
ChemCatChem
Research Article
doi.org/10.1002/cctc.202500847

www.chemcatchem.org

Ribosomal IncorporationofThioxanthoneasaNoncanonical
AminoAcidFacilitates theEngineeringofPhotoenzymes
Marco Seifert,[a, b] Martin Termathe,*[b, c] Luca Nardo,[d] and Matthias Höhne*[b]

Photocatalysis in biocatalytic systems provides a promising
approach for achieving selective and efficient chemical trans-
formations under mild conditions. Naturally occurring photoac-
tive cofactors are rare. To overcome this limitation, genetic
code engineering can be applied to equip proteins with addi-
tional functionalities beyond those known in the 20 canonical
amino acids. Here, we report the engineering of an aminoacyl-
tRNA synthetase (thioXRS) that allows the incorporation of
a thioxanthone-bearing noncanonical amino acid (thioX). As

proof-of-concept, we utilized the versatile biocatalyst LmrR as a
protein scaffold. We identified an active variant able to catalyze
the E/Z-photoisomerization of a cinnamate ester derivative into
coumarin. The reaction design allows direct monitoring through
fluorescence measurements, as the fluorescent substrate is con-
verted into a non-fluorescent product. This work demonstrates
that thioXRS is a versatile tool for the future development of
new-to-nature photoenzymes, expanding the synthetic capabili-
ties of biocatalysis towards light-driven transformations.

1. Introduction

Nature harbors an astonishing variety of biocatalysts, yet many
chemical transformations desired by chemists have no direct
equivalent in natural pathways. These limitations can be over-
come by repurposing existing enzymes to catalyze non-natural
reactions and employing protein engineering tools to unlock
novel mechanistic pathways not yet seen in nature.

Recently, enzyme catalysis was expanded into the field of
photochemical transformations and photoredox catalysis, intro-
ducing a unique activation mode for initiating reactions within
proteins. Light serves as an ideal high-energy “reagent”, gen-
erating reactive intermediates that can otherwise be accessed
only via very harsh or toxic reagents and conditions. These high-
energy, open shell intermediates then undergo transformation
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that complement classical polar or two-electron transfer mecha-
nisms, enabling access to complex molecular architectures, such
as four-membered ring systems.[1]

Organisms utilize photocatalysis in fundamental biolog-
ical processes including water splitting to generate redox
equivalents for CO2 assimilation or the repair of sunlight-
induced DNA damages. However, the flavine-dependent fatty
acid photodecarboxylase[2] (CvFAP) remains the only natural
photoenzyme that has been extensively studied and engineered
for biocatalytic applications.[3–8] Beyond its role in synthesizing
biofuels,[9] natural gas,[3] or ethylbenzene,[10] a key discovery
was that the chiral environment surrounding the photoactive
cofactor in its active site can impose stereoselectivity on the
reaction.[5,6]

To expand the repertoire of photoenzymes available for
biocatalysis, different approaches have been investigated. First,
the potential of photoactive cofactors such as flavins or nicoti-
namides was explored to induce light-dependent promiscuous
reactions.[1,11–13] In this approach, substrates analogs—structurally
resembling the enzyme’s natural ligands but lacking the func-
tional group typically converted—bind to the active site and
remain inert under dark conditions. Upon irradiation, these
bound substrates undergo photoreactions initiated by the
excited cofactor rather than the standard enzymatic conversion.

Second, protein scaffolds were equipped with photoactive
complexes of metal ions such as iridium, nickel, and cerium[14–17]

or organic photosensitizers,[18–22] which are anchored within the
protein scaffold via direct binding, chelation, or bioconjugation.

One elegant approach is the direct incorporation of pho-
tocatalytic moieties as noncanonical amino acids (ncAAs) by
ribosomal synthesis. This strategy allows precise positioning of
the photoactive group within the protein scaffold, eliminat-
ing the need for additional derivatization steps. Genetic code
expansion through stop codon suppression is a well-established
technique that provides protein engineers access to a library of
over 200 ncAAs for the introduction of novel functionalities.[23]
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Figure 1. Chemical synthesis of the thioxanthonylalanine methyl ester
(thioX-OMe, 3) and comparison of its chemical structure with thioxanthone
8 (TXT) and other noncanonical (photoactive) amino acids. Acd –
acridone-2-yl-alanine (5), AzAla – β-(1-azulenyl)-alanine (6), Bpa –
benzoylphenylalanine (7).

