, both UV-A light (365 nm,
~1mWoem?) and blue light (447 nm, ~10mWcm?) were applied. Fluorescence
measurements after 20 h of cultivation revealed that the expression cultures supplemented
with DC-cSal (5) again showed higher induction levels in comparison to salicylic acid and
exhibited only a moderate instability in the absence of light. Furthermore, blue light showed to
be well suited for the photorelease of DC-cSal (5) thus paving the way to a multichromatic

induction system in combination with an additional UV-A light responsive photocage.
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Multichromatic control of gene expression.

To enable a two-colored induction of gene expression in P. putida, the salicylic acid-responsive
promoter system NagR/Pragas should be combined with a second promoter system. To this
end, we chose a well-established IPTG-controlled expression system based on a Lacl/Pie-
mediated reporter gene expression. Since we observed that uncaging of DC-cSal (5) was
possible with both UV-A light and blue light (Figure 2B), it was of great importance to find a
caging group with a hypsochromically shifted absorption maximum that can be uncaged with
UV-A light exclusively to ensure a wavelength-selective uncaging process. The 2-nitrobenzyl
(NB) caging group offers this feature, as it is characterized by an absorption maximum of
around 260 nm (Figure 1). To combine both promoter systems, P. putida KT2440 cells were
transformed with two expression plasmids, the pBNTmcs-mCherry plasmid allowing for
NagR/Pragae-mediated expression of mCherry and the pVLT33-GFPmut3 plasmid enabling

Lacl/Pu-mediated expression of GFPmut3 (in the following denoted as strain P. putida/ combi).

Thus, this strain offers a two-colored expression readout when both cSal and cIPTG is added
(Fig. S1, Supporting Information). Furthermore, the expression level of mCherry and GFPmut3
are comparable to strains producing only one fluorescence reporter and the chronological
order of induction does not influence the fluorescence intensity. As a first step, the strain
P. putidal combi was characterized with respect to suitable inducer concentrations (Figure 3).
For salicylic acid, concentrations between 10 um and 1000 um were used, while concentrations
of 25 pM up to 4000 pm were tested for IPTG, since working concentrations of salicylic acid for
the NagR/Pragaa system are described to be lower than those of IPTG for the Lacl/Ptc system
in Pseudomonas sp. [22,65,68].
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Figure 3. Induction profile of the P. putida strain KT2440/ combi carrying the plasmids pBNTmcs-mCherry and
pVLT33-GFPmut3 for determination of sufficient inducer concentrations. A) In vivo mCherry fluorescence (Aex =
580 nm, Aem =610 nm) and GFPmut3 fluorescence (Aex = 508 nm, Aey, = 523 nm of P. putida cultures supplemented
with increasing amounts of salicylic acid (Sal) is shown after 20 h of cultivation (stationary growth phase) compared
to a wildtype control (wt). Induction was performed after 3 h via addition of 10-1000 ym Sal. B) /n vivo mCherry
fluorescence (Aex = 580 nm, Aem = 610 nm) and GFPmut3 fluorescence (Aex = 508 nm, Aem = 523 nm of P. putida
cultures supplemented with increasing amounts of IPTG is shown after 20 h of cultivation (stationary growth phase)
compared to a wildtype control (wt). Induction was performed after 3 h via addition of 25-4000 pm IPTG. In vivo
fluorescence intensities were normalised to cell densities and values are means of triplicate measurements. Error
bars indicate the respective standard deviations.
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223  The comparison of resulting reporter gene fluorescence for induction with salicylic acid showed
224  that 100 pM already leads to a complete induction of mCherry fluorescence (Figure 3A), while
225  the induction response of GFPmut3 fluorescence increased steadily in dependence of the
226 IPTG concentration (Figure 3B). As the use of caged inducer molecules is desired in further
227  experiments, working concentrations should be kept as low as possible to avoid wasting
228  elaborately synthetized compounds. Therefore, 50 uM Sal and 500 um IPTG were used for all
229  further experiments ensuring a sufficient induction response with simultaneous cost-effective
230 handling of the substances. In the following, the induction strength using cSal and cIPTG
231  derivatives under increasing exposure times was analyzed to determine the shortest possible
232 but still sufficient exposure time. Exposure times between 1 min and 30 min and between 20
233 and 60 min were tested for DC-cSal (5) and NB-cIPTG (4), respectively (Figure 4).
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234 Figure 4. Determination of sufficient blue light and UV-A light exposure times for P. putida strain KT2440/ combi
235 carrying the plasmids pBNTmcs-mCherry and pVLT33-GFPmut3. A) In vivo mCherry fluorescence (Aex = 580 nm,
236 Aem = 610 nm) and GFPmut3 fluorescence (Aex = 508 nm, Aem = 523 nm of P. putida cultures containing 50 pm DC-
237  cSal(5) and exposed for increasing durations with blue light (447 nm; 10 mW cm) is shown in relation to a 50 pym
238 salicylic acid (Sal) control after 20 h of cultivation (stationary growth phase). Induction was performed after 3 h via
239 blue light exposure for 5-60 min or the addition of 50 pm conventional Sal. B) In vivo mCherry fluorescence (Aex =
240 580 nm, Aem = 610 nm) and GFPmut3 fluorescence (Aex = 508 nm, Aem = 523 nm of P. putida cultures containing
241 500 pm NB-cIPTG (4) and exposed for increasing durations with UV-A light (365 nm; 1 mW cm) is shown in
242 relation to a 500 pm IPTG control after 20 h of cultivation (stationary growth phase). Induction was performed after
243 3 h via blue light exposure for 20—-60 min or the addition of 50 um conventional Sal. In vivo fluorescence intensities
244  were normalised to cell densities and values are means of triplicate measurements. Error bars indicate the
245 respective standard deviations.

246

247  Interestingly, for DC-cSal (5) an exposure time of only 5 or 10 min resulted in 78% reporter
248  gene expression in relation to an induction with 50 uMm conventional Sal (Figure 4A). The UV-
249 A light-mediated uncaging of NB-cIPTG (4) was completed after 40 min, but as the long-time
250 exposure of cultures with UV-A light might have disadvantageous effects on the cells, a
251  shortened duration of 30 min will be used instead for sufficient uncaging of over 80% (Figure
252  4B). The respective second flucrescence reporter signal always stayed on a constant, non-
253  significant level, demonstrating that no crosstalk between the two systems occurred. In
254  contrast to DC-cSal (5), the use of NB-cIPTG (4) did not lead to induction levels comparable
255  to the positive control with conventional IPTG, which is in good agreement with our previous
256  work using NP-cIPTG (1) for light-controlled induction of gene expression in P. putida, where
257  this cIPTG variant only resulted in an induction response of around 40% in comparison to
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conventional IPTG [22]. To exclude disadvantageous effects of the new caged inducers on cell
viability, the growth of P. putida cells was analyzed in the presence of DC-cSal (5) and NB-
clPTG (4), as well as their corresponding photoproducts in comparison to conventional
inducers. Comparative growth of all strains clearly demonstrated that neither the conventional
inducer nor the caged inducer or their photoproducts lead to considerable growth impairments
(Figure S2A, Supporting Information). However, when light exposed cultures were compared
to cultures that were kept in the dark, a prolonged lag-phase and thus, a delayed production
of the fluorescence reporters could be detected (Figure S3, Supporting Information), which
might be due to an increased stress level upon exposure with two light sources. Finally, the
stability of the photocaged compounds was analyzed by measuring the fluorescence intensity
of cultures in the dark (Figure S2B, Supporting Information). The data clearly demonstrates a
high in vivo stability of DC-cSal (5) and NB-cIPTG (4) over 20 h in LB medium at 30 °C.

Wavelength-selective control of gene expression.

After characterization of both caged inducer variants, their applicability for two-colored light
control of gene expression was evaluated. For this purpose, the strain P. putida/ combi was
cultivated with both caged inducers and induction was performed after 3 h and 6 h using blue
light (447 nm; ~10 mW cm2) and UV-A light (365 nm; ~1 mW cm2), respectively. As positive
and negative controls, cultures were illuminated with only one light color each or in complete
absence of light. The induction strength was analyzed by measuring the fluorescence intensity
of each culture in a BioLector system in comparison to cultures supplemented with 50 um Sal
and 500 uM IPTG. As depicted in Figure 5A, both 5 and 10 min of blue light exposure led to
mCherry fluorescence levels comparable to cultures supplemented with 50 um Sal, while the
following exposure with UV-A light resulted in only around 40% GFPmut3 fluorescence

intensity compared to the 500 um IPTG control.
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Figure 5. Two-colored induction of gene expression in the strain P. putida/ combi carrying the plasmids pBNTmcs-
mCherry and pVLT33-GFPmut3. A) in vivo mCherry fluorescence (Aex = 580 nm, Aem = 610 nm) and GFPmut3
fluorescence (Aex = 508 nm, Aem = 523 nm of P. putida cultures containing 50 pm DC-cSal (5) and 500 pm NB-
clPTG (4) is shown in relation to a 50 pm salicylic acid and 500 um IPTG control after 25 h of cultivation (stationary
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growth phase). Induction was performed after 3 h and 6 h via blue light (BL; blue box; 447 nm; 10 mW cm?)
exposure for 5 or 10 min and UV-A light (UV-A; violet box; 365 nm; 1 mW cm-2) exposure for 30 min, respectively,
or the addition of 50 pm Sal and 500 um IPTG (conv. inducers). B) In vivo mCherry fluorescence (Aex = 580 nm,
Aem =610 nm) and GFPmut3 fluorescence (Aex = 508 nm, Aem = 523 nm) of P. putida cultures containing 50 um DC-
cSal (5) and 500 um NB-cIPTG (4, NB) or NP-cIPTG (1, NP) is shown in relation to a 50 um salicylic acid (Sal) and
500 uMm IPTG control after 25 h of cultivation (stationary growth phase). Induction was performed after 3 h and 6 h
via blue light (BL; blue box; 447 nm; 10 mW cm?) exposure for 10 min and UV-A light (UV-A; violet box; 365 nm;
1 mW cm?) exposure for 30 min, respectively, or the addition of 50 um Sal and 50 pm IPTG (conv. ind.). Light
exposure is indicated by a colored box, while the absence of exposure is illustrated by a grey box. The exposure
times for blue light are represented by the respective number of minutes annotated in each box. In vivo fluorescence
intensities were normalized to cell densities and values are means of triplicate measurements. Error bars indicate

the respective standard deviations.

