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Thiol-containing nucleophiles such as cysteine react spontaneously with
the citric acid cycle intermediate fumarate to form S-(2-succino)-adducts.
In Bacillus subtilis, a salvaging pathway encoded by the yxe operon has
recently been identified for the detoxification and exploitation of these
compounds as sulfur sources. This route involves acetylation of S-(2-
succino)cysteine to N-acetyl-2-succinocysteine, which is presumably con-
verted to oxaloacetate and N-acetylcysteine, before a final deacetylation
step affords cysteine. The critical oxidative cleavage of the C-S bond of
N-acetyl-S-(2-succino)cysteine was proposed to depend on the predicted
flavoprotein monooxygenase YxeK. Here, we characterize YxeK and
verify its role in S-(2-succino)-adduct detoxification and sulfur metabo-
lism. Detailed biochemical and mechanistic investigation of YxeK includ-
ing '®O-isotope-labeling experiments, homology modeling, substrate
specificity tests, site-directed mutagenesis, and (pre-)steady-state kinetics
provides insight into the enzyme’s mechanism of action, which may
involve a noncanonical flavin-N5-peroxide species for C-S bond
oxygenolysis.

Introduction

The redox-active enzyme cofactors flavin mononu-
cleotide (FMN) and flavin-adenine dinucleotide (FAD)
derive from riboflavin (vitamin B2) and are exploited
in nature for the catalysis of numerous fundamental
reactions [1-8]. Both FMN and FAD share the isoal-
loxazine ring system with the reactive N5-C4a locus
that is central to their reactivity, for example, for
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uptake/release of electrons and as a site for covalent
adduct formation with substrates or dioxygen (O,)
[1,6]. Flavoprotein monooxygenases (FPMOs) in par-
ticular are capable of transferring one molecule of O,
to an organic substrate and enable reactions such as
(aromatic) hydroxylation, Baeyer—Villiger oxidation, or
carbon-heteroatom bond cleavage [1,4,5,8]. In general,

2SC, S-(2-succino)-L-cysteine; DAC, N,N'-diacetylcystine; DNPH, 2,4-dinitrophenylhydrazine; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); EDC,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide; Flcsaoom). flavin-Cda-(hydro)peroxide; Flysoowm). flavin-N5-(hydro)peroxide; Floy, oxidized flavin;
Flieq, reduced flavin; Flsq, flavin semiquinone; FMN, flavin mononucleotide; FPMO, flavoprotein monooxygenase; Fre, flavin reductase; GSS,
S-succinylglutathione; HPLC, high-performance liquid chromatography; HRMS, high-resolution mass spectrometry; IS, internal standard;
MRM, multiple reaction monitoring; NAC, N-acetyl-L-cysteine; NAC2SC, N-acetyl-S-(2-succino)-L-cysteine; oBHA, O-benzylhydroxylamine
hydrochloride; RP-UPLC, reversed-phase ultraperformance liquid chromatography; SEC, size-exclusion chromatography.
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Flavoenzyme-mediated C-S bond oxygenolysis

FPMOs require an electron donor (typically NAD(P)
H) for reduction of the oxidized quinonic flavin cofac-
tor (Flyy) to the hydroquinone form (Fl,.4), which then
reacts with O,. This process most likely involves single
electron transfer from Fl.4 to O,, giving rise to tran-
sient flavin semiquinone (Flsg) and superoxide radical
species that collapse to a covalent flavin-oxygen
adduct. The regioselectivity of flavin oxygenation and
functionalization is hereby likely determined by the
geometry of approach of O, to the cofactor as well as
the protonation state and electron configuration of the
Flgo species that can be controlled by the protein
matrix [1,6,9-13] and are thus pivotal for FPMO func-
tionality [1,4,10,11]. Typically, FPMOs form transient
flavin-C4a-(hydro)peroxide (Flcsaooar)) adducts, which
serve as reactive oxygen transferring species [6,9,14].
Alternatively, the recently reported N5-oxygen adducts
in the form of the flavin-N5-(hydro)peroxide (Flnsoo
@) [12,15] or flavin-N5-oxide (Flyso) [11,15-18] are
generated, both of which are chemically distinct in
reactivity compared to the Flcgaooa) species [1].