Benzoylphenylalanine (Bpa) is such an example, originally devel-
oped for photo-crosslinking applications, but recently shown to
facilitate [2 + 2] photocyclizations.[18,24]

To further expand the synthetic capabilities of photoen-
zymes, we envisioned the incorporation of a thioxanthone-
bearing amino acid. Thioxanthone (TXT) offers key advantages
including excitation by visible light and a long-lived triplet state.
Beyond energy transfer (EnT), it can also enable photoreactions
via single-electron transfer (SET) and hydrogen atom transfer
(HAT) mechanisms.[25]

Achieving this goal requires (i) synthesizing an amino acid
containing a thioxanthone moiety in its side chain, (ii) engineer-
ing an aminoacyl-tRNA synthetase (aaRS) capable of charging a
tRNA for amber stop codon recoding, and (iii) demonstrating its
integration into a model protein that can catalyze a non-natural
photoreaction.

As a model system, we selected the Lactococcus lactis mul-
tidrug resistance regulator LmrR, which has served as a versatile
scaffold for the installation of artificial catalytic functionalities
in recent years.[26] LmrR bears a central hydrophobic cavity
(∼1400 Å3) and due to its intrinsic flexibility, can accommo-
date various medium- to large-sized guest molecules, including
DNA-intercalators like ethidium bromide and diverse antibiotics.

In this study, we engineered an aaRS that accepts thiox-
anthonylalanine and facilitates its incorporation into LmrR. We
demonstrate that the modified protein catalyzes a non-natural,
light-driven E/Z isomerization, providing proof of concept for the
creation of a novel photoenzymatic activity.

2. Results and Discussion

2.1. Synthesis of thioX

We chemically synthesized the methyl ester derivative of thiox-
anthonylalanine (thioX-OMe, 3) (see Figure 1). The protected
tyrosine derivative 1 was coupled to o-thiosalicylate methyl ester
leading to the biaryl thioether 2 with a moderate yield (38%). An
intramolecular Friedel-Crafts acylation then afforded the cyclic
product thioX (4). Initial attempts furnished the free carboxylic

acid 4 with only moderate yield and purity. However, this thioX
preparation was sufficient to perform our initial screening exper-
iments. To optimize the synthesis procedure and to overcome
the solubility issues of 4, we produced the methyl ester deriva-
tive 3 (thioX-OMe) by adding a final Fischer esterification step
(see Figure 1) with a good yield (81%). This derivatization allowed
the facile work-up of the ncAA by liquid-liquid extraction. Ester
derivatives of ncAAs have been described to facilitate cellular
uptake and show increased bioavailability.[27,28] Once inside the
cell, the amino acid ester undergoes hydrolysis and is thereby
retained intracellularly. However, the precise mechanism and the
responsible enzyme activity still needs to be elucidated.[29]

2.2. Engineering and Characterization of the thioXRS

To incorporate thioX by ribosomal synthesis, we were seeking a
promiscuous aaRS with a homologous substrate scope as a start-
ing point for our engineering efforts. Therefore, among others,
we investigated the capability of the acridone-accepting syn-
thetase AcdRS A9. This engineered Tyrosyl-RS from Methanocal-
dococcus jannaschii is the improved variant of a promiscuous
aaRS (AcdRS1/G2), which incorporates acridone (Acd, 5),[30–32] a
structural analog of thioX that has served as versatile fluores-
cent probe for studying protein interactions and conformational
changes.[30,33]

We assessed the suppression efficiency of AcdRS using a
well-established super folder green fluorescence protein reporter
(sfGFP_S2TAG), in which an amber stop codon (TAG) replaces the
serine codon at position 2. The presence of a loaded tRNACUA

allows the readthrough, generating a functional sfGFP whose flu-
orescence directly correlates with the suppression efficiency.[34]

However, the efficiency of AcdRS A9 was insufficient for the
production of artificial photoenzymes containing thioX.