Furthermore, exclusive blue light exposure for 5 or 10 min did not lead to a substantial
GFPmut3 signal, which shows that NB-cIPTG (4) is not addressed by blue light. In contrast,
an exclusive UV-A light exposure for 30 min resulted in a distinct mCherry fluorescence signal
of around 70% compared to an induction with salicylic acid. These results underline that a two-
colored control of reporter gene expression is possible using DC-cSal (5) and NB-cIPTG (4).
However, it is of great relevance to use a defined illumination order, as DC-cIPTG (5) is also
addressable by UV-A light. As an alternative to NB-cIPTG (4), we also tested the well-
established NP-cIPTG (1), which offers a higher extinction coefficient and a bathochromatically
shifted absorption maximum of around 336 nm [22]. Analysis of GFPmut3 reporter
fluorescence after illumination revealed a decreased induction level for NP-cIPTG (1) in
comparison to NB-cIPTG (4) of around 50%, even though a good stability under blue light
could also be detected for NP-cIPTG (1) (Figure 5B). Thus, NB-cIPTG (4) proved to be a
sufficient inducer in combination with DC-cSal (5), exhibiting a substantial inducibility upon UV-
A light exposure, while sufficient compound stability could be detected under blue light

illumination as well as in unexposed culture.

Multichromatic gene expression for rhamnolipid production.

As a proof of concept, the multichromatic control of gene expression was transferred to the
biosynthesis of rhamnolipids. These compounds are microbial biosurfactants naturally
produced by Pseudomonas aeruginosa or Burkholderia species [74—77], which aim to replace
synthetical surfactants in fields of biotechnology and industrial applications [78,79]. The
production of bio-based, recombinant rhamnolipids has several advantages, including the use
of biosafety-certified production strains, the use of raw or waste materials as feedstock or their
bio-degradability [80,81]. Rhamnolipids are commonly composed of one (mono-rhamnolipids;
mRL) or two (di-rhamnolipids; dRL) rhamnose molecules linked through a 3-glycosidic bond to
up to three 3-hydroxyfatty acids with various chain lengths [58,82]. The heterologous
production of rhamnolipids in biosafety organisms such as P. putida is realized by transferring
the biosynthesis operon rhIABC from a native rhamnolipid producer to the desired production
strain and results in the biosynthesis of complex rhamnolipid mixtures with considerable yields

[82—84]. The rhamnolipid biosynthesis is composed of three sequential reactions, starting with
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the formation of 3-(hydroxyalkanoyloxy)alkanoic acid (HAA) from two activated 3-hydroxyacyl
molecules (HFA) and its subsequent conversion to mRL performed by two enzymes encoded
by the genes rhIAB. In the last reaction, an enzyme encoded by rh/C performs the conversion
of mRL to dRL [85,86]. However, as each mixture features different physico-chemical
characteristics, the production of tailor-made biosurfactants composed of purposely adjusted
congener compositions is of great interest for various industrial applications [58]. Thus, we
here applied the multichromatic optogenetic system to specifically address relevant steps
within the mono- and di-rhamnolipid biosynthesis offering the possibility to individually adjust
both product levels. For this purpose, the previously constructed mono-rhamnolipid-producing
P. putida strain SK40 was used [84]. This strain harbors the relevant biosynthesis genes for
mono-rhamnolipid production from P. aeruginosa PAO1, namely rhiAB, as well as the
fluorescence reporter gene eyfp under the control of the salicylic acid-responsive NagR/Ppagaa
promoter system, integrated into its chromosome. Additionally, the strain carries the plasmid
pVLT33-rhIC harboring the rh/C gene from P. aeruginosa PAO1 for conversion of mono- to di-
rhamnolipids under control of a IPTG-responsive Lacl/P;. promoter system [82], in the
following denoted as SK40/ rhiC (Figure 6A).
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Figure 6. Wavelength-selective induction of rhamnolipid production in P. putida. A) The P. putida strain SK40/ rhiC
carries the genes rhiAB responsible for mono-rhamnolipid (mRL) production under the control the NagR/Pragaa
promoter system on its chromosome and the plasmid pVLT33-rhIC harboring the gene rh/C under control of the
Lacl/Piac promoter system responsible for conversion of mRL to di-rhamnolipids (dRL). B) a-naphthol stained TLC
plate of ethanol extracts obtained from culture supernatants from P. putida SK40/ rh/C in comparison to a crude
and a purified rhamnolipid standard (RL St crude/ pure) and to an uninduced culture (w/o inducer). Cultures were
supplemented with 50 pm salicylic acid and 500 um IPTG (conv. inducer) or 50 ym DC-cSal (5) and 500 pm NB-
clPTG (4) (cInd.) and grown over 48 h in LB medium +10% glucose (w/v) at 30°C and 1200 rpm. Induction of mRL
production was performed after 3.5 h using blue light exposure at 447 nm (~10 mW cm2) for 10 min or addition of
50 pM conventional salicylic acid and dRL production was induced after 18 h using UV-A light exposure at 365 nm
(~1 mW cm?) for 30 min or the addition of 500 pm conventional IPTG. HFA: hydroxy fatty acids; HAA: 3-
(hydroxyalkanoyloxy)alkanoic acid; mRL: mono-rhamnolipids; dRL: di-rhamnolipids.

The P. putida strain SK40/ rh/C was cultivated in LB-medium with 10% glucose over 48 hin a
BioLector system and induction of mRL production was performed after 3.5 h using blue light
exposure at 447 nm (~10 mW cm™) for 10 min or addition of salicylic acid. After 18 h, dRL

production was induced using UV-A light exposure at 365 nm (~1 mW cm) for 30 min or
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addition of IPTG. Rhamnolipid mixtures were analyzed after 48 h of cultivation (late stationary
growth phase) with respect to their congener composition using TLC (Figure 6B). Interestingly,
strong mRL bands could be detected for cultures supplemented with cSal, indicating even
higher mRL production titers in comparison to an induction with salicylic acid. In samples of
cultures that were illuminated with blue and UV-A light, both mRL and dRL production could
be detected. However, the dRL bands were relatively weak, so that further measurements for
quantification, such as TLC with coupled ESI-MS measurements, need to be performed as a

final step.

**Chapters not yet included in this manuscript: final quantification of rhamnose titers using
TLC-ESI-MS, and the conclusion.**

Methods

Bacterial strains and plasmids: The E. coli strain DH5a [87] was used for cloning procedures
and the strain P. putida KT2440 was used for expression studies. All bacterial strains were
grown on LB agar plates or in liquid LB medium (Luria/Miller, Carl Roth®) at 37°C for E. coli
and at 30°C for P. putida if not stated otherwise. All media were supplemented with kanamycin
(50 ug mL" for E. coli and 25 ug mL™ for P. putida) or gentamicin (25 ug mL™" for P. putida) for
strain maintenance if appropriate.

All bacterial strains and plasmids used in this study are listed in Table S1, Supporting
Information.

Plasmid construction: All recombinant DNA techniques were conducted in accordance with
Sambrook et al. [88]. For construction of the expression vector pPBNTmcs-mCherry-Gm, which
offers a salicylic acid-mediated expression of the mcherry reporter gene under the control of
the Pragaa promoter, the In-Fusion® HD Cloning Plus kit (Takara Bio Europe, St Germain en
Laye, France) was applied. The previously described plasmid pBNTmcs-mCherry-Km [73] was
amplified using oligos 1 and 2 (Table S1, Supporting Information). Additionally, the mcherry
reporter gene was amplified via PCR using oligos 3 and 4 (containing homologous sequences
suitable for integration into the amplified pBNTmcs-mCherry plasmid backbone) and the
plasmid pJT'Tmcs-mCherry [89]. Finally, both fragments were assembled using the In-
Fusion® cloning reaction mix as indicated by the supplier gaining the plasmid pBNTmcs-
mCherry-Gm. Correct nucleotide sequences of all constructs were confirmed by Sanger

sequencing (Eurofins Genomics, Germany).

Expression cultures for novel cSal variants: All P. putida cultures were grown in 48-well

Flowerplates® in a ThermoMixer C (Eppendorf, Germany) (800 uL LB medium, 1200 rpm,
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30°C) in the dark for 20 h and were previously inoculated with a cell density corresponding to
an optical density of 0.05 at 600 nm. If not stated otherwise, induction was performed after 3 h
by blue light exposure at 447 nm (~10 mW cm2) for 10 min, UV-A light exposure at 365 nm
(~1 mW cm2) for 30 min or the addition of respective amounts of salicylic acid. /n vivo mCherry
fluorescence intensities were determined using a Tecan Microplate Reader (Aex = 580 nm,
Aem = 610 Nnm), normalized to cell densities and are shown in relation to the respective

fluorescence intensities of a culture induced with salicylic acid.

Expression cultures for multichromatic light control: All P. putida cultures were grown in
48-well Flowerplates® in a ThermoMixer C (Eppendorf, Germany) (800 uL LB medium,
1200 rpm, 30°C) in the dark for 25 h and were previously inoculated with a cell density
corresponding to an optical density of 0.05 at 600 nm. If not stated otherwise, induction was
performed after 3 h by blue light exposure at 447 nm (~10 mW cm™) for 5 or 10 min and after
6 h by UV-A light exposure at 365 nm (~1 mW cm) for 30 min or the addition of respective
amounts of salicylic acid and IPTG. In vivo GFPmut3 and mCherry fluorescence intensities
were determined using a Tecan Microplate Reader (Aex = 508 nm, Aem = 523 nm ,Aex = 580 nm,
Aem = 610 nm, respectively), normalized to cell densities and are shown in relation to the

respective fluorescence intensities of a culture induced with salicylic acid and IPTG.

Expression cultures for rhamnolipid production: All P. putida cultures were grown in 48-
well Flowerplates® in a BioLector microbioreactor system (m2p-labs, Baesweiler, Germany)
(800 uL LB medium+10% glucose (w/v), 1200 rpm, 30°C) in the dark for 25 h and were
previously inoculated with a cell density corresponding to an optical density of 0.05 at 600 nm.
Induction was performed after 3.5 h by blue light exposure at 447 nm (~10 mW cm2) for 10 min
or the addition of 50 uM salicylic acid. After 18 h, the second induction was performed by UV-
A light exposure at 365 nm (~1 mW cm?) for 30 min or the addition of 500 uM IPTG.