As of yet, FPMOs are classified based on the flavin
reduction mode as well as their structural and functional
features, which do not include oxygenation chemistry
[1,5,6,8]. For example, group C FPMOs are FMN-
dependent two-component systems relying on separate
NAD(P)H-dependent flavin reductases to provide Flg
for the catalytic FPMO constituents that feature a TIM-
barrel protein fold [5,19]. Remarkably, both NS5- and
C4a-oxygenated FMN cofactors are seemingly employed
within this group [1], as illustrated by the prototypal
Flcsaoo-dependent luciferase LuxA enabling bacterial
bioluminescence [20] and the Flysoo-dependent RutA
[1,12], which catalyzes the key step of pyrimidine catabo-
lism in Escherichia coli [18,21]. While there are still open
questions how FMPOs control their reaction with O,, a
recently reported ‘O, reactivity motif” proved critical for
NS5-oxygenation in RutA and seemed more widespread
in group C FPMOs [1,12]. The residues that are part of
this motif participate in formation of a distinct O, reac-
tion pocket adjacent to N5 of FMN and most likely steer
the regiospecific cofactor oxygenation. As expected, this
motif is missing in LuxA that features a starkly different
protein microenvironment around the FMN cofactor
[1,12]. Group C FPMOs that share the RutA-like O,
reactivity motif [12] are often involved in the degradation
of (man-made) environmental pollutants such as HcbA 1l
from Nocardioides sp. strain PD653 [22-24], DszA from
Rhodococcus erythropolis [25,26] (or its functional homo-
logue BdsA from Bacillus subtilis WU-S2B [27]), and
EmoA from Chelativorans sp. BNC1 [28] that process
hexachlorobenzene [12,22-24], dibenzothiophene sulfone
[12,25,26], and ethylenediaminetetraacetate (EDTA),
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respectively [28]. The formed Flysoo of pyrimidine oxy-
genase  RutA,  hexachlorobenzene  dehalogenase-
monooxygenase HcbAl, and dibenzothiophene sulfone
monooxygenase DszA then enables carbon-heteroatom
bond (C-N, C-Cl, C-S) cleaving oxygenations that pro-
ceed via the unusual redox-neutral (nonoxidative) trans-
fer of an [OH] from the Flysoo to the substrates;
reactions that resemble hydrolysis and afford Flyso as a
by-product [1,12]. In contrast, other related enzymes such
as EDTA monooxygenase EmoA [28] and alkanesul-
fonate monooxygenase SsuD from E. coli [29] apparently
mediate oxidative carbon-heteroatom bond cleavage
reactions.

Recently, the putative group C FMPO YxeK from
Bacillus subtilis 168 was reported [30] that also features
a RutA-like O, reactivity motif [12], thus pointing
toward the possible involvement of flavin-N5-oxygen
adducts in its catalytic cycle. YxeK is encoded by a
gene cluster required for the detoxification and sal-
vaging of diasteromeric S-(2-succino)cysteine (2SC, 1),
which is first converted by acetyltransferase YxeL to
N-acetyl-(2-succino)cysteine (NAC2SC, 2). Next, YxeK
presumably cleaves 2 into oxaloacetate (3) and N-
acetyl-L-cysteine (4), which is further broken down by
deacetylase YxeP to L-cysteine (5) and acetate (6) as
the final products (Fig. 1) [30]. Compound 1 in turn
arises from the spontaneous Michael addition of the
soft nucleophile 5 to the electrophilic citric acid cycle
intermediate fumarate and is expectedly found in a
wide range of organisms including humans. Moreover,
1 accumulates in some cancer types and is thus consid-
ered an oncometabolite [31]. Similar to 5, the abun-
dant cellular antioxidant glutathione (GSH) can
become succinated by reacting with fumarate, which
leads to oxidative stress and cellular aging [32]. In
addition, cysteinyl residues of proteins are prone to
undergo such succination, resulting in their covalent
modification and thus potential functional impairment,
as shown, for example, for aconitase [33], actin/tubulin
[34,35], or glyceraldehyde-3-phosphate dehydrogenase
[36]. In this study, we set out to verify the role of
YxeK in the first reported pathway for salvaging of 1
in B. subtilis and characterize the enzyme features,
substrate scope, and proposed oxygenative carbon-
sulfur bond cleavage reaction in more detail.

Results and Discussion
Flavoprotein monooxygenase YxeK oxidatively
cleaves N-acetyl-S-(2-succino)-L-cysteine

To investigate the proposed role of YxeK in 1 metabo-
lism and gain insight into the enzyme mechanism, the
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Fig. 1. Proposed pathway for detoxification and breakdown of S-(2-succino)-L-cysteine (2SC, 1) in B. subtilis through enzymes encoded by
the yxeKLMNOPQ operon [30]. Cysteine succination occurs spontaneously through Michael addition of L-cysteine to fumarate. N-acetylation
by YxeL (green) then produces diastereomeric N-acetyl-S-(2-succino)-L-cysteine (NAC2SC, 2). Based on metabolic profiling experiments, the
FPMO YxeK (orange) may then convert 2 to oxaloacetate (3) and N-acetyl-L-cysteine (NAC, 4). Deacetylation of 4 by YxeP (blue) or other
redundant NAC deacetylases finally yields L-cysteine (5) and acetate (6). The genes yxeMNO may encode a transporter for sulfur-containing
compounds. YxeQ is a protein of unknown function, which was not required for growth on 1. The length of the scale bar represents one

kilobase.