To improve thioX incorporation, we envisioned transform-
ing AcdRS A9 into a thioX-specific synthetase (thioXRS). First,
we built a molecular model to guide site-specific mutagene-
sis, based on the structure of the aaRS G2 complexed with a
ncAA (BibaF, PDB entry code 4PBR).[32] We adapted its amino acid
sequence in silico to match that of AcdRS A9 by exchanging six
amino acids (Table S3) and replacing the ligand with thioX before
generating an energy-minimized protein model. Visual inspec-
tion identified D65 as a key residue in proximity to thioX (see
Figure 2). Since D65 in AcdRS A9 is critical for recognizing the
endocyclic nitrogen atom of the Acd side chain, we hypothe-
sized that modifying this position could shift specificity from Acd
to thioX. We therefore generated a focused library to fully ran-
domize position 65 via site saturation mutagenesis, employing a
primer containing an NNK codon.

Initial screening of the variants was performed in whole cells,
co-expressing the sfGFP_S2TAG reporter gene in the presence of
thioX. We selected six candidates and further validated them by
monitoring the sfGFP fluorescence in the presence and absence
of thioX. This approach allowed us to exclude variants that uti-
lize canonical amino acids and revealed the D65W variant as
the only improved variant with a twofold increase in suppres-

ChemCatChem 2025, 17, e00847 (2 of 8) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

 18673899, 2025, 20, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202500847 by U
ni D

ell Insubria, W
iley O

nline L
ibrary on [12/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ChemCatChem
Research Article
doi.org/10.1002/cctc.202500847

Figure 2. Close-up view of the AcdRS model bound to thioX shown as
spheres.

sion efficiency compared to the parental AcdRS (compare Figures
S1–S3).

The finding that the sterically demanding tryptophan side
chain facilitated the accommodation of the ligand’s sulfur atom
was initially surprising. We hypothesized that W65 forms a π–
π interaction with the thioxanthone ring of the substrate as it
has been seen in AzAlaRS.[35] Titration with thioX-OMe allowed
us to find the optimal conditions for incorporating thioX into
target proteins. Remarkably, a concentration of 0.25 mM was suf-
ficient to achieve a near-complete suppression efficiency, which
was significantly lower than the standard concentration of 1 mM
commonly used in established protocols. This minimizes the con-
sumption of precious ncAA and prevents unwanted putative
toxicity effects by high thioX concentrations (see Figures S4–S5).
In summary, we have developed an efficient system for incorpo-
rating thioX through the interplay of aaRS engineering and ncAA
derivatization.

2.3. LmrR as Photoenzyme

Following the development of the synthetase thioXRS, we
selected LmrR as a protein scaffold to create a novel pho-
toenzyme harboring a thioxanthone moiety. Residues V15, F93,
and W96 were initially selected as suitable positions for thioX
incorporation. V15 and F93 were recently replaced to accom-
modate various ncAAs, allowing the creation of catalysts with
new-to-nature activities. A p-aminophenylalanine (pAF) at posi-
tion V15 improved the catalytic efficiency of an oxime-forming
enzyme.[36] On the other hand, substitution of residue F93 with
Bpa[24] and more recently, via bioconjugation to an introduced
Cys[20] have led to the creation of different photoenzymes. In
addition to these known positions, we targeted residue W96,
which typically binds and stabilizes a variety of ligands through
π–π interactions. We envisioned that replacing the native tryp-
tophan with thioX could harness this property to generate an
efficient photoenzyme.

Following careful selection of the target positions, we over-
expressed the three LmrR variants LmrR_15thioX, LmrR_93thioX,

Scheme 1. Model reaction catalyzed by LmrR_thioX variants. Reaction
conditions: pH 7.5 (25 mM sodium phosophate buffer, 100 mM NaCl, 100 μM
substrate, illumination with a LED with a λmax of 402 nm.

and LmrR_96thioX. They were successfully produced and puri-
fied from E. coli cell extracts (see Figure S6) for their use in
photobiocatalytic reactions. We confirmed the thioX incorpora-
tion by MS analysis (see Figure S7), further demonstrating the
functionality of the developed thioXRS.