Extraction and TLC analysis of rhamnolipids (according to [80]): After cultivation, the cell
suspension of each well was centrifuged and 500 uL supernatant was collected. It was
extracted with 500 pL ethyl acetate for three times and the solvent phases were combined and
evaporated at 60°C under reduced pressure. Subsequently, extracts were solved in 10 uL
ethanol and stored at 4°C until analysis. For TLC analysis, ethanol extracts were spot several
times on ALUGRAM® SIL G/UV254 plates (Macherey-Nagel, Diren, Germany) and
developed in chloroform: methanol: acetic acid (65:15:2 (v/v/v)). After the plate was dried, it
was homogeneously covered with a detection solution (0.15 g orcinol, 42 mL deionized water,
8.4 mL H2SO4 (60%, v/v)) using a TLC sprayer (CAMAG AG & Co. GmbH, Muttenz,
Switzerland) and heated up to 110°C until the spots were visible. The TLC plate was analyzed
using a CAMAG TLC® Visualizer 2 (CAMAG AG & Co. GmbH, Muttenz, Switzerland).
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Determination of uncaging half-life times: A 1 mM solution of NB-cIPTG (4) in MeOH/H,0O
30:70 and of DC-cSal (5) in sodium phosphate buffer (100 mM, pH = 7.4) was prepared. Each

solution (1 mL) was filled in a cuvette and was irradiated at room temperature using the

LUMOS 43 (375 nm or 430 nm) for a definite time. Following this, the sample was analysed
by reversed-phase HPLC Jasco HPLC system [column: Hyperclone 5 y ODS (C18) 120

(Phenomenex)]. The procedure was repeated for different irradiation times and the decrease

of concentration was measured by an UV detector [72].
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. Flavin-binding fluorescent proteins (FPs) are genetically encoded in vivo reporters, which are derived

: from microbial and plant LOV photoreceptors. In this study, we comparatively analyzed ROS formation
. and light-driven antimicrobial efficacy of eleven LOV-based FPs. In particular, we determined singlet

: oxygen (10,) quantum yields and superoxide photosensitization activities via spectroscopic assays and
. performed cell toxicity experiments in E. coli. Besides miniSOG and SOPP, which have been engineered
. to generate 10,, all of the other tested flavoproteins were able to produce singlet oxygen and/or

. hydrogen peroxide but exhibited remarkable differences in ROS selectivity and yield. Accordingly,

: most LOV-FPs are potent photosensitizers, which can be used for light-controlled killing of bacteria.

. Furthermore, the two variants Pp2FbFP and DsFbFP M49I, exhibiting preferential photosensitization of
singlet oxygen or singlet oxygen and superoxide, respectively, were shown to be new tools for studying
. specific ROS-induced cell signaling processes. The tested LOV-FPs thus further expand the toolbox of

: optogenetic sensitizers usable for a broad spectrum of microbiological and biomedical applications.

: Antimicrobial photodynamic inactivation (aPDI) and photodynamic therapy (PDT) have been developed and
: applied for treating localized microbial infections and solid tumors (for example see references!'-?). Both therapies
¢ are principally based on the local and light-driven formation of cytotoxic reactive oxygen species (ROS), which
¢ immediately induce cell damage during illumination. Here, ROS formation specifically relies on the combina-
. tion of (i) a phototoxic, light-absorbing compound referred to as photosensitizer (PS), (ii) an excitation source,
. emitting light of the appropriate wavelength that can be absorbed by the PS and finally (iii) molecular oxygen
i (0,). After light absorption, the PS undergoes a transition from the electronic ground state to a singlet excited
¢ state and, via intersystem crossing, further to its triplet excited state. The long lifetime of the PS triplet state
¢ allows it to produce ROS through either energy transfer to O, yielding singlet oxygen ('O,; type-1I mechanism)
¢ or through electron transfer from a neighborhood donor to produce a radical anion that further reacts with O,
: to generate primarily the superoxide radical anion (O,*7) and, through a cascade of redox reactions, other ROS
¢ such as hydrogen peroxide (H,0,) and hydroxyl radicals (HO*). This pathway is referred to as the type-I mecha-
. nism. Most PSs are capable of undergoing both type-I and -II reactions whereby the outcome of the competition
. being strongly conditioned by the PS micro-environment. Intracellular ROS production, in turn, results in rapid
photo-oxidation of different macromolecules, including proteins, membrane lipids, as well as DNA and RNA,
¢ which can finally lead to cell death®®. In particular, 'O, is highly reactive and has a lifetime of about 3 usand a
. limited diffusion range of approximately 270 nm®” in a cell, making it a potent toxic agent for aPDI and PDT®.

: Exogenously applied dyes have several limitations as PS, including their poor selectivity and limited phar-
© macokinetics. Therefore, alternative PS with better selectivity towards bacteria and tumor tissue and higher
. cell-killing efficiency need to be developed. Genetically encoded photosensitizers (i.e. proteins that bind - cova-
¢ lently or non-covalently - a chromophore capable of ROS photosensitization) are a new class of PS that exhibits
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Figure 1. Multiple amino acid sequence alignment of the tested LOV-based fluorescent proteins. Homologous
and similar residues are marked in black and grey.

many advantages for different biological and medical applications: intracellular synthesis and accumulation can
be controlled and adapted by using inducible expression systems’. In addition, the PS can be fused to specific
targeting sequences (e.g. leader peptides or antibodies) to selectively direct the recombinant protein to particular
cellular structures, compartments or cell types of interest.

In the last decade, twao different classes of optogenetic sensitizers have been developed. The first class encom-
passes fluorescent proteins of the green fluorescent protein (GFP) family'™", whereas the second class harbors
flavin-binding fluorescent proteins that are derived from light-oxygen-voltage (LOV) photoreceptor domains'? !,

Photosensitizers of the GFP family: First studies demonstrated that GFP is a rather ineffective photosensitizer,
whose ROS-production efficiency is influenced by the chromophore’s accessibility to molecular oxygen'-'>'°,
In contrast, KillerRed, a dimeric GFP-homolog derived from the non-fluorescent hydrozean chromeprotein
anm2CP, was shown to be an efficient photosensitizer that primarily generates O,*~ via type-I reaction'™"'%, This
photosensitizer was successfully applied for photo-inducible killing of targeted cell populations!®!*-?2, directed
inactivation of proteins via chromophore assisted light inactivation (CALI)**-* and ROS-signaling®-**. Recently,
the monomeric KillerRed derivatives such as SuperNova and KillerOrange have been developed, which exhibit
phototoxicity in bacteria and mammalian cells and further allow fusion to target proteins for CALI without affect-
ing the quaternary structure®-*!. Structural analyses revealed that a water-filled channel connecting the chromo-
phore with the protein surface might lead to an increased photosensitizing activity via facilitated O, and ROS
transport®*2. In contrast to the above mentioned GFP-based PS, the red monomeric protein TagRFP, derived
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Figure 2. In vivo phototoxicity assay of LOV-based fluorescent proteins. (A) Plate spot assay. Samples of E. coli
cultures expressing the respective FP, were illuminated with blue light (\ = 448 nm; 130 mW cm™?) for a defined
period of time and subsequently placed on agar plates. Colony growth in dependence of the illumination time
served as a first indicator for individual LOV-FP phototoxicities. The empty vector and samples of each culture
that were kept in the dark were used as controls. Green colonies represent fluorescing cells while colonies of non-
fluorescing cells appear blueish due to UV-A-light illumination. (B-E) Analysis of colony forming units (CFU).
The colony forming capacity of FbFP-expressing E. coli BL21 (DE3) cells was investigated after 0, 10, 20, 30, 60
and 180 s of blue light irradiation. Samples of E. coli cells harboring the respective FbFP expression plasmids
were incubated for three hours after induction and fluorescence emission spectra of the respective cell extracts
were measured in PBS buffer (B). Fluorescence spectra of the five bacterial cultures were normalized to their cell
density characterized by the absorbance at 580 nm (ODsg). For CFU determination, cell cultures were diluted

to a final cell density of ODgg,=0.1 in PBS buffer (pH 7.4). Subsequently, cells were illuminated using different
intensities of blue light (10 mW cm ™2 (C); 90 mWcem 2 (D) and 130 mW cm 2 (E)). At given time points, aliquots
of the irradiated cells were transferred to LB agar plates and incubated overnight at 37 °C in the dark. The data
represents the mean values of three independent experiments and standard deviations are indicated by error bars.

from the Entacmaea quadricolor fluorescent protein TurboRFP?? generates '0,'¢ and was shown to kill E. coli by
endogenously generated 'O, upon green light irradiation.

Photosensitizers of the LOV-FP family: Recently, efforts to produce genetically encoded fluorescent proteins
that efficiently generate intracellular 'O, for correlative light electron microscopy (CLEM) have turned to the
generation of miniSOG (mini Singlet Oxygen Generator) engineered from the Arabidopsis thaliana phototropin
2 LOV2 domain (Af LOV2 phot2)*. Photophysical properties of miniSOG were extensively characteriezed®-*’
and the photosensitizer has been successfully applied as tag for CLEM***¢%, cell ablation in Caenorhabditis ele-
gans and Drosophila melanogaster**™ as well as for light-induced killing of targeted cancer cells’**!. Since then
alarge number of miniSOG derivatives has been developed, including SOPP (singlet oxygen photosensitizing
protein)®?, miniSOG Q103V*, miniSOG2*, and SOPP3*. While previous works have focused on characterizing
and improving miniSOG’s properties, comparatively less effort has been devoted to explore other LOV-FPs from
different origins. In this work, we therefore comparatively analyzed eleven LOV-FPs derived from microbes and
plants with a focus on the antimicrobial phototoxicity and their ability to produce ROS via type-I and type-I1
reactions.
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LOV-FPs have been originally designed as alternative FPs that can be used for in vivo analysis of cellular func-
tions in the absence of molecular oxygen®**°. The first variants of this new class of in vivo reporter proteins were
either derived from (i) bacterial photoreceptors, including proteins from Pseudomonas putida, Dinoroseobacter
shibae and Bacillus subtilis, termed as FMN-binding fluorescent proteins (FbEPs) or (ii) Arabidopsis thaliana
phototropin2 LOV2 domain, designated as iLOV*® and its more photostable variant phiLOV*’. In addition, new
LOV-based FPs have recently been developed by engineering photoreceptors from Chlamydomonas reinhardtii
(CreiLOV)*® and thermophilic microbes™. Many of the LOV-FPs have been successfully applied as intracellular
reporters in different pro- and eukaryotic cells under hypoxic and anoxic conditions®#®-, Moreover, a detailed
overview of the photophysical characteristics of several LOV-FPs was recently published®.