yxeK gene was first amplified from Bacillus subtilis
168, cloned into pET28b for expression with an N-
terminal His-tag, and produced in Escherichia coli
BL21 (DE3). Following the protein purification via
Ni** affinity and size-exclusion chromatography
(SEC), YxeK was obtained at apparent homogeneity
and formed dimers as determined by analytical SEC
(Fig. Sla,b). Previous phylogenetic analysis placed
YxeK in the group C of FMN-dependent two-
component FPMOs [12]. Similar to some other
reported group C FPMOs [19], in silico genome analy-
sis did not reveal any nearby genes that could encode
a putative flavin reductase for YxeK. As oxygenase
constituents typically do not show strict specificities
for their interaction partner, the E. coli flavin reduc-
tase Fre [37] was heterologously produced and used
for the following experiments. As anticipated, chemi-
cally synthesized 2 (produced via a previously reported
one step synthesis from 4 and fumarate [30]) was con-
sumed by YxeK in the presence of both Fre and
NADH but not in a control reaction lacking YxeK
(Fig. 2). To analyze the YxeK / Fre-NADH catalyzed
reaction and presumed formation of 3, derivatization
with 2,4-dinitrophenylhydrazine (DNPH) was required
prior to RP-UPLC and HRMS analysis due to poor
ionization and interaction of 3 with reversed-phase
(RP) chromatographic stationary phases [38,39].
Indeed, YxeK-dependent DNPH-3 formation could be
demonstrated by UPLC (absorption detection at

360 nm) (Fig. 2A.B) and confirmed by UPLC-HRMS
analysis, which additionally showed the formation of
N,N’-diacetylcystine (7) arising from the dimerization
of 4 (which cannot be detected under these conditions)
(Fig. 2C-E).

Next, UPLC-HRMS analysis of the YxeK-catalyzed
reaction was conducted in the presence of '°0, and
"0, to investigate whether YxeK functions as a
monooxygenase. For the detection of '*O incorpora-
tion into 3, a different derivatization strategy had to
be pursued that did not involve the substitution of the
enzymatically introduced oxygen. For that, the ketone
in 3 was first transformed to the less reactive tertiary
alcohol by condensing 3 with acetyl-CoA to citrate
(8) using citrate synthase. Then, the terminal car-
boxyl groups of 8 were derivatized with O-
benzylhydroxylamine hydrochloride (0BHA) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide (EDC) to
generate 9 (Fig. 3A). Indeed, in the presence of '*O,, 9
derived from YxeK-produced 3 carried a single '3O-
isotope label, thus verifying the monooxygenase func-
tionality of YxeK and confirming the anticipated
oxidative C-S bond cleavage reaction required for the
processing of 1 (Fig. 3B,C). Notably, this reaction is
different from the RutA-like Flysoo-dependent redox-
neutral ‘pseudo-hydrolysis’, as 2 is oxidatively cleaved
by YxeK via the more typical formal transfer of an
[OH]* (rather than [OH]") similar to EmoA and SsuD.
A closer inspection of the proposed catalyzed reactions
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Fig. 2. Characterization of the YxeK / Fre-NADH catalyzed reaction. (A) Structures of substrate and products. (B) RP-UPLC analysis
(absorption at 360 nm) of enzymatic assays showing production of 3 by YxeK and Fre-NADH that is derivatized with DNPH (middle lane,
DNPH-3 highlighted in red). The bottom lane shows the control without YxeK, and the top lane shows a standard of 3 derivatized with
DNPH. Note that the smaller product peaks (also in red) likely arise from spontaneous decarboxylation of DNPH-3. (C-F) UPLC-HRMS
analysis of the YxeK reaction products (top lanes) and control reactions (lower lanes). Shown are the extracted ion chromatograms (EICs) of
DNPH-3 (C), substrate 2 (D), N,N'diacetylcystine 7 (E). Three independent biological replicates (n = 3) were analyzed and a representative

data set is shown.

of (partially) characterized group C FPMOs (which
feature a RutA-like O, reactivity motif) showed that
most members seemingly mediate oxidative (YxeK,
NtaA, EmoA, DmoA, SfnG, SsuD, and MsuD) rather
than nonoxidative (RutA, HcbAl, DszA) oxygenation
reactions (Fig. S2).

YxeK substrate specificity and steady-state
kinetics

In addition to cellular cysteine, glutathione is another
dominant metabolite that readily reacts with fumarate
to S-succinylglutathione (10, GSS). To investigate the
substrate specificity of YxeK, 10 was chemically syn-
thesized and purified for in vitro assays. Com-
pound 10, as well as the commercially available 2-
succinocysteine (1), were tested using Ellman’s assay
based on the reaction of 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB) with free thiol groups formed upon
substrate cleavage. The produced TNB2~ is stoichio-
metric to the amount of released thiol groups, allow-
ing product quantification through measuring the
absorbance at 412 nm. YxeK converted the natural
substrate 2 with an apparent maximal turnover num-
ber (k.) of 4.4 £0.2s7" and a K, value of 92 + 16
uM, while both 10 and 1 were also accepted as sub-
strates for oxidative C-S bond cleavage at relative
activities of 0.6% and 0.2% compared to the k.,
value with 2, respectively (Fig. 4A-C). Overall, these

790

results clearly show that 2 is the preferred substrate
of YxeK. However, formation of Flyso was not
observed as Fl,, was the only detectable flavin inter-
mediate through UPLC-HRMS analysis (though the
Flnso is typically sufficiently stable for detection by
UPLC-HRMS in contrast to the labile flavin-peroxy
adducts), when YxeK was incubated with natural
substrate 2 or noncleavable analogs N-acetyl-L-
glutamic acid (12) and y-carboxyl-DL-glutamic acid
(13) (Fig. SA-D). It is also noteworthy that YxeK
may work more efficiently in vivo when interacting
with its native partner flavin reductase rather than
Fre, as previously reported for EDTA monooxyge-
nase EmoA and reductase EmoB [28].