2.4. Performance of LmrR_thioX Variants in a
Fluorescence-Based Photoreaction

Thioxanthone is known to act as a sensitizer for the E/Z
isomerization of various fumarate and cinnamate esters and
amides.[37,38] To validate the functionality of the LmrR_thioX vari-
ants, we investigated their catalytic performance in the isomer-
ization reaction of (E)-o-hydroxycinnamic acid ethyl ester (E-9).
Excitation of the thioX moiety initiates EnT to E-9, driving the iso-
merization to form Z-9, which subsequently cyclizes to coumarin
(10) (Scheme 1). The selected model reaction allows real-time
monitoring of the conversion by measuring the fluorescence
of 9, which decreases as it is converted to the non-fluorescent
product 10. This direct correlation can be harnessed for reac-
tion engineering and for screening variants with higher catalytic
efficiency.

To further qualify the EnT mechanism underlying the pho-
tocatalytic activity of thioX on the conversion of E-9 into 10,
a comprehensive spectroscopic analysis was undertaken. From
UV-vis absorption, steady-state fluorimetry and time-resolved
fluorescence experiments (Figures S8 and S9), we reason that
EnT takes place in the form of Förster’s resonance energy transfer
(FRET).

We evaluated the initial performance of the photoenzyme
variants and identified LmrR_96thioX as the most efficient
catalyst, achieving nearly complete conversion after 2 h, as
determined by fluorescence measurements (Figure 3A). In con-
trast, the other variants exhibited only moderate conversions of
approximately 30%. Similarly, low conversion was observed in a
control reaction using an equimolar amount of free TXT as the
catalyst. In the absence of light, catalyst, or photoenzyme, only a
slight decrease in fluorescence was observed, likely due to direct
excitation of E-9 (see Figure S10).

We confirmed the conversion of E-9 to coumarin by HPLC
measurements, which correlated well with the fluorescence
data set (Figure 3B, see Figures S13–S18 for chromatograms).
LmrR_96thioX achieved more than 50% conversion within the
first 30 min of reaction (see Figure S11). This demonstrates the
improved kinetics of the photoenzyme over the other variants
and free TXT. Trace amounts (∼5%) of coumarin were already
present prior to irradiation, likely as an impurity of the sub-
strate synthesis procedure. To investigate potential inactivation
of the photoenzymes through cross-linking, we performed SDS-
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Figure 3. A) Analysis of the photoisomerization reaction by measuring the
decreasing fluorescence intensity due to substrate conversion. Reaction
conditions: 100 μM E-9, 2.5 μM LmrR_thioX variant (concentration of the
dimer: 1.25 μM), 25 mM sodium phosphate, pH 7.5, irradiation with a
402 nm LED at 25 °C. Fluorescence emission was recorded at 550 nm
(excitation at 330 nm). As controls, two reactions were established, one
omitting the photoenzyme and one replacing it with TXT (1.25 μM). Results
are represented as mean value ± SD of independent replicates (n = 3). B)
Composition of the photoreactions established by HPLC. For HPLC analysis,
peak areas were used to determine the concentration of E-9 and 10 in
each sample. Results are represented as mean value ± SD of independent
replicates (n = 3).

PAGE analysis, which revealed no evidence of intermolecular
cross-linking between the two LmrR subunits (data not shown).

Finally, we investigated the kinetic properties of
LmrR_96thioX, our most promising candidate. This variant
exhibited a Km of 76 ± 17 μM and a kcat of 0.84 ± 0.24 min−1

(see Figure S19). These values are consistent with the behavior
observed during the photoreactions, in which full conversion
was achieved within 2 h. Although LmrR_96thioX binds E-9 with
relatively high affinity, the substrate positioning within the active
site might not be optimal for the reaction to happen efficiently.
Remarkably, despite no further engineering beyond the incor-
poration of thioX, LmrR_96thioX displays significant catalytic
activity. Further improvements could be achieved by elucidating
the binding mode of E-9 and selectively targeting residues

within the protein cavity to produce variants with enhanced
catalytic efficiency. In summary, we identified LmrR_96thioX as
an artificial photoenzyme, capable of catalyzing the light-driven
E/Z isomerization of E-9, which outperformed both the other
variants and free TXT. This confirms the utility of LmrR as a
robust photoprotein scaffold, due to its ability to bind com-
pounds with high affinity and to the placement of thioxanthone
as photocatalytic cofactor within its central pocket.