In this study, we now could show that most of the tested LOV-FPs are potent photosensitizers that can be used
for efficient killing of microbial cells and for studying ROS-induced stress responses in a light-dependent manner.

Results

In vivo assessment of LOV-FP-mediated phototoxicity in E. coli. Within the last ten years, many
different flavin-binding fluorescent proteins that are based on LOV photoreceptor proteins from plant, algae
and bacteria have been successfully established and applied®>%. Among them, the two LOV-FP derivatives
miniSOG and SOPP were initially engineered as potent, genetically encoded photosensitizers that are capable
of producing sufficient amounts of ROS (predominantly !0,) for targeted cell killing*-37:4850-52 All of the pho-
totoxicity studies, however, have been carried out in nematodes or cancer cells but not in bacteria, the primary
target in aPDI. To this end, we first comparatively analyzed the light-induced antimicrobial activities of eleven
LOV-FPs, exhibiting moderate to high sequence identities but different fluorescence quantum yields (@) rang-
ing from 0.20 (phiLOV2.1) to 0.44 (EcFbFP) (Fig. 1 and Table 1). Besides miniSOG and SOPP, the LOV-FPs
iLOV and phiLOV2.1 are derived from the A. thaliana Phot2 LOV2 domain®**>°%%7. In contrast, the other seven
representatives of the LOV-FP family are based on microbial LOV photoreceptors from P. putida (Pp1FbFP,
Pp2FbFP, Pp2FbFP L30M**%5¢7), D. shibae (DsFbFP, DsFbFP M491%,), B. subtilis (EcFbFP**) and C. rheinhardtii
(CreiLOV>®) of which Pp2FbFP L30M was recently reported to efficiently produce 'O, upon blue light irradia-
tion®. To get a first impression of the potential for aPDI, we initially compared the phototoxicity of LOV-FPs in
E. coli BL21 (DE3) cells during illumination with intense blue light (\ .., = 448 nm, 130 mW cm?) using a simple
plate spot assay (Fig. 2A). Approximately half of the tested LOV-FPs exhibited strong light-triggered antimicro-
bial activities, resulting in a pronounced growth impairment, already after only 10 seconds of blue-light irradia-
tion. Among the other, Pp2FbFP, Pp2FbFP L30M or CreiLOV required longer illumination, whereas E. coli cells
expressing phiLOV2.1 or DsFbFP were almost unaffected even after prolonged exposure to blue-light.

To further characterize LOV-FP mediated phototoxicity, we quantitatively determined the cell viability by
counting colony forming units, which is more sensitive due to sample dilution before spreading light-treated cells
onto agar plates. The viability of E. coli cells expressing representative FbFPs that exhibited either low (phiLOV2.1
and DsFbFP) or high (DsFbFPM491 and EcFbFP) activity in the plate spot assay was measured in dependence on
exposure time and applied light intensity. As shown in Fig. 2C-E, increasing the illumination time (10-180 sec-
onds), as well as the light intensity (10, 90 and 130 mW cm ), gradually decreased the number of viable bacteria
for all FbEPs, although for phiLOV2.1 and DsFbFP cell death was more modest (Fig. 2E). In contrast, in the case
of DsFbFP M491 and EcFbFP (these variants already showed pronounced phototoxicities in the plate spot assay)
almost all cells were killed under these illumination conditions. Analysis of LOV-FP-mediated fluorescence emis-
sion in corresponding cell extracts revealed that fluorescence intensities (and thus protein accumulation levels)
differed strongly for the tested E. coli strains (Fig. 2B). Thus, a better comparison of LOV-FPs should take into
account such differences in protein levels. To this end, we comparatively analyzed individual LOV-FP phototox-
icities using the propidium iodide cell-death assay®® and normalized it to the respective in vivo fluorescence (see
materials and methods for details). To precisely determine differences in phototoxic activities, we applied low
light intensities (10 mW cm—2) in this assay. The results presented in Fig. 3 show the increase in PI fluorescence in
dependence of illumination time (0 to 60 minutes).

Based on the normalized PI fluorescence, in vivo phototoxicity of the tested LOV-FP-based photosensitizers
can be classified into three different groups: The first encompasses SOPP, DsFbFP M491, Pp1FbFP and iLOV,
where blue-light illumination of E. coli cells resulted in a fast and strong increase of PI fluorescence. Thus this
group of LOV-FPs exhibits a high, light-triggered antimicrobial activity in our assay. The second group contains
the medium-toxic variants Pp2FbFP, ECFbFP, miniSOG and CreiLOV, whose PI fluorescence signals developed
slower during blue-light illumination and exhibited a lower intensity compared to those of the first group. The
third LOV-FP group contains the less-toxic proteins phiLOV2.1, DsFbFP and Pp2FbFP L30M. Samples of E.
coli cells expressing these three variants did not show a significant increase in PI fluorescence upon the applied
low-light conditions. In a control experiment, where aliquots of the same E. coli LOV-FP expression cultures were
kept in the dark for 60 minutes, no significant changes in the PI fluorescence could be detected (Supplemental
Fig. S2), thereby confirming that the observed increase in PI fluorescence is specifically induced by the phototoxic
activity of the tested LOV-FPs.

While the PI-based experiment presented in Fig. 3 indicates that most LOV-FPs can damage the cell envelope
of E. coli via light-induced ROS formation, it is not clear whether this is - at the level of single cells - an antimi-
crobial effect that occurs homogeneously within the culture. To demonstrate that the increase of PI fluorescence
directly correlates to the growing number of killed cells under continuous blue-light illumination (in contrast
to the possibility, that just a subset of susceptible bacteria is responsible for the PI fluorescence signal due to an
individually increasing level of mRNA under the tested conditions), development of the PI signal was analyzed
in single cells using a fluorescence microscope. As shown in Supplemental Fig. $3, E. coli cells expressing either
DsFbFP (Supplemental Fig. S3A) or DsFbFP M49I (Supplemental Fig. $3B) exhibited a detectable FbFP-mediated
green fluorescence (consider images I and II) as well as a homogeneous development of a strong PI fluorescence
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Figure 3. Analysis of LOV-FP phototoxicity using propidium iodide as quantitative marker for dead E. coli
cells. The bars show the change in PI fluorescence intensity (A =535 nm, X\, = 617 nm) over 60 minutes of
blue-light illumination (~10 mW cm~?). The data was normalized to the amount of functional protein per cell.
The corresponding raw data can be found in Supplemental Fig. S1. To ascribe the observed effects to blue-light
exposure, a control experiment in the dark was conducted, which showed no significant changes for all tested
LOV-PS (Supplemental Fig. S2). The data represent the mean values of three independent experiments, the
error bars indicate the calculated standard deviations.

§

(nm)

Pp1FbEP P.putida 45075 496° 13,900 £500% | 0.27£001% | 3,750 0.23
Pp2FbFP P.putida 4495 4955 14,200 £50° 0224001 | 3,120% 0.11
Pp2FbFPL30M | P.putida 449 495 14,800 £ 100 0.25+001 3,700 0.10
DsFbFP D. shibae 149° 498° 14,300 £50° 035+001% | 50000 0.33
DsFbFP M491 D. shibae 450 498 13,700 £ 500 0.36+0.01 4930 042
EcFbFP B. subtilis 4487 496 14500 £200° | 0442001 | 6,380° 0.07
LoV A. thaliana 450° 4977 14800 £300 | 0.33£001% | 4850 0.05
philOV2.1 A. thaliana 450 497% nd ® 020£001% | 2840 0.01
miniSOG A. thaliana 4475 4975 142004700 | 04140015 | 5820 8;82::,‘5 -
SOPP A. thaliana 140 190 nd. 033001 1,690 0.25
CreilOV C. reinhardtii | 449 197 14,200 £ 400 032001 1,540 0.04
miniSOG QI30V | A. thaliana n.p. n.p. n.p. n.p. nd. 0.39%
SOPP3 A. thaliana 139° 190° 15,0009 041 6,150 0.60°
TugREP E.quadricolor | 5557 5847 100,007 0.487 48,000 0,004
FMN 4445 53155 12,200 0.25+0.01 3,050 057

Table 1. Singlet oxygen quantum yields (&) and photophysical properties of LOV- and GFP-based
photosensitizers. Extinction coefficient (¢) and fluorescence quantum yield (&5) of LOV-based PS that were
analyzed in this study (highlighted in bold) are given as mean values with standard deviations determined from
three independent measurements. The fluorescence brightness is the product of individual € and @, values. The
extinction coefficient as well as the brightness of phiLOV2.1 and SOPP could not be determined directly (n.d.),
as both proteins aggregated at 95 °C. Therefore, for further calculations, an average extinction coefficient of
14,200 M~'cm~! was assumed for these variants. For a better comparability, values of miniSOG Q103V, SOPP3
and TagRFP (marked in bold and italic) that have been obtained from indicated publications were also listed;
n.p.: not published.

as a function of time (consider images III-VIII) after illumination (102 mWj; 460-490 nm). The corresponding
control (E. coli cells carrying the corresponding empty expression vector) did not show a detectable PI signal even
after prolonged blue-light exposure times (Supplemental Fig. S3C). Furthermore, as expected from in vivo photo-
toxicity assays, the two investigated LOV-FPs exhibit rather different phototoxicities: While expression of DsFbFP
M49I resulted in maximal, saturating PI fluorescence signal after 105s, the PI fluorescence signal of DsFbFP
accumulating cells was significantly lower even after longer blue light illumination. The microscopic analysis thus
clearly demonstrates that (i) illumination of LOV-FPs accumulating E. coli cells results in a homogeneous increase
of Pl influx (and thus increase of PI fluorescence), which shows (ii) a clear dependency on illumination time and
(iii) most probably on individual properties of tested LOV-FPs.
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Figure 4. Protein phototoxicity in E. coli cells in relation to singlet oxygen production. Correlation between
the extent of cell death, measured by propidium iodide (PI) fluorescence, and the amount of singlet oxygen
produced during the first 10-min irradiation period. This was calculated based on multiplying the singlet
oxygen quantum yield by the percentage of protein fluorescence remaining after 10-min irradiation. The
underlying reason for this correction is that the proteins photobleach to different extent over time (see
Supplemental Fig. $4, Fig. 3 and ref.®*), hence the rate of singlet oxygen production during the irradiation
period considered has decreased concomitantly. The protein fluorescence is a measure of the amount of protein
still intact after the irradiation period. The data point indicated by the red circle represents the determined
values of the outlier DsFbFP.