Homology modeling and biochemical studies
support a RutA-like O, activation for YxeK

YxeK was then compared to previously characterized
and closely related group C FPMOs that share the
RutA-like O, reactivity motif. For some of these
enzymes, mobile, lid-like loops were identified that are
important for catalysis, for example, in EDTA
monooxygenase EmoA [28] and alkanesulfonate
monooxygenase SsuD [40,41]. Only for EmoA, how-
ever, distinct structures for both open and closed loop
conformations were solved, whereas in the protein
structures of SsuD, the distantly related RutA and
others, these loop regions were open or remained
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Fig. 3. UPLC-HRMS analysis (ESI, positive ion mode) of the YxeK-catalyzed reaction in presence of '®0,. (A) Scheme of the YxeK reaction
and 3 derivatization to 9 for MS analysis. (B) EICs of masses corresponding to unlabeled 9 (produced in presence of '°0,: 508.208 m/z, left
side) and '®0-labeled 9 (produced in presence of '80,: 510.212 m/z, right side). Shown are EIC traces from enzyme assays containing 0,
(red) or "®0, (black), a control without YxeK (green), and a standard of 9 (purple). Traces use equal scaling and the total length of the Y-axis
corresponds to an ion count of 5 x 10”. (C) Mass spectra and isotope distribution of the derivatized YxeK product 9 at 9.5 min with
incorporation of 80 (top) or 'O (bottom). Approximately 95% '80 was incorporated into 9. Two independent, biological replicates (n = 2)

were analyzed, and representative samples are shown.

undefined [12,28,40]. Loop movement is regulated by
the cis (closed) and trans (open) conformation of a
pivotal prolyl-peptide bond [28], possibly acting as a
universal lid-gating mechanism that controls substrate
binding and catalysis for this subgroup of FPMOs.

As crystallization attempts with YxeK proved
unsuccessful, homology modeling using the SWISS-
MODEL server [42] was conducted with the open and
closed conformation of EmoA (PDB ID 5DQP, 34.5%
aa identity, 97% coverage) as well as CmolJ/YtnJ
(PDB ID 6ASL, 48.1% aa identity, 97% coverage) as
templates in order to gain further insights into sub-
strate binding, enzymatic O, activation, and catalysis.

The obtained model structure suggested an active site
architecture similar to EmoA, SsuD, and the verified
N35-oxygenating group C FPMOs (RutA, HcbAl, and
DszA/BdsA) [12,24,27,43], including the mobile lid-like
loop region with its prolyl-peptide bond hinge (Fig. 6
A). In particular, the proposed substrate-binding and
O, reaction sites were also predicted to be located on
the si- and re-side of FMN, respectively (Fig. 6B) [12].
Compared to RutA, the cavity on the si-side of
YxeK’s FMN appeared more open and thus well sui-
ted to accommodate the sizable 2 (Fig. 6B). Addition-
ally, various potentially positively charged residues
(R330, R74, H358, H359, and H19) were found in the
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putative substrate-binding site that could interact with
the carboxylate groups of 2 and/or promote catalysis.
Although computational docking of 2 to YxeK using
the DockThor server [44,45] was insufficient to predict
the accurate substrate orientation, H19 is most likely
in the direct vicinity of the site of oxidative attack. To
investigate a possible role for this residue, a HI9A
YxeK variant was generated and investigated. The
apparent k., of this variant was about 36% compared
to the wild-type enzyme (Fig. 4B), suggesting only a
minor role in catalysis. Furthermore, R74 of YxeK
was replaced by a similarly sized nonpolar methionine
residue (R74M variant), which resulted in almost com-
plete abolishment of enzyme activity (Fig. 4B). The
R74 side chain could thus be involved in substrate
binding or catalysis but the exact role remains to be
determined once a crystal structure becomes available.

Moreover, given the predicted high structural simi-
larity of the proposed O, reaction pocket on the re-
side of FMN to RutA, a similar pathway for O,
activation and FMN functionalization for YxeK
appeared likely. To further investigate this, the puta-
tive O,-pocket-forming amino acid residues were
mutated and the respective enzyme variants analyzed.
As expected, replacement of T96A (for A/V), N125

792

(for L/V), and VI27 (for G) completely abolished
YxeK activity (Fig. 4B), in line with the proposed
role of these residues for superoxide stabilization and
promotion of regiospecific N5-oxygenation [1,12]. It is
noteworthy that the crystal structure of the closely
related alkanesulfonate monoooxygenase MsuD in
complex with FMN and the substrate methanesul-
fonate was also recently reported, which also features
the RutA-like O, reactivity motif. The site of oxida-
tive attack was shown to be in close proximity to the
flavin-N5 position and thus consistent with a Flysoo
ny species during catalysis [46]. DFT calculations
with RutA corroborated the notion that an Flysoo
formed on the re-side can undergo a nitrogen inver-
sion subsequent to its formation and thus bring the
distal oxygen in contact with the substrate on the si-
side, whereas a hypothetical Flc4,00 would remain
spatially separated from the substrate [1,12]. A similar
scenario can thus be envisaged for YxeK comprising
Flysoo formation, nitrogen inversion, and final oxy-
gen transfer. Taken together, these data suggest that
YxeK may depend on N5-oxygen adducts (Flysoo or
the Flnso) for catalysis rather than the classical
Flesaoom) species to facilitate the oxidative C—S bond
cleavage of 2.
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Stopped-flow spectroscopic analysis of the
reaction of YxeK-Fl,.4 with O, and N-acetyl-S-(2-