3. Conclusion

In this work, we established a versatile tool for the genetic incor-
poration of the noncanonical amino acid thioX. The synthesis of
thioX-OMe provided a practical solution to overcome solubility
and bioavailability issues, thereby facilitating the efficient incor-
poration into proteins. By engineering the AcdRS synthetase, we
developed a thioXRS variant with an improved suppression effi-
ciency that allowed the efficient incorporation of thioX under
optimized conditions.

To prove the functionality of this system, we generated a
photoenzyme, based on the protein scaffold LmrR and identified
LmrR_96thioX as the most effective catalyst in the conversion of
E-9 to coumarin under visible-light irradiation.

Overall, we have developed a robust system for incorporat-
ing thioxanthone into proteins and demonstrated its utility in
creating a new-to-nature photoenzyme.

While preparing this manuscript, an alternative thioXRS was
published, involving the engineering of a pyrrolysyl-tRNA syn-
thetase in contrast to our tyrosyl-tRNA-synthetase. Chen et al.
demonstrated that incorporating thioxanthone enabled the cre-
ation of photoenzymes capable of catalyzing a stereoselective
[2 + 2] photocycloaddition reaction.[39] Interestingly, Crawshaw
et al. reported efficient thioX-based photoenzymes for stereose-
lective [2 + 2] photocycloadditions and C-H insertions. Like our
thioXRS, they succeeded in incorporating thioxanthone using
an engineered tyrosyl-tRNA synthetase bearing a tryptophan
residue in its active site. Both engineering approaches led to a
similar improvement over the identical parental aaRS, despite
the different positioning of the tryptophan (L108W).[40] The
development of these synthetases as molecular tools, along
with their application in engineering different types of pho-
toenzymes, underscores the potential of photobiocatalysis and
paves the way for future advancements in the engineering of
protein-based photocatalysts.

4. Experimental Section

All constructs generated in this study have been verified by Sanger
Sequencing. Plasmids, PCR products and mutagenesis reactions
were isolated or purified using NucleoSpin Plasmid (NoLid) kit and
NucleoSpin Gel and PCR Clean-up (MACHEREY-NAGEL), respectively.
Samples were treated according to manufacturer’s instructions
except for the elution step which was performed with water. All
plasmids, primers, and sequences used in this study are listed in the
Supporting Information.
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4.1. aaRS Modeling

Starting from the structure of the G2 aaRS from Methanocaldococ-
cus jannaschii (PDB entry code 4PBR), the sequence was adapted
to that of AcdRS A9. The BibaF ligand was replaced by thioX and
an energy minimization protocol in YASARA[41] was applied. Figures
were generated using Pymol 1.8.0.2 (Schrödinger, LLC).

4.2. Site-directed Mutagenesis Protocol

Site-directed substitutions and deletions were introduced using a
mutagenesis protocol based on the Q5 site-directed mutagenesis
kit from New England Biolabs (Frankfurt am Main, Germany). Briefly,
after PCR amplification using the desired mutagenic primers, the
purified PCR product was diluted in 1x T4 DNA ligase buffer (NEB)
and 0.5 μL each of T4 polynucleotide kinase, T4 DNA ligase, and
DpnI (NEB) was added (10 μL final volume). Following incubation at
room temperature for 15 min, the reaction was further incubated at
37 °C for another 1 h. A volume of 5 μL was transformed into chemi-
cally competent E. coli TOP10 cells and plated on LB agar containing
the appropriate antibiotics.

4.3. thioXRS & GFP Reporter Plasmid Cloning

In this work, the pEVOL plasmid system was used to incorpo-
rate thioX.[42] The second gene copy of the BpaRS (under control
of the constitutive promoter glnS) in the pEVOL-pBpF plasmid
was removed by site-directed mutagenesis using the primer pair
MTE013/014 (see protocol above).[43]

The original BpaRS sequence was replaced by that of AcdRS
A9 containing the additional D286R mutation to further increase
the aminoacylation efficiency.[31,44] This was achieved by overlap-
extension PCR, followed by digestion with BglII and SalI (NEB) and
subsequent ligation with T4 DNA ligase (NEB). The resulting plas-
mid (pMTE044) served as template for the thioXRS engineering
campaign.