In summary, our in vivo data clearly demonstrate that many of the tested LOV-FPs can be used as photo-
sensitizers suitable for efficient light-controlled killing of E. coli cells. These properties thus render them poten-
tially suitable for antimicrobial photodynamic inactivation (aPDI). In comparison to conventional treatment
of bacterial infections with antibiotics, aPDI exhibits several advantages, including a ROS-based broad spec-
trum of activities against a multitude of different microbes together with a high efficacy towards resting cells and
pathogenic strains that exhibit multiple antibiotic resistances (e.g. reviewed in refs®7%). Furthermore, because of
the high reactivity and short lifetime of ROS and the resulting damage of very different essential biomolecules
in the targeted microbe, formation of resistances to aPDI in bacteria must be considered highly unlikely even
when cells are treated repetitively with sublethal doses of light”!~”. In addition to that, the possibility of con-
trolling the expression of FbFPs in the pathogenic bacteria offers an added attractive to this new class of biological
photosensitizers.

In vitro measurements of LOV-FP-dependent singlet oxygen production. In order to analyze, if
the observed difference in in vivo phototoxicities is caused by distinct 'O, production levels, we next determined
individual singlet oxygen quantum yields of the purified fluorescent proteins by measuring the 'O, phosphores-
cence at A= 1275nm in deuterated PBS buffer as described in Torra ef al.’. The results of these experiments are
summarized in Table 1 and show a broad variability of 'O, photosensitization yields. DsFbFP M49I exhibited
the highest '0, @, with 0.42. Furthermore, the value for SOPP (¢, =0.25) matches the published value from
Westberg et al., who generated this protein by means of site-directed protein engineering based on miniSOG>2.
These two values also correlate well with the high phototoxicity in vivo. The @, values of the other LOV-FPs are
significantly smaller, ranging from 0.01 (phiLOV2.1) to 0.33 (DsFbFP). The lowest singlet oxygen quantum yield
of phiLOV2.1 is also in good agreement with the observed absence of in vivo toxicity. In addition, some of the
LOV-FPs with intermediate singlet oxygen production rates (e.g. ECFbFP with a @, 0f 0.07) were also classified
as moderately toxic in vivo photosensitizers. However, considerable deviations of in vivo phototoxicity and 'O,
quantum yield were also observed for some of the tested LOV-FPs. For example, iLOV illumination resulted in a
very strong PI signal in the in vivo toxicity assay, but spectroscopic analysis revealed a low @, value (0.05). On the
other hand, the high @, value of DsEbFP (0.33) did not correspond to its weak in vivo phototoxicity. The discrep-
ancies observed for some of the LOV-based PS were to be expected. Regarding the ¢, measurements, it is argua-
ble whether in all cases the values derived from solution measurements are representative of the @, values inside
the cells. Specifically, the microenvironment of the protein inside a living cell may affect its ability to produce 'O,
e.g., because of different protein conformations and/or interactions with other cellular components. For exam-
ple, Westberg et al. recently observed that the increase of temperature has a remarkable effect on O,-dependent
quenching of FMN triplet state — a phenomenon that can also be differently affected by the individual properties
of the surrounding protein as described for miniSOG and SOPP%. In addition, it must be kept in mind that the
&, values are assumed to be proportional to the intensity of 'O, phosphorescence, whereas the biological effects
are due to 'O, molecules being released from the protein. Thus, our measured @, values describe the total amount
0f 10, molecules produced by the individual photosensitizer, but may not reflect the number of 'O, molecules
being actually released. This is particularly the case for LOV-FPs with triplet lifetimes of hundreds of microsec-
onds in air-saturated solutions, such as DsFbFP and DsFbFP M491 (7 > 500 ps), which clearly reflects a very low
accessibility of molecular oxygen to the chromophore. It is thus reasonable to expect that the generated 'O, will
only partially escape from the protein. To address this question, indirect 'O, detection measurements for the two
DsFbFP variants were performed using the chemical trap uric acid (UA), which specifically and irreversibly reacts
with 10,74, The &, values determined in dPBS solution were 0.28 and 0.36 for DsFbFP and DsFbFP M49], respec-
tively, in good agreement with the values obtained by the direct 'O, luminescence detection method. These results
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Figure 5. Quantification of LOV-PS-catalyzed hydrogen peroxide formation. The determination of hydrogen
peroxide, produced by the LOV-PS as a reaction of blue-light exposure (\,,, =447 nm, ~10 mW cm~2), was
performed with purified proteins (final concentration OD 5= 0.05) by applying the Amplex® Red Hydrogen
Peroxide/Peroxidase Assay Kit. The bars show the time-dependent increase of hydrogen peroxide formation for
all tested photosensitizes. The control experiment in the dark did notlead to detectable H,0O, production for all
tested proteins (Supplemental Fig. $2). The data represent the mean values of three independent experiments,
the error bars the calculated standard deviations.

thus confirm that 'O, molecules indeed escape from the protein matrix and reach the bulk solvent. Therefore, the
discrepancies observed between 'O, production and photokilling experiments should arise from processes other
than protein deactivation of 10, molecules.

Returning to the PI results presented in Fig. 3, it is highly revealing that the time evolution of the PI fluo-
rescence leveled off at different upper-limit values for each protein, resulting in a clear sigmoidal shape. This
observation is particularly relevant since it implies that photobleaching of the proteins is a critical factor that
limits their phototoxic properties. In fact, if the extent of cell death is plotted against the actual amount of sin-
glet oxygen produced by each protein during the first 10-min irradiation period, a clear correlation is obtained
(Fig. 4), indicating that singlet oxygen is the major cytotoxic species for most LOV-FPs studied and confirming
the importance of photobleaching.

In vitro analysis of LOV-FP-catalyzed hydrogen peroxide production. We further investigated
the LOV-FP-dependent production of O,*~ and H,O, that has already been demonstrated for miniSOG and
SOPP¥*2, To this end, we illuminated samples of the purified photosensitizer proteins (final OD 5, =0.05) with
blue light and analyzed the resorufin-specific fluorescence - the product of the Amplex Red reaction with H,0,
as described in the material and methods section. The results of this experiment indicate large differences in the
H,0, production rates of the studied LOV-FPs (Fig. 5). In particular, phiLOV2.1, Pp1- and Pp2FbFP produce
low H,0, concentrations (<2 uM), whereas all other tested proteins reached values between ~6uM and ~16 uM.
Especially the two DsFbFP variants as well as EcCFbFP and CreiLOV showed notably high hydrogen peroxide
production during illumination. The correlation of light treatment and H,O, production was evidenced by the
dark control which resulted in no significant H,0, accumulation in all tested samples (Supplemental Fig. $2). In
summary, our data confirmed considerable type-I-driven ROS formation of LOV-FPs, whereas the efficiencies
strongly differ between the tested proteins. In this context it is worth mentioning that some of the tested LOV-FPs
seem to preferentially produce ROS either via the type-I or type-II photosensitization process, as observed for
Pp1l- and Pp2FbFP (intermediate 'O, and low H,0, production rates) and DsFbFP M49I (high H,0, and !0,
production rates), which make them promising candidates for studying cell signaling processes that are induced
by different reactive oxygen species with high spatiotemporal resolution.

Using Pp2FbFP and DsFbFP M49I as optogenetic tools for analyzing ROS-induced stress
responses in E. coli. In our previous experiments we could demonstrate considerable production of ROS for
almost all of the tested LOV-FPs. However, selectivity and efficiency of light-driven ROS formation strongly vary
between those proteins. This observation led us to the question if some of the variants can be utilized as selective
and non-invasive intracellular ROS generators, to analyze specific responses to oxidative stress in bacteria. Using
a DNA-microarray approach, we comparatively analyzed H,0, and 'O, induced changes in the transcriptome
of E. coli cells, applying either DsFbFP M491 or Pp2FbFP. As expected, a number of E. coli genes could be iden-
tified whose expression rates were significantly upregulated after illumination (Table 2). Remarkably, 25 genes
showed higher expression levels in blue-light exposed E. coli cells accumulating the singlet oxygen and hydrogen
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Increased |
Gene expression (x-fold) | p-value | Assigned function
DsFbFP M491
dps* 276 0.002 nucleoid-associated protein®*#!
azoR 13.0 0.002 FMN- and NADH-dependent azoreductase®®”
sufB* 120 0.008 alternative iron-sulfur cluster assembly system”#*
lacl 112 0.048 transcription repressor®
ahpC* 75 0.005 NADH peroxidase”
sufC* 6.8 0.012 alternative iron-sulfur cluster assembly system’*#*
sufS* 67 0.014 alternative iron-sulfur cluster assembly system”#*
sufD* 55 0.017 alternative iron-sulfur cluster assembly system”5
yhaK 54 0.014 bicupin-related protein®
PspA 5.1 0.004 phage shock protein”
ybi] 5.1 0.012 Unknown
gipE 48 0.003 Sulfurtransferase!
mokB 48 0.031 Predicted regulatory peptide
mntH* 47 0.021 Divalent metal ion transporter!®!
ahpF* 46 0.014 NADH peroxidase”
katG* 42 0.015 catalase™
grxA* 42 0.017 glutaredoxin '
hemH#* | 4.1 0.020 ferrochelatase”
trxC* 4.0 0.009 thioredoxin IT'**
pspD 38 0.003 phage shock protein®
clpS 38 0.002 Part of ClpAP-protease complex'%
pspB 37 0.029 phage shock protein®
pspC 33 0.008 phage shock protein®
yaaA* 31 0.021 Unknown
sufE* 29 0.008 alternative iron-sulfur cluster assembly system”#*
Pp2FbFP
azoR 77 0.023 FMN- and NADH-dependent azoreductase®*”
ybi] 6.6 0.034 Unknown
yhaK 56 0.055 bicupin-related protein®
gntK 40 0.046 gluconokinase!%