succino)-L-cysteine

To further investigate the reaction of YxeK with O,,
samples containing FMN,q and YxeK were mixed
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with O, alone or O, combined with 2 and then ana-
lyzed by stopped-flow spectroscopy (Fig. 7A-D). In

the absence of 2, the YxeK-Fl.q complex oxidized

fairly slowly into YxeK-Fl,, without observable inter-
mediates and the traces at all wavelengths fitted to a
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Fig. 7. Stopped-flow kinetics of the reaction of YxeK-Fl,.q with O, in the absence (A) and presence (B) of 2, respectively. The insets show
the kinetic traces at 450 nm for each experiment under varying O, concentrations (the X-axis of the inset in panel B is displayed in a base
10 logarithmic scale). The kinetic trace in panel A fit to a single exponential whereas the kinetic trace in panel B fit best to a sum of two
exponentials. Plots of kqps against [O,] in absence and presence of 2 are shown in panels (C) and (D), respectively. The reaction in B formed
3ina1:1 ratio with the starting [Fl,c4] as determined by a DNPH colorimetric assay (E) (n = 3; error bars error bars represent the standard

deviation).

single exponential. In contrast, when 2 was added, O,
oxidized YxeK-Fl.4 significantly faster with the traces
at all wavelengths fitting best to a double exponential.
The reaction traces were the same when aerobic YxeK
(in the absence or presence of 2) was mixed with
FMN,q, indicating that premixing YxeK and FMN,.q
does not prevent the formation of a flavin-oxygen
intermediate like it does in some flavin-dependent
halogenases [47]. The first phase comprised "80% of
the total signal change at 450 nm and ended at ca.
0.5 s with an absorbance spectrum resembling Fl,.
The slower second phase appeared to involve further
cofactor oxidation and possibly resulted from multiple
YxeK populations. The spectra of the first time point
for both tested conditions were virtually identical and
indicative of fully reduced FMN, implying that no
spectral intermediates were missed within the dead
time of the instrument. The final absorbance spectrum,
however, was different in the presence of 2; that is, the
"A450 peak was more featured with a blue-shifted

maximum of “440 nm (versus 446 nm in the absence of
2), likely caused by binding of 2 or products 3 and 4
in the active site. This could be verified by addition of
2 to aerobic YxeK-Fl,,, which triggered similar spec-
tral changes and thus implied that the native substrate
expectedly binds in the direct vicinity of the FMN
cofactor in YxeK (similar effects were observed for
addition of 2 to YxeK-Flyso, see below) (Fig. 8A,B),
whereas incubation of YxeK-Fl,, with product 3 alone
did not alter the flavin UV-Vis spectrum (Fig. 8C).
The observed rate constants (K.ps) in the absence and
presence of 2 displayed an unusual hyperbolic depen-
dence on the O, concentration, reaching saturating
values at high O, concentrations (Fig. 7A-D). This
pattern was observed previously for the reaction of
EncM-Fl,.4 with O, to form EncM-Flyse [11] and sug-
gests that O, first binds to YxeK before reacting with
Fl,q to form Fl,,. The apparent K, obtained from the
fit of kops against O, concentration was 140 + 10 um
in the absence of 2 (Fig. 7C) and ~100 um for both
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Fig. 8. (A-C) UV-Vis spectra of free flavin cofactors (Flo, or Flyso) with substrate 2 (NAC2SC) or product 3 (oxaloacetate) (black lines), YxeK
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to 449 and 440 nm (for Flyso and Floy respectively) indicates that substrate binding may induce conformational changes of YxeK.

phases in the presence of 2 (Fig. 7D), suggesting that 2
binding does not have a major effect on the affinity of
YxeK for O,. However, the rate constant for Fl .4 oxi-
dation (ko,x) by O, was substantially greater when 2
was present (9.5 s~ and 1.2 s7! for the two phases in
the presence of 2 vs 0.16 s~! in the absence of 2), indi-
cating that 2 accelerates Fl.q4 oxidation by O,. The
reaction of YxeK-Fl.y with 2 in the stopped-flow
spectrophotometer afforded 3 in a 1:1 ratio with the
starting [Fl.q] as determined by a DNPH colorimetric
assay (Fig. 7E).