The sfGFP reporter plasmid was constructed by amplification of
the sfGFP gene by standard PCR. The S2TAG mutation was intro-
duced by the primer MTE002 carrying the respective nucleotide
substitution. The PCR products and pET28 vector were digested
with NcoI and XhoI (NEB), purified by gel electrophoresis, and
subsequently ligated with T4 DNA ligase (NEB).

Please note that this cloning strategy led to the addition of a
glycine residue (see Supporting Information). However, amino acid
numbering remained unaffected.

4.4. thioXRS Variant Library Generation

A library targeting residue D65 was generated by PCR using
the primer pair MTE028/MTE029 carrying an NNK degenerate
codon. Following amplification, 100 ng of the purified PCR prod-
uct was used as input for the mutagenesis procedure as described
above.

To determine the library size, 100 μL of the recovered cells
was plated on LB agar containing the appropriate antibiotic (chlo-
ramphenicol 34 μg/mL). This procedure yielded a 34-fold library
coverage. The remaining recovered cells were used to inoculate a
10 mL LB culture containing the appropriate antibiotic (chloram-
phenicol 34 μg/mL) and grown overnight at 37 °C. This culture
was harvested by centrifugation and the plasmid DNA was iso-
lated. The quality of the generated library was confirmed by Sanger
sequencing.

4.5. thioXRS Variant Library Screening

The thioXRS library plasmid (50 ng) was used to transform chemi-
cally competent E. coli BL21(DE3) cells containing the sfGFP_S2TAG
reporter plasmid (pMTE012) and plated on LB agar containing
the appropriate antibiotics (kanamycin 50 μg/mL, chloramphenicol
25 μg/mL). The plasmid containing the parental AcdRS A9_D286R
(pMTE044) served as control and was treated identically.

From the library plate, 88 single colonies were picked and
used to inoculate LB medium with the appropriate antibiotics
(kanamycin 50 μg/mL, chloramphenicol 34 μg/mL) in a microtiter
plate (MTP) and grown overnight at 37 °C. In addition, 8 single
colonies from the parental control plate were picked and processed
accordingly.

These overnight cultures were diluted 1:100 into the main cul-
ture in a screening deep-well plate (DWP) containing LB medium
with kanamycin 25 μg/mL and chloramphenicol 17 μg/mL. Sterile
glycerol (21% v/v final concentration) was added to the remaining
culture to generate a masterplate, which was then stored at −80 °C.
The screening DWP was further incubated for 4 h at 37 °C before
adding a 10x inducer mix (10 mM thioX, 10 mM IPTG, 0.2% arabinose
in 50% DMSO) to the 88 variants and the 4 parental clones. To the
remaining 4 parental clones a 10x inducer mix lacking the ncAA was
added, serving as control. The plate was incubated for an additional
18 h at 37 °C under constant shaking (500 rpm). After this, GFP flu-
orescence was measured as described below. The clones yielding a
fluorescence signal higher than the parental control were selected
as positive hits.

For detailed hit validation and plasmid isolation, the master
plate was used to inoculate an overnight LB culture containing
the appropriate antibiotics (kanamycin 50 μg/mL, chlorampheni-
col 34 μg/mL) and grown overnight at 37 °C. Hits validation
followed the same procedure as the initial screening but was
carried out in duplicate in the presence and absence of thioX,
respectively. In addition, the overnight culture was used to inoc-
ulate a 10 mL LB culture (chloramphenicol 34 μg/mL) for plasmid
isolation.

To remove the sfGFP_S2TAG reporter plasmid, the isolated plas-
mids were digested with NaeI (NEB) and subsequently purified. The
purified plasmids (1 ng) were transformed into chemically compe-
tent E. coli TOP10 cells and plated on LB agar with appropriate
selection (chloramphenicol 25 μg/mL or kanamycin 50 μg/mL as
control to check for residual reporter plasmid). Single colonies
were then used to inoculate LB medium and grown overnight at
37 °C. The plasmids were then extracted and verified by Sanger
Sequencing.