Table 2. DNA microarray-based, genome-wide analysis of ROS-induced stress response mediated by light-
exposed LOV-PS in E. coli. LOV-PS Pp2FbFP and DsFbFP M491 were expressed in E. coli BL21(DE3) cells and
illuminated with blue light (Pp2FbFP: 5min, DsFbFP: 15 min). Transcriptome profiles were compiled from
illuminated samples and compared to non-illuminated controls. In this way, genes were identified that showed a
significant increase in their expression level (>3-fold, p-value <0.05), as a reaction to light exposure. Genes that
are induced by OxyR are marked with an asterisk. The data represents the mean values of three independent
experiments.

peroxide-producing variant DsFbFP M491. In bacteria, H,0, generally serves as signal molecule that can be rec-
ognized by the transcriptional regulator OxyR, which in turn specifically activates genes of the OxyR regulon”-78.
Accordingly, 14 blue-light induced genes belong to the OxyR regulon (Table 2; marked by an asterisk), including
the genes ahpCF and katG encoding the NADH peroxidase and catalase. Both enzymes are known to predomi-
nantly scavenge H,0, in bacteria, as for example reviewed in”®. However, the strongest induction was observed
for the dps gene (~28-fold), which codes for the “DNA-binding protein from starved cells” (Dps) that is known to
protect DNA against ROS-mediated damage in E. coli and other bacteria®-%. Purthermore, most of the suf genes
are induced via DsFbFP M49I-dependent ROS formation. The SufABCDSE complex functions as an alternative
iron-sulfur cluster assembly system which can substitute the housekeeping Isc (FeS cluster assembly) system after
its hydrogen peroxide-mediated inactivation”®. In addition, some of the blue-light induced genes not belonging
to the OxyR regulon code for enzymes that are known to play a role in redox stress response. For example, AzoR,
an FMN-dependent NADH-azoreductase, was shown to be essential for growth of E. coli in the presence of qui-
nones that facilitate accumulation of ROS via deleterious redox cycling®.

In contrast, only four genes were strongly upregulated in E. coli cells expressing the singlet oxygen forming
Pp2FbFP (Table 2), although this LOV-FP variant exerted clear phototoxicity in our in vivo experiments (Figs 2
and 3). Two of these genes, namely the above mentioned azoR as well as yhaK, were also induced in cells express-
ing DsFbFP M491 and the respective gene products seem either to be potentially involved in sensing (YhaK)3 or
compensating (AzoR) oxidative stress in E. coli.

In photosynthetic bacteria, regulatory processes and mechanisms of 'O, defense have been extensively ana-
lyzed (e.g. reviewed in”). In contrast, specific responses of non-phototrophic bacteria towards singlet oxygen is
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still poorly understood. Kim and coworkers presented first evidences that OxyR might also (directly or indirectly)
be involved in singlet oxygen signaling in E. coli¥”. Our results, however, indicate that intracellularly generated 'O,
does not result in the activation of the OxyR regulon. The observed differences in the E. coli expression pattern
thus give a first indication that the two tested LOV-FPs represent new blue-light responsive ROS-generators that
can be used for studying specific hydrogen peroxide- or singlet oxygen-mediated stress responses in bacteria.

Discussion

In this study, we investigated the phototoxicity of eleven LOV-FPs in E. coli and analyzed differences in efficiency
and selectivity of ROS formation. We could demonstrate that most of the flavin-binding fluorescent proteins are
capable of producing singlet oxygen and hydrogen peroxide to a certain extent. Consequently, the tested LOV-FPs
exhibit low to high phototoxicity when applied for light-driven killing of bacterial cells. Basically, the encapsula-
tion of the photosensitizing flavin chromophore by the LOV domain should guarantee that the individual pho-
toinitiated processes are independent of the PS’s surrounding. However, it is clearly not the case, since the specific
amino acid sequence of each protein dramatically modulates the properties of the chromophore. In addition,
photostability is a key factor in the outcome of aPDT applications. In this regard, the alleged lack of consistency
of the photokilling experiments with the !0, production capacity has been rationalized by the photobleaching of
the photosensitizing proteins, and a clear correlation between the amount of 'O, and the antimicrobial activity is
observed when applying low light-doses.

The data presented here demonstrate that the characterized LOV-FPs clearly expand the toolbox of optoge-
netic sensitizers. Especially, (i) differences in singlet oxygen quantum yields, (ii) selective formation of 'O, and
H,0, as well as (iii) gradual differences in photodynamic inactivation of E. coli cells render them suitable photo-
sensitizers for a broad range of in vivo applications.

For example, since increasing and multiple antibiotic resistances of different Gram-positive and
Gram-negative pathogens represent one of the most important therapeutical challenges, alternative agents are
urgently needed. Here, genetically encoded PS with high phototoxicities can help to selectively fight against
human pathogens, without producing resistances by using them, for instance, as recombinant immunophoto-
sensitizer. The applicability of immonophotosensitizers was already demonstrated for targeted tumor therapy.
For example, KillerRed and miniSOG could genetically be fused to the single-chain variable fragment antibody
4D5scFv, which specifically binds to HER2/neu tyrosine kinase receptors. In that way, both immunophotosen-
sitizers exhibited light-mediated cytotoxic effects on HER2/neu-hyperexpressing tumor cells (see!* and refer-
ences therein) - a therapeutic strategy that could easily be transferred to selective aPDI approaches. Alternatively,
LOV-based PS can be intracellularly targeted to different compartments where O,- and H,O,-induced stress can
be triggered by light with a high spatio-temporal resolution. This may facilitate the development of new aPDI
strategies as well as foster studies regarding ROS-stress thereby amending current methods and therapies with
chemical photosensitizers. In future, bacteria that are able to selectively target and proliferate in tumors can be
further used for local delivery of tailor-made photosensitizer proteins and subsequent photodynamic treatment
as recently demonstrated with KillerRed®:. Because of the low penetration depth of blue light into mammalian
tissues, both aPDI and PDT might be limited to surface exposed pathogens and tumors. However, new surgery
techniques nowadays allow delivering light to almost any region of the human body via endoscopes and fiber
optics, as for example discussed in”.

In contrast, low to moderately phototoxic LOV-PS could be utilized as new optogenetic tools for light-triggered
control of bacterial cell growth. This application could be of particular importance e.g. for studying natural micro-
bial communities, which often rely on symbiotic relationships of organisms with unknown biological functions.
Here, genetically encoded PS can be used to specifically tag an individual species residing within a community or
biofilm thereby opening up new optogenetic strategies to analyze its in vivo function.

Finally, we would like to point out that genetically encoded PSs such as miniSOG are shown to be useful tags for
analyzing the function of target proteins inside living cells and tissues via light-controlled inhibition (CALI)'. This
strategy is universally applicable for living cells and tissues, although ROS formation has to be carefully adjusted to
avoid off-target effects or even cell death due to high amounts of freely diffusing ROS. Here, the LOV-based opto-
genetic sensitizers presented in our study exhibiting different ROS formation capabilities again can directly help to
find suitable conditions for efficient CALI without harming the surrounding cellular molecules.

Consequently, the alternative LOV-photosensitizers can be applied as a versatile light-responsive biobrick system
with adjustable phototoxicities which will be highly beneficial for future optogenetic and biomedical applications.

Methods

Construction of LOV-FPs expression vectors. Genes encoding SOPP, CreiLOV and iLOV harboring
an Ndel and Xhol restriction site at the respective 5'- and 3/- end were obtained by commercial gene synthesis
(Eurofins Genomics, Ebersberg, Germany). Subsequently, the synthetic DNA fragments were cloned into the Ndel
and Xhol sites of the pET28a vector (Novagen, distributed by Merck KGaA, Darmstadt, Germany). DsFbFP M491
was generated by overlap extension PCR using the pET28a DsFbFP vector DNA® as template and the oligonucle-
otide primers DsFbFP-up: 5-CAGCCATATGCGCAGAC-3/, DsFbFP-dn: 5/- GTGCTCGAGTCAGACCGGG-3/,
DsFbFP 491-up: 5'-CAACCCGATTATCTATGTC-3’ and DsFbFP 49I-dn: 5-GACATAGATAATCGGGTTG-3".
The resulting final PCR fragments were hydrolyzed with Ndel and Xhol and ligated into the respective sites of
the pET28a vector. DNA cloning was conducted using the Escherichia coli strain DH5o* and DNA plasmid iso-
lations from bacterial cells were performed using the commercial innuPREP Plasmid Mini Kit (Analytik Jena,
Jena, Germany), as described by the manufacturer. All final vector constructs were verified by DNA-sequencing
(Eurofins Genomics, Ebersberg, Germany).
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Escherichia coli-based in vivo phototoxicity assays. Time-resolved, qualitative comparison of phototoxic
effect caused by eleven FbFPs (Table 1) on E. coli BL21(DE3) (Novagen, distributed by Merck KGaA, Darmstadt,
Germany) was carried out by plate spot assay. E. coli cells harboring the respective LOV-FP expression vectors were
cultivated in 100 ml flasks at 37 °C. Three hours after induction of LOV-FP expression (addition of 0.4mM IPTG),
samples were taken out of the expression cultures and diluted to a final cell density (ODsg,=0.025) in PBS-Buffer
(140mM NaCl; 12.5mM Na,HPO; 2.7 mM KC; 1.8 mM KH,POy, pH 7.4). The cell suspension was transferred into a
macro cuvette and placed directly on top of a blue-light emitting LED (LUXEON Rebel XLML PR01 0425; X =448 nm;
130mW cm ™). At given time points (0 to 120 sec) 3 ul-aliquots were taken out of the illuminated cell solutions and
dropped on an LB agar plate, containing 0.2% lactose. A culture of E. coli cells carrying the empty vector pET28a as
well as non-irradiated samples of each LOV-FP expression culture were used for appropriate control experiments.
Subsequently, agar plates were incubated at 37 °C overnight. To distinguish between fluorescing and non-fluorescing
colonies, agar plates were finally photographed under UV-light (\=365 nm) illumination. Phototoxicity of LOV-FPs
is indicated by an impaired cell growth and only fluorescent colonies were taken into account, as non- fluorescent
colonies represent cells that did not express the protein at the time of illumination due to population heterogeneity.