As Fl.q oxidation is accelerated by the addition of 2,
this points toward a strategy to couple O, activation
and FMN oxygenation to the presence of substrate and
thereby minimize H,O, formation and futile redox
cycles. This could go along with conformational
changes such as lid closure over the active site, conceiv-
ably as a requisite for efficient O, reaction with
FMN,.4. A comparable substrate ‘proofreading’ mecha-
nism prior to flavin oxygenation is for instance
employed by group A FPMOs [1,4]. Notably, no spec-
troscopic evidence of putative intermediates such as
transient Flcga00om) o Flnsoom) species could be
obtained during YxeK-Fl..4 oxidation, similar to the
previously reported reaction of Fl.q with O, in RutA
[12] and EncM [16]. In these cases, however, Flyso spe-
cies accumulated, suggesting that the envisaged Flnsoo
1 precursors may be too short-lived for detection,
which could result from the high energy state and reac-
tivity of this species [11,13]. EncM represents a struc-
turally unrelated polyketide monooxygenase that
employs an analogous O, activation strategy to RutA
[1,11,12]. In particular, EncM features a similar O, reac-
tion site at the re-side of its covalently bound FAD
cofactor, allowing the formation of a stable Flyso
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oxygenating species that is maintained in the resting
state and most likely formed from a Flysoon precursor
independent of the polyketide substrate. In contrast,
RutA couples Fl,.4 oxidation and Flysoo formation to
the presence of uracil, thereby preventing wasteful use
of NADH and decomposition of Flysoo [1,12]. The
observed accumulation of Flyso during RutA catalysis
therefore most likely results from Flysoo-mediated
cleavage of uracil via formal transfer of an [OH] that
yields the product ureidoacrylate as well as Flyso [12].
Remarkably, recently the first enzyme was reported that
may combine Flysoo and Flyso catalysis, thus repre-
senting a novel flavoprotein dioxygenase prototype that
structurally resembles acyl-CoA dehydrogenases [15]. In
the case of YxeK, the final spectra suggested the exclu-
sive formation of Fl,y (Fig. 7A), as further verified by
UPLC-HRMS analysis (Fig. SA-D). Assuming that
YxeK initially reacts with O, to an Flysoo in the pres-
ence of substrate similar to RutA, this could indicate
that the Flyso is either not formed during catalysis or,
alternatively, consumed during the cleavage reaction of
2 by serving as oxygen transferring species itself.

YxeK may employ an Flysoo rather than Flyso for
oxidative catalysis

To investigate the possible involvement of N5-oxygen
adducts during YxeK catalysis, Flyso (i.e., FMNyso)
was chemoenzymatically synthesized for in vitro
enzyme assays (Figs S3-S9). First, the binding of
Flnso to YxeK was examined by UV-Vis spec-
troscopy. In the presence of YxeK alone, the Flyso
spectrum remained stable, whereas the addition of
2 triggered clear spectroscopic changes, similar to
the observations with Fl,, described above, thus
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Fig. 9. Fluorimetric titration of YxeK in presence or absence of compound 2 with FMN., (A and B, respectively) or FMNyso (C and D,
respectively). A 500 nm solution of YxeK was titrated with FMN or FMNyso aliquots so that concentrations between 0 and 476 uwm flavin
were present. When compound 2 was included, a concentration of 1 mm was used. The sample was excited at a wavelength of 280 nm
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Error bars represent the standard deviation. Change in fluorescence was converted to estimated concentration of bound FMN according to
methods given in Gao et al. [49] and plotted against total FMN concentration. Calculated dissociation constants (K4 with corresponding
standard error are displayed and additionally marked with as a dotted line.

confirming that both 2 and Flyso bind to YxeK
(Fig. 8B). Next, binding affinities for both FMN redox
states were determined through fluorescence spec-
troscopy (Fig. 9A-D). Aliquots of an FMN solution
were added to an YxeK solution and the decrease in
protein fluorescence emission intensity at 344 nm due
to flavin binding was monitored. Moderate binding
affinities with K, values (mean + standard deviation)
of 34.7 + 1.6 um (YxeK-Fly), 38.4 + 1.0 um (YxeK-2-
Floy), 20.5 £ 0.7 um (YxeK-Flyso), and 21.5 £+ 0.7 um
(YxeK-2-Flys0) were observed, showing that the addi-
tion of substrate 2 had no significant effect on flavin
affinity. The K, for Fl,, was slightly higher than for
Flyso but both in a similar range as determined for
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SsuD (K; of 10.2 + 0.4 um) that showed a clear prefer-
ence for Floq (K, of 0.32 £ 0.15 um) [48].

A possible catalytic role for the Flyso was subse-
quently investigated by in vitro enzyme assays. First it
was tested, whether 2 can be directly converted into 3
and 4 by YxeK-Flyso without prior flavin reduction
(i.e., in the absence of Fre/NADH). However, no prod-
ucts were observed when the assay was derivatized with
oBHA/EDC and analyzed via LC-HRMS (Fig. 10A),
thus ruling out Flyso-mediated oxidative substrate
cleavage. Also, a two-step YxeK mechanism is conceiv-
able that combines both Flysoo and Flyso catalysis
and would involve Flysoo-dependent (RutA-like)
nonoxidative C-S bond cleavage to afford malate and
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represent the standard deviation).