4.6. thioXRS (D65W variant) Characterization

The plasmid (see Supporting Information for full sequence) encod-
ing the thioXRS D65W variant (pEVOL_thioXRS / pMTE058) was
transformed into chemically competent E. coli BL21(DE3) cells con-
taining the sfGFP_S2TAG reporter plasmid (pMTE012) and plated on
LB agar with appropriate antibiotics (kanamycin 50 μg/mL, chlo-
ramphenicol 25 μg/mL). Single colonies were used to inoculate LB
medium (kanamycin 50 μg/mL, chloramphenicol 34 μg/mL) in a
DWP in triplicates and grown overnight at 37 °C. Subsequently,
these cultures were diluted 1:100 into fresh LB medium (kanamycin
25 μg/mL, chloramphenicol 17 μg/mL) and grown for 3.5 h before
the addition of 0.02% arabinose and the 0.25 mM of thioX-OMe in
DMSO. After 30 min, 1 mM IPTG was added to induce the expres-
sion of the sfGFP reporter and the DWP was further grown for
18–20 h at 37 °C. The fluorescence was measured as described
below.
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4.7. sfGFP Reporter Fluorescence Measurement

Cells were diluted 1:10 into buffer (50 mM sodium phosphate,
150 mM NaCl, pH 8.0) in a black MTP with transparent bottom
(Greiner Bio-One). OD600 and fluorescence (λEx 460 nm, λEm 510 nm)
were measured on an Infinite 200 Pro Tecan plate reader. For the
analysis, fluorescence values were normalized by the corresponding
OD600.

4.8. LmrR Expression, Purification, and Analysis

BL21(DE3) cells containing the plasmid pEVOL_thioXRS (pMTE058)
were transformed with the plasmids encoding LmrR_wt,
LmrR_V15TAG, LmrR_F93TAG or LmrR_W96TAG and plated on
LB agar with the appropriate antibiotics (kanamycin 50 μg/mL,
chloramphenicol 25 μg/mL). Single colonies of each transformation
were grown overnight at 37 °C in 4 mL cultures with appropriate
antibiotics (kanamycin 50 μg/mL, chloramphenicol 34 μg/mL). Each
culture was diluted 1:100 into a 50 mL auto induction medium[45]

culture (kanamycin 25 μg/mL, chloramphenicol 17 μg/mL) con-
taining 0.25 mM thioX-OMe and grown at 37 °C for 3–4 h. After
this, the temperature was switched to 30 °C and the cultures were
grown for another 19–20 h. Cells were harvested by centrifugation
at 4500 x g for 20 min and resuspended in 100 mM Tris-HCl, 150 mM
NaCl buffer at pH 8. To this suspension, 0.1% Triton-X100 and
1 mg/mL lysozyme were added, and the mixture was incubated
at 4 °C for 2 h with occasional inversion. Subsequently, cells were
disrupted by ultrasonication (30 sec, 5 × 10 cycle, 50% power)
and centrifuged at 10,000 x g and 4 °C for 30 min. The clarified
lysates were applied to a Strep-Tactin XT resin (IBA lifesciences),
and proteins were eluted following the manufacturer´s instructions
(binding and washing buffer: 100 mM Tris-HCl, 150 mM NaCl, pH
8; elution buffer: 100 mM Tris-HCl, 150 mM NaCl, 50 mM Biotin, pH
8).

After purification, the buffer was exchanged (25 mM sodium
phosphate, 100 mM NaCl, pH 7.5) and the protein was concentrated
using an Amicon Ultra centrifugal filter (10.000 MWCO, Merck Mil-
lipore). Protein concentration was determined using a Nanodrop
spectrophotometer (Thermo Fisher Scientific).

4.9. MS Analysis of LmrR_thioX Variants

Protein samples were diluted to a final concentration of 0.1–
0.2 mg/mL in buffer (50 mM sodium phosphate, 250 mM NaCl, pH
7.0) and analyzed using an Agilent 1260 Infinity LC system coupled
to an Agilent 6530 Accurate-Mass Q-TOF MS (Agilent Technologies).
Separation was performed on a ProntoSIL C4 column (100 × 2.0 mm,
5 μm; Bischoff Chromatography) using a linear gradient of 5–100%
ACN over 20 min at a flow rate of 0.5 mL/min. Mass spectra were
acquired and deconvoluted using the maximum entropy algorithm,
across a mass range of 10–40 kDa.