To quantitatively determine the cell viability rate of E. coli expressing different phototoxic LOV-FPs the col-
ony forming capacity was measured in dependence of exposure time light intensity. E. coli BL21 (DE3) cells
harboring the respective expression vectors pET28a-phiLOV2.1, pET28a-DsFbFP, pET28a-DsFbFP M491 and
PET28a-EcFbFP, respectively, were cultivated in 100 mL flasks at 37 °C. Three hours after induction with 0.4mM
IPTG, the fluorescence spectra of the LOV-based FbFPs were measured in whole cell extracts that have been
resuspended in PBS buffer (pH 7.4). To minimize the influence of different growth rates in the expression cultures,
all spectra were normalized to ODsgy= 1. The fluorescence emission spectra were measured using a microplate
reader (Infinite M1000 Pro, Tecan Group LTD., Maennedorf, Switzerland). For determination of colony forming
units (CFU) before and after illumination, the cultures were diluted to a final ODgg, 0f 0.1 in PBS buffer (pH 7.4).
The cell suspension was transferred into a macro cuvette and illuminated with different intensities (90 mW cm ™2
and 130 mW cm~2) of a blue light emitting LED (LUXEON Rebel XLML PRO1 0425; N\, = 448 nm). To reach an
illumination intensity of 10 mW cm 2 the samples were transferred into a 48-well microtiter plate (FlowerPlate;
m2p-laps GmbH,Aachen,Germany) and illuminated with blue light (\,.,x =447 nm, ~10 mW cm~?) in a micro-
bioreactor (BioLector; m2p-laps GmbH, Aachen, Germany). At given time points (0 to 180s), 100 uL of the irra-
diated cell solutions were taken out of the respective illumination setup and diluted to predefined cell densities
in LB-media (here, an appropriate dilution was chosen which finally results in approximately 100-200 colonies
on agar plates). From these samples, 100 uL were plated on LB agar plates and incubated at 37 °C overnight in the
dark. Additionally, a non-irradiated dark-treated sample of each FbFP expression culture was used as a control.

Quantitative analysis of light-induced cell-death was conducted using propidium iodide (PI), a fluorescent dye
that selectively enters dead cells and develops a specific fluorescence signal with X\, at 617 nm when excited with
yellow light (535 nm) after intercalation into DNA®E. To comparatively characterize phototoxicities of cytoplas-
mic LOV-FPs in E. coli, chemo-competent E. coli BL21{DE3) cells were transformed with recombinant pET28a
vectors allowing the expression of the respective fluorescent reporter genes. Therefore, E. coli expression cul-
tures were inoculated with an optical density (ODsg,) of 0.1 in Terrific Broth (Carl Roth, Karlsruhe, Germany)
auto-induction media, supplemented with 0.2% lactose, 0.03% glucose and 50 ug ml~! Kanamycin. Cell cultiva-
tions (culture volume: 800 ul) were performed in microtiter plate (FlowerPlate) using the BioLector (m2p-labs
GmbH, Baesweiler, Germany), for six hours at 37 °C under continuous shaking (1500 rpm). Subsequently, cul-
tures were harvested via centrifugation, washed with PBS (pH 7.4) and finally resuspended in 1300 uL assay buffer
(PBS pH 7.4, 100uM EDTA, 5uM PI, Sigma Aldrich) with a final cell density of ODsg,=0.5. These samples were
subsequently transferred to a fresh FlowerPlate and placed into the BioLector with a LED blue light source for
homogeneous illumination of the entire flower plate. To ensure optimal oxygen supply for photosensitizing, E.
coli cells were illuminated with blue light (\,, = 447 nm, ~10 mW cm~2) under continuous shaking (1100 rpm,
30°C). At several time points, 100 ul samples were taken and analyzed regarding their LOV-FP-mediated fluores-
cence intensity (excitation at 450 nm, emission at 495nm) and PI fluorescence (excitation at 535 nm, emission at
617 nm) using a microplate reader (Infinite M1000 Pro, Tecan Group LTD., Maennedorf, Switzerland). To be able
to evaluate LOV-FP-mediated phototoxicity regardless of its respective expression efficiency in E. coli, the data
was normalized using equation 1, where [, is the normalized PI fluorescence intensity, I, the raw PI fluorescence,
Igp the LOV-FP-fluorescence intensity of the cell culture before blue-light illumination, &, the fluorescence quan-
tum yield and e the molar extinction coefficient of the respective LOV-FP (see Table 1):

1 = raw.

- (5) (1)

Heterologous expression, purification and spectral characterization of LOV-based FPs.
Expression and purification of all tested LOV-based fluorescent proteins (Table 1) was performed as described
before, except that the isolated proteins were stored in phosphate buffered saline (PBS), pH 7.4. Furthermore,
spectroscopic and photophysical analysis of CreiLOV, DsFbFP M491, iLOV and SOPP, including the determina-
tion of fluorescence quantum yields and extinction coefficient followed the descriptions in the above mentioned
publication.

Spectroscopic determination of singlet oxygen quantum yields of isolated LOV-FPs.  Direct
detection of 'O, phosphorescence at 1275 nm was carried out using a customized PicoQuant Fluotime 200 life-
time system and an AO-Z-473 solid state AOM Q-switched laser (Changchun New Industries Optoelectronics
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Technology Co., China), used for excitation at 473 nm (< 1.5mW average power) and working at 1.5 kHz repeti-
tion rate. Further details on the instrumentation and methods used for '0, detection are described elsewhere!>*.
The time-resolved emission decays were analyzed by fitting Eq. 2 to the data using GraphPad Prism 5.

N —t ;f)
S =S —(em — e
® ©
N @
7rand 7, are the lifetimes of the photosensitizer triplet state and of 'O,, respectively and S, is a quantity
proportional to @ .
&, was determined by comparing the S, values of optically-matched solutions of the corresponding flavopro-
teins and flavin mononucleotide (FMN) at 473 nm (Eq. 3)°".

S(O)ﬂavop rotein

d)A,ﬂnvopmtein - ‘A, FMN

Seoyrman 3)
FMN was taken as reference photosensitizer with $, =0.51 in PBS*? and 0.57 in dPBS*.

Determination of superoxide-anion and hydrogen peroxide formation of purified
LOV-FPs. For the determination of LOV-FP-mediated O, /H,0, production the commercial Amplex®
Red Hydrogen Peroxide/Peroxidase Assay Kit (Molecular Probes, Invitrogen) was used. The analysis was per-
formed according to the manufacturer’s manual with purified LOV-FPs adjusted to a final absorbance of 0.05
at X\ =450 nm. To determine entire type [-dependent ROS formation, 4 U ml~! superoxide dismutase (Sigma
Aldrich) was supplemented to the reaction buffer to catalyze the conversion of superoxide anions to H,0,. Sample
irradiation was conducted in microtiter plates (FlowerPlates) within a microbioreactor (BioLector, m2p-labs
GmbH, Baesweiler, Germany) at 1100 rpm and 30 °C with a LED blue light source emitting light with X\, at
447 nm and an intensity of ~10 mW cm~2 Fluorescence intensities of resorufin (the product of the Amplex
Red reaction) were determined in a microplate reader (Infinite® M1000 Pro, Tecan Group LTD., Maennedorf,
Switzerland) with an excitation wavelength of =571 nm and an emission at A\ =at 585 nm. To determine final
H,0, concentrations after LOV-FP illumination, the measured resorufin fluorescence intensities were subse-
quently compared with an H,0O, calibration curve (0 to 20puM H,0,).

Analysis of LOV-FP-mediated stress response in E. coli. To analyze differences in global oxidative
stress response in E. coli that were induced by Pp2FbFP and DsFbFP M491, a DNA microarray-based analysis
was conducted. E. coli cells expressing the respective photosensitizers were cultivated in LB-media, supplemented
with 50 ug ml~! kanamycin (25 ml culture volume in 500 ml Erlenmeyer flasks, start ODsg, = 0.05). The cultures
were incubated at 37 °C and under continuous shaking (130 rpm) in the dark. LOV-FP expression was induced by
addition of 0.4mM IPTG during the logarithmic growth phase (~ODgg, = 0.7). Three hours after induction, cul-
tures were divided into two test cultures with a volume of 25 ml in 500 ml Erlenmeyer flasks and an ODsg 0f 0.5.
For light treatment one of these cultures was placed between two blue-light emitting LED-panels (\=462nm,
100 mW cm 2, Insta Elektro, Liidenscheid, Germany, panel distance: 30 cm), whereas the second culture was kept
in the dark. To ensure optimal oxygen supply of cells during irradiation process, cultures were supplemented with
stirring bars and placed on magnetic stirrers. Since the selectivity and efficiency of light-driven ROS formation
strongly vary between those proteins, we first evaluated different exposure times (5, 10, 15 and 30 minutes) for
full induction of LOV-FP-mediated stress-response in E. coli. To this end, samples containing an ODsg, 0f 3 were
harvested after light treatment by centrifugation and the cell pellets were shock frozen in liquid nitrogen and
subsequently stored at —80°C. RNA isolation, cDNA synthesis, microarray hybridization and data analysis were
performed as described before®® except the utilization of DNA-microarrays carrying probes for the genes of E.
coli MG1655 strain. Detailed transcriptome analyses of light-induced stress-response based on independent bio-
logical triplicates were finally carried out under best illumination conditions (i.e. Pp2FbFP: 5min, DsFbFP M491:
15min) as described above.