4, followed by Flyso-mediated alcohol oxidation of
malate to 3. Accordingly, YxeK assays containing Fre-
NADH and 2 were screened for the transient formation
of malate and/or Flyso by LC-HRMS. While Flyso
could not be observed under any conditions, low
amounts of malate were detected. However, when incu-
bated with YxeK-Flyso (in presence or absence of 4),
malate was not converted into 3 (Fig. 10B and
Fig. SI0A-C). As a control, oBHA-derivatized 3 was
produced when YxeK-Fl,, was incubated with Fre/
NADH and 2 (Fig. 10C). Overall, these data are incon-
gruous with a putative two-step oxidation mechanism.
Further investigation by isotope-labeling experiments
with H,'8O and LC-HRMS analysis revealed that
malate arises from hydrolysis of 2 (Fig. 11A-C). Inter-
estingly, this reaction only occurred in the presence of
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YxeK, suggesting that the enzyme binds and seemingly
activates 2 for an attack by nucleophiles even in the
absence of FMN. It is noteworthy that the incubation
of YxeK-Flyso with 4 (instead of 2) resulted in the
rapid conversion of Flyso into Fl,,, suggesting a
Flyso-mediated oxidation of 4 (Fig. 12). Further exper-
iments combined with LC/MRM-MS analysis revealed
that the oxidative dimerization of 4 into 7 is indeed
accelerated in presence of YxeK and either Fl,, or
Flyso (Fig. 10D). While these observations may not be
relevant for the YxeK catalytic mechanism, they pro-
vide insights into the chemical reactivity of the Flyso.
A remaining possibility for NS5-oxygen adduct-
dependent YxeK catalysis is an oxidative cleavage
mediated by the Flnsoom) Accordingly, similar to
RutA, YxeK-Flysoo could act as an a-nucleophile and
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Fig. 11. UPLC-HRMS analysis (positive ion mode) of the YxeK-dependent production of malate through hydrolysis. (A) Scheme of proposed
hydrolytic cleavage of 2 and subsequent oBHA/EDC derivatization of malate for UPLC-HRMS analysis. (B) Time course of malate production.
Shown are EICs of 345.145 m/z corresponding to the [M + H]* mass of oBHA/EDC-derivatized malate. Natural substrate 2 was incubated
with YxeK (left panel), YxeK, and FMN (middle panel) or with enzyme buffer as a control (right panel). Samples were taken after 10, 30, 60,
and 120 min and derivatized with oBHA/EDC. Malate is only produced in the presence of YxeK, regardless of cofactor presence. (C) Mass
spectra of oBHA-derivatized malate from a standard assay with YxeK + Fre/NADH and compound 2 run in either 50% H,'®0 (upper panels)
and H,O (lower panels). A malate standard (200 um concentration) incubated simultaneously in the assay mixture without YxeK and Fre/
NADH was used as a control for each condition. Incorporation of 80 from H,'80 into malate during hydrolytic cleavage by YxeK is indicated
by the altered isotope pattern in which the oBHA-malate +2 m/z mass of 347.149 m/z is increased.

attack 2 to form a covalent intermediate under elimi-
nation of 4. This is supported by the observation that
2 is more susceptible to nucleophilic attack by water
(when the proposed Flysoo nucleophile is not present)

when bound by YxeK. Substrate activation could be
achieved by a catalytic acid that protonates the sulfur
of leaving group 4 and thus promotes C-S heteroatom
bond cleavage. Then, a proton may be abstracted
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presumably by the same amino acid residue from C2
of the covalently bound substrate remainder to trigger
heterolytic peroxide cleavage via electron uptake by
the FMN under concomitant release of 3 (Fig. 13).
This last step would be distinct from RutA that medi-
ates heterolytic peroxide cleavage with the substrate
acting as the leaving group instead. In the YxeK
homology model, side chains of multiple residues,
including H19, are located close to the C-S bond and
could act as proton donor. It is noteworthy that for
SsuD, a critical R226 residue was identified that is
likely similarly positioned and strictly requires proto-
nation to enable catalysis [29].

As a variation of this mechanism, subsequent to
covalent adduct formation via nucleophilic attack of 2
by the Flysoo, YxeK could couple RutA-like heteroly-
tic peroxide cleavage to hydride transfer from C2 of
the substrate to the flavin, thereby affording 3. Lastly,
although it is less likely, it is also conceivable that
YxeK employs an electrophilic Flysoon that is
attacked by 2, leading to a labile hemithioacetal inter-
mediate via hydroxylation that spontaneously collapses
to 4 and 3. YxeK could control this reaction by depro-
tonation of 2 and protonation of the aminoperoxide
species to enhance nucleophilicity and electrophilicity,
respectively (mechanisms not shown). In all these sce-
narios, the formed Flysoy could eventually eliminate
water to regenerate Fl,; (Fig. 13). However, mecha-
nisms involving Flcga0oar) species cannot be ruled

Flavoenzyme-mediated C-S bond oxygenolysis

out, as previously proposed, for example, for SsuD or
EmoA prior to the discovery of N5-oxygenated flavins
[19,28,29]. Summed up, our data clearly show that
YxeK acts as an FMN-dependent monooxygenase cat-
alyzing the oxidative cleavage of 2. However, the
active site architecture and substrate-binding/activation
mode of YxeK remain to be elucidated alongside the
underlying oxygenation mechanism.

