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

Fabian Hogenkamp*,” Fabienne Hilgers*," Nora Lisa Bitzenhofer,™ Vera Ophoven,”

Mona Haase,” Claus Bier,” Dennis Binder,”™ Karl-Erich Jaeger,

Joérg Pietruszka*® 9

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.”! Mostly,
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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 (€¢) 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
(>24h), and, most notably, a variety of different degrading

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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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 Py/Lacl-, Pjcr/Lacl or Pgp/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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1) Applicability of redshifted photocaged carbohydrates
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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 Pg,,/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,/XyIS 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-

© 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 2b-c based on the
effector molecules 1a and 2a potentially suitable for bathochromically
shifted irradiation.

12¢,14]

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-f3-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 % yield) (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 N,N-
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

OAc OR o
OH O mo
Acokﬂ e
AcO OR
A Br X
a)+8
Et,N ) Et,N o0 Yo

3 13R=Ac
JI
2bR=H

Scheme 1. Synthetic scheme for preparation of photocaged arabinose 2b.

immolative spacer) as linkage. IPTG (1a) and arabinose (2a)
were chosen as targets, since for both molecules, light-

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, 1c and
1d. Reagents and conditions: a) DMAP, CH,Cl,, RT, 20 h, 77-96 %; b) TFA,

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 %.

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
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.["*'>"7
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 1¢, 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 (€=1300 M 'cm™).
Uncaging quantum yields (¢,) and the resulting photolytic

ChemBioChem 2022, 23, €202100467 (4 of 13)

efficiency (ep,) 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.?"

in high (86%) to

In contrast, the

© 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 2 b-c.
Compound Y. €(375)™ £(405)"™ €(430)™ s¢ @A) e@,(Ai)
[nm] Mmem™] M~'ecm™] Mmem™] [%] M'ecm™]
2b® 388 8100 7100 2600 94 4.51x107* (405) 4 (405)
1bt 386 22900 18000 4000 88 3.20x107% (375) 687 (375)
120 (430)
1 488 1700 2900 7900 70 2.35%107% (430) 34 (375)
158 (430)
1d"® 386 11000 8700 1900 100 3.46x 1072 (375) 330 (375)
1ef 386 15900 12000 2300 95 1.01x 1072 (430) 159 (375)
23 (430)
2 385 13100 9500 1700 100 1.33x 1072 (430) 17 (430)
[a] Long-wavelength absorption maxima. [b] €(4;,) =Molar extinction coefficient at irradiation wavelength ;. [c] S= Stability against hydrolysis in the dark
after 24 h (in % of remaining compound). [d] ¢,(4;,) =Uncaging quantum yield determined at irradiation wavelength 1;,. [e] Measured in H,0/DMSO 99:1.
[fl 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 2al? 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.B3 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 S24-25) 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.

on I 1 _ h o od A
0 /*/N& ﬁ Ho%ﬁp\g \L

070 H,0  3,cO0, 19 N
N self- \ .
Et,N o 0o immolation N\(
2 N
OH 20
HO&OWOH
OH
2a

Scheme 4. Representative release cascade after irradiation of compound 2c¢
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 P;,/Lacl promoter
system was used, as this regulatory system was proven to
provide both tightly regulated and gradually controllable target
gene expression."?'”3% 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 Pg,,
promoter was used, since this system was repeatedly applied
for tight and gradually controllable gene expression in
E. coli"*3439

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 S26 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 1e (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 1c regarding

ChemBioChem 2022, 23, €202100467 (6 of 13)

rel. fluorescence intensity / %

HO
100 0
o=
0]
50
— CN
0- (0] CN

0 50 125 50 125
1c/ uM

IPTG/ pM Et,N

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 1c (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 (4 BL; ~10 mWcm™2) 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.
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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 2c¢, 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).

A BN +BL BN -BL OH |
150 O O N

100 /1
0o
50— N
Et,N 0o
0_
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10 min 30 min -Ara +Ara 2c
B - 2
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[
&
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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 2¢ (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 XyIS
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, 4, or the native P,, promoter, respectively
(Table S1). The promoter P,, 4, 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 P4,
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,'”*” 2-0-[4,5-
bis(carboxymethoxy)-2-nitrobenzyl]salicylic 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 (g) of 5900 M 'cm™' (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 7.68x107® 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 mMm). 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
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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,CO,,
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 Nnm, 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 um. B) In vivo GFPmut3 fluorescence (h.,=508 nm,
hem =532 nm) of E. coli cultures grown in M9CA minimal medium at 30°C
and supplemented with 500 pm 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
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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™) or the addition of 1000 um Sal. B) In vivo GFPmut3
fluorescence of E. coli cultures harbouring plasmid with both XylS gene and,
as a negative control, a xyIS gene deletion (AXylS) plasmid variant and
illuminated with UV-A light for 10-30 min is shown in relation to a 1000 um
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 XylS 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 AXylIS 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
0°%-dependent during exponential growth phase and o° (or ¢°%)-
dependent in early stationary phase and thereafter.”"” Beyond
that, xylS expression is also induced by the master regulator
XyIR from the o**-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 ¢*® 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 um) 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 M9CA 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 c 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
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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 (A =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 um. B) In vivo
mCherry fluorescence (A, =580 nm, A, =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, 22 b) 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™2) 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 2c 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
224, 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
22 a-b are provided in the Supporting Information.

Determination of photon flux density: The photon flux density
(qn,) of each light source of the LUMOS 43 (375 nm, 405 nm,
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 mm 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 H,0 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)]. 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 vyields: The uncaging
quantum vyield (¢,) for the release of the inducer molecules is
defined by Equation 1.

number of consumed reactant
number of absorbed photons

Gy = (1)

Values for the photocaged compounds 1b-e, 2b-c and 21 were
calculated in accordance with a standard method using
Equation 2.57

(%)

_ 2
T Qa1 — 1074 @

by
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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 A.

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,O 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 ugmL™") 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 XylIS 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 pJTTmcs-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 pJT'Tmcs-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 uL 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 (A,=488nm, A,,=527nm or
hex=580 nm, A,,=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).
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Expression cultures for novel cSal variants: All E. 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 Py,;, promoter system) or 0.05 (P,
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). In vivo GFPmut3 or
mCherry fluorescence intensities were determined using a Tecan
Microplate Reader (A,=488 nm, A.,,=527 nm or Ai,=580nm,
Aem =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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