Data Availability

The datasets generated during and/or analyzed during the current study are available from the corresponding
authors on reasonable request. The microarray data generated and analyzed in this study are accessible in NCBT’s
Gene Expression Omnibus through accession number GSE110168.
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Abstract: Diseases caused by multi-drug resistant pathogens have become a global concern.
Therefore, new approaches suitable for treating these bacteria are urgently needed. In this study,
we analyzed genetically encoded photosensitizers (PS) related to the green fluorescent protein (GFP)
or light-oxygen-voltage (LOV) photoreceptors for their exogenous applicability as light-triggered
antimicrobial agents. Depending on their specific photophysical properties and photochemistry,
these PSs can produce different toxic ROS (reactive oxygen species) such as O2*~ and HyO, via type-I,
as well as 10, via type-II reaction in response to light. By using cell viability assays and microfluidics,
we could demonstrate differences in the intracellular and extracellular phototoxicity of the applied
PS. While intracellular expression and exogenous supply of GFP-related PSs resulted in a slow
inactivation of E. coli and pathogenic Gram-negative and Gram-positive bacteria, illumination of
LOV-based PSs such as the singlet oxygen photosensitizing protein SOPP3 resulted in a fast and
homogeneous killing of these microbes. Furthermore, our data indicate that the ROS type and
yield as well as the localization of the applied PS protein can strongly influence the antibacterial
spectrum and efficacy. These findings open up new opportunities for photodynamic inactivation of
pathogenic bacteria.

Keywords: photosensitizer (PS); light-oxygen-voltage (LOV) proteins; antimicrobial photodynamic
inactivation (aPDI); green fluorescent protein (GFP); flavin-binding fluorescent protein (FbFP);
optogenetics; extracellular phototoxicity; antibiotics

1. Introduction

Since the rapid worldwide emergence of multi-drug resistant bacteria, in conjunction with a decline in the
development and production of new antimicrobial agents, the efficient treatment of various life-threatening
pathogens has become increasingly endangered. For this reason, major research efforts aim to develop
alternative antimicrobial therapies to prevent, treat, and finally eliminate multidrug resistance [1-3].
Antimicrobial photodynamic inactivation (aPDI) evolved in the last years as a method to treat microbial
infections after realizing the potential of photodynamic therapy (PDT), which is increasingly used in cancer
therapy [4,5]. PDT and aPDI combine the use of visible light with a light-sensitive dye—referred to
as photosensitizer (PS)—and are based on the local formation of toxic reactive oxygen species (ROS).
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The produced ROS react fast with molecules of the PS microenvironment and thus can immediately induce
damages of lipid membranes, cell walls, proteins, and nucleic acids [6-8]. Because of the broad spectrum
of ROS-sensitive targets, aPDI does not induce resistances in microorganisms and further allows efficient
inactivation of multi-drug resistant pathogens [9-11].

Upon light absorption, the PS undergoes a transition from the electronic ground state to a singlet
excited state and further to alonger-lived triplet state via intersystem crossing (ISC). Here, the generation
of ROS can follow two alternative pathways: the triplet state-PS can interact with molecular oxygen by
transferring an electron to O, yielding a superoxide radical anion (O,°~) that can further be converted
into other ROS, including hydrogen peroxide (H,O,) and the hydroxyl radical (HO*®). This pathway
is referred to as a type-I mechanism. Alternatively, the type-II pathway involves an energy transfer
from the excited PS to molecular oxygen, thereby generating singlet oxygen (1O,). Due to its unstable
electron configuration, this form is extremely transient and highly reactive, resulting in a lifetime
of up to 2 us and a diffusion range of ~150 nm, depending on the dynamics of the photosensitizing
protein [12,13]. In contrast, hydrogen peroxide shows a lifetime of about 1 ms and thus can diffuse
over longer distances or even between microbial cells [14,15].

Because of the short ROS lifetimes, the localization of the applied PSs and their close proximity to
microbial target molecules can play an important role for efficient aPDI. Therefore, cationic photosensitizing
chromophores are frequently used to predominantly bind negatively charged surfaces of Gram-positive
and Gram-negative bacteria, thereby avoiding excessive damage to mammalian cells and tissues [16,17].
Most widely used cationic PSs, whose antibacterial activities against multi-drug resistant pathogenic
bacteria could already successfully be demonstrated, include porphyrinoids like porphyrins, chlorins,
and phthalocyanines, as well as fullerenes and phenothiazinium dyes (e.g., toluidine blue O and methylene
blue) [18-22]. However, the application of chemical PSs as light-triggered anti-infectives face some major
drawbacks, including (i) a limited selectivity for bacteria and pathogens, (ii) an inefficient uptake by microbial
cells, (iii) their subsequent secretion by microbial multidrug efflux pumps, and (iv) their heterogeneous
distribution within a microbial population or biofilm. In addition, the local environment can strongly
influence the photophysics of a PS, which might result in a divergent phototoxicity in dependence on its
localization and the targeted pathogen. These limitations provoked the development of more effective PSs
including genetically encoded PSs. In contrast to chemical PSs, genetic engineering approaches enable
the fusion of tailored targeting sequences (e.g., leader peptides or antibodies) to photosensitizing proteins
thereby facilitating their accumulation at particular cellular structures, compartments, or pathogens of
interest. In addition, genetically encoded PSs can be seen as protein encased phototoxic chromophores where
the protein envelope ensures a constant local environment and robust ROS formation irrespective of the
DS localization [23].

Two major classes of genetically encoded PSs have been established. The first class includes fluorescent
proteins (FPs), which exhibit a green fluorescent protein (GFP)-like structure; the second class encompasses
flavin-binding fluorescent proteins derived from the light-oxygen-voltage (LOV) photoreceptor domain
of plants, algae, and bacteria (LOV-PSs) [24-27]. KillerRed and the Singlet Oxygen Generator (miniSOG)
were the first members of the GFP and LOV families that have been described as genetically encoded
PSs [28,29]. So far, these photosensitizing proteins could successfully be applied, for example, (i) in the
analysis of ROS signaling [30,31], (i) for killing cancer cells in different PDT approaches [32-36], and (iii)
for light-mediated control of protein activity via chromophore-assisted light inactivation (CALI) [37-40].
Recently, the KillerRed-derivatives SuperNova and KillerOrange as well as the miniSOG variant SOPP3 were
engineered, showing improved photosensitizer properties [25,26,41]. While SuperNova has similar spectral
characteristics as described for the original KillerRed protein with an absorption maximum at 579 nm,
the spectrally tuned derivative KillerOrange exhibits a blue-shifted spectrum with absorption maxima at 455
and 514 nm [25,26]. In contrast, as a typical member of the LOV family, SOPP3 can be excited with blue light
(Amax = 440 nm, [41]). Besides their spectral characteristics, the three PSs differ significantly in their ability to
form ROS when irradiated [23,42]. In comparison to all of the so far characterized LOV-based PSs, SOPP3
exhibits the highest singlet oxygen quantum yield (®, ) of about 0.6 and spectroscopic in vitro characterization
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revealed that this photosensitizer protein selectively produces singlet oxygen via type-Il reaction [41]. On the
other hand, KillerRed—and presumably also its derivatives—primarily generate the superoxide anion and
downstream oxidants, such as hydrogen peroxide through type-I photochemistry [42—44].

In a recent study, we demonstrated that most LOV-based fluorescent proteins, which were originally
designed as alternative reporters for the in vivo analysis of oxygen-limited systems [45,46], were potent
photosensitizers that could be applied for a light-controlled killing of E. coli when expressed intracellularly [47].
Here, we have evaluated the intracellular phototoxicity of three further GFP- and LOV-related PSs using
E. coli as a model organism. In addition, we analyzed the antimicrobial efficacy and spectrum of
exogenously applied GFP- and LOV-PSs with different photosensitizing activities towards Gram-positive
and Gram-negative pathogens. Finally, we show data indicating that the cell envelope of the human pathogen
Pseudomonas aeruginosa can be targeted by using the lectin LecB fused to the recombinant photosensitizing
protein DsFbFP M491, which resulted in an increased phototoxicity.

2. Results and Discussion

2.1. Phototoxicity of SOPP3, SuperNova, and KillerOrange in the Cytoplasm of E. coli

To compare the applicability of SOPP3, SuperNova, and KillerOrange for aPDI, we initially analyzed
their intracellular phototoxicity. To this end, we determined the viability of PS-producing E. coli cells
after illumination with blue light (LED with Apax = 448 nm for SOPP3 and KillerOrange) or orange
light (Amax = 600 nm for SuperNova) by counting the colony forming units (CFU). The phototoxic effects
of the endogenous PSs towards E. coli cells were measured in dependence on different light intensities
(130-1 mW cm™2) as well as illumination times (0-30 min). As a reference, we additionally analyzed E. coli
cells expressing EcFbFP, a LOV-based PS that was shown to perform moderate type-I and -II-mediated
ROS formation resulting in an intermediate phototoxicity [47]. As shown in Figure 1, the increase of light
intensity or illumination time resulted in a clear decrease of the number of viable bacterial cells for all of the
tested LOV- and GFP-PSs, although the phototoxic efficacy differs strongly between the variants.

Remarkably, upon illumination with light intensities of 130 to 10 mW cm™2, SOPP3 showed
a very high phototoxicity as reflected by an almost complete cell death within the first 10 s of blue
light illumination (Figure la—c). In comparison, for ECFbFP a more pronounced dependency on
illumination time and light intensity could be observed. Surprisingly, the GFP-like PSs KillerOrange
and SuperNova exhibited comparatively low light-induced toxicities. Consequently, high light
intensities and prolonged illumination times up to 30 min were necessary to induce detectable cell
death whereas low light intensities or short illumination times resulted in only minor or even no
phototoxic effects (Figure 1). In contrast, for none of the applied illumination conditions significantly
reduced cell viabilities could be observed when E. coli cells were used that harbor the empty expression
vector. Furthermore, a very low light intensity of 1 mW cm ™2 was not sufficient to induce an observable
phototoxic effect for each of the tested PS proteins (Figure 1d). These control experiments clearly
demonstrate that E. coli viability is only affected by appropriately illuminated PSs. Accordingly,
the wavelength that has been used for the excitation of SOPP3 and KillerOrange did not activate
phototoxicity of SuperNova and vice versa (Supplementary Figure Sla). Thus, the combination of
blue light activated PSs with SuperNova allows a simultaneous appli