4.10. Photoreactions with LmrR_thioX Variants

A photoreactor was built according to a published model.[46] A
single LED (TRU COMPONENTS YDG-504VC, 402 nm) was inserted
into the cap of a 2 mL glass vial and controlled by an Arduino
Microcontroller. Photoreactions were carried out in triplicate using
2.5 μM of the purified LmrR_thioX variants and 100 μM of the
substrate E-9 in buffer (25 mM sodium phosphate, 100 mM NaCl,
pH 7.5). As controls, photoreactions containing only the substrate,
LmrR_wt or the free TXT (1.25 μM) as catalysts were established.
All photoreactions were irradiated with a single LED (402 nm) at

25 °C under constant stirring for a total time of 2 h. To mon-
itor the reaction progress, aliquots were taken at different time
points (0, 30, and 120 min) and immediately stored at −20 °C.
As a nonirradiated control, one aliquot was taken and kept in
the dark. All samples were processed and analyzed simultane-
ously.

4.11. Fluorescence Measurement and HPLC Analysis

Samples were diluted with an equal volume of ACN and incubated
at 30 °C under shaking (900 rpm) for 1 h. Following incubation, they
were centrifuged at 3000 × g and room temperature for 10 min.
For fluorescence measurement, the supernatant was diluted in 10%
ACN/H2O into a black MTP (Greiner Bio-One) and measured on an
Infinite 200 Pro Tecan plate reader (λEx 330 nm, λEm 550 nm). For
HPLC analysis, the supernatant was injected into a 1260 Infinity II LC
system (Agilent Technologies) equipped with a Luna Omega 5 μm
Polar C18 100 Å LC column (150 × 4.6 mm; Phenomenex). To quan-
tify E-9 and 10, calibration curves ranging from 100 μM to 1.56 μM
were generated in triplicate.

4.12. LmrR_96thioX kinetics

The kinetic parameters of LmrR_96thioX were determined as fol-
lows. Photoreactions were carried out in triplicates using 1 μM of the
purified LmrR_96thioX and various concentrations of E-9 (0, 25, 50,
75, 100, 125, 150, 200, 250, and 300 μM) in buffer (25 mM sodium phos-
phate, 100 mM NaCl, pH 7.5). Reactions were performed as described
above and samples were taken every 5, 10, 15, 20, 25, and 30 min by
sampling 50 μL of the reaction and quenching with an equal volume
of ACN. Samples were treated accordingly before being injected into
a 1260 Infinity II LC system (Agilent Technologies) equipped with
a Luna Omega 5 μm Polar C18 100 Å LC column (150 × 4.6 mm;
Phenomenex).

4.13. Fluorescence Decay Measurements

The decays were recorded in time-correlated single-photon count-
ing (TCSPC) mode using a setup which is extensively described
elsewhere.[47,48] Briefly, picosecond laser pulses are delivered to the
sample and the fluorescence is collected at 90° to the excitation
beam through a 20X microscope objective. The latter is equipped
with a >430 nm long-wavelength pass filter (Semrock) rejecting
residual excitation stray light and focuses the fluorescence photons
onto the sensitive area of a single-photon avalanche diode (model
PCM50, Micro Photon Devices). The avalanche photocurrent pulses
serve as the STOP signal to an integrated TCSPC PC board (SPC150,
Becker & Hickl), synchronized with the laser pulses. In this work,
we used as the laser source a BDS-SM-405 diode laser emitting
35 ps pulses at 405 nm with repetition rate set at 20 MHz (Becker
& Hickl). The pure substrate sample was excited using the third
harmonic at 355 nm, generated out of cavity according to a pre-
viously reported procedure[47] of a GE100 Nd:VAN cw-mode-locked
laser (Time Bandwidth Products).

The fluorescence decay distributions were fitted to multi-
exponential decay functions over a constant background, applying
the Levenberg-Marquardt χ 2 minimization algorithm implemented
within the data analysis software origin 2024. Ten decay distribu-
tions were acquired for each sample. The errors reported in Table
S1 are the standard deviations of the fitting parameters retrieved in
homologous decays.
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