Conclusion

In this work, we verified the role of flavoprotein
monooxygenase YxeK from B. subtilis in the salvaging
and detoxification of N-acetyl-S-(2-succino)-L-cysteine
that arises from the spontaneous Michael addition of
the soft nucleophile cysteine to the electrophile fuma-
rate. We furthermore show that YxeK exhibits a nar-
row substrate scope with a strong preference for its
native substrate over the nonacetylated form or
fumarate-glutathione adducts that are converted less
efficiently. YxeK thus expands the enzymatic toolbox
of monooxygenases that process sulfur-containing
metabolites enabling bacteria to utilize them as sulfur
sources. Bacillus subtilis was shown to possess multiple
monooxygenases (CmoO, Cmol, and CmoJ), that par-
take in sulfur metabolism, of which CmolJ is most clo-
sely related to YxeK as a group C FPMO. However,
substrate specificities seem to differ among these
monooxygenases, as YxeK could not functionally
replace any of the other enzymes in metabolic studies
[50].

Detailed investigation of YxeK suggested a RutA-
like O, reaction site, which points toward oxygena-
tion and functionalization of FMN-NS5 rather than
Cda. The formed Flysoo species could then facilitate
the oxygen transfer to the substrate, a mechanism
that may be shared by related group C FPMOs that
catalyze similar oxidative carbon-heteroatom bond
cleavage reactions such as SsuD, MsuD, or EmoA.
Evidently, mechanisms relying on classical Flcsaoom
species cannot be ruled out based on our data and
further studies will be required to solve this ques-
tion, for example, by structural studies including O,
pressurized X-ray crystallography as previously
employed for RutA [12] and EncM [11] and
further detailed computational and biochemical
investigation. Taken together, the herein described
YxeK-catalyzed oxygenative C-S bond cleavage
of N-acetyl-S-(2-succino)-L-cysteine provides novel
insights into bacterial sulfur metabolism and the
exploitation and salvaging of pervasive metabolic
dead-end products enabled by the mechanistically
versatile flavoprotein monooxygenases.
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Fig. 13. Mechanistic proposal for the YxeK-catalyzed oxidative cleavage of 2 involving a nucleophilic Flysoo species. Following the
nucleophilic attack by the Flysoo, acid-base catalysis may enable heterolytic peroxide cleavage with the flavin as leaving group. Flyson is
formed at the end, which could eliminate water to restore Flo. Note that in the case of the previously reported nonoxidative carbon-
heteroatom bond cleavage reactions by related enzymes (e.g., RutA), the Flyso is formed as a stable by-product, which represents a
superoxidized flavin species in contrast to the Flyson shown here (same oxidation state as Fl,,). Other mechanisms involving Flysoon oOr
Flcaaoom) species cannot be ruled out (see text). R = ribitylphosphate. B = Base.

Materials and methods

Chemicals and materials

Chemicals and reagents were purchased from Merck KgaA/
Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), Carl
Roth (Karlsruhe, Germany), Fisher Scientific GmbH (Schw-
erte, Germany), and Biomol GmbH (Hamburg, Germany).
Chemicals, enzymes, and materials for molecular cloning were
purchased from Thermo Fisher Scientific/Life Technologies
GmbH (Darmstad, Germany), New England BiolLabs GmbH
(Frankfurt am Main, Germany), and QIAGEN GmbH (Hil-
den, Germany). Oligonucleotides were obtained from Sigma-
Aldrich. Materials for protein purification were obtained from
GE Healthcare (Solingen, Germany), Bio-Rad Laboratories
GmbH (Feldkirchen, Germany), Pall Corporation (New
York, NY, USA), and Thermo Fisher Scientific. N-acetyl-2-
succinocysteine (NAC2SC), 2-succino(cysteine) (2SC), and S-
succinylglutathione (GSS) were produced according to ref.
[30] and purified by preparative HPLC in combination with a
Eurospher II 100-5 CI18, 250 x 20 mm column (KNAUER
Wissenschaftliche Gerdte GmbH, Berlin, Germany). Frac-
tions containing desired product (detected by absorbance at
254 nm) were collected; successive runs were pooled, lyophi-
lized, and stored at —20 °C. Stock solutions were prepared in
distilled water. The identity of NAC2SC, 2SC, and GSS was
confirmed by UPLC-HRMS. Additionally, MS? spectra of
NAC2SC and 2SC were compared to published data in the
MoNA database (entry MoNA001201 and MoNA001200,
respectively).

Gene cloning, heterologous expression, and
protein purification

The yxeK gene was amplified from genomic DNA of
Bacillus subtilis strain 168 and subsequently cloned into

the pET28b vector (Novagen, Merck KgaA, Taufkirchen,
Germany) using Fast Digest Xhol and BamHI (Thermo
Fisher Scientific) as restriction enzymes for overexpression.
Expression host E. coli BL21 (DE3) (Thermo Fisher Sci-
entific) was transformed with the recombinant pET28b-
yxeK plasmid. 10 mL of LB medium, inoculated with E.
coli BL21 (DE3) containing pET28b-yxeK, was supple-
mented with 50 pg-mL~" kanamycin and grown at 37 °C
overnight while shaking at 180 rpm. 500 mL of Terrific
broth (TB medium) supplemented with 50 ug-mL~' kana-
mycin and 0.1% antifoam SE-15 was inoculated with
5 mL of the starter culture and grown until an ODggy of
0.5-0.6 was reached. Then, the culture was induced by
adding IPTG to a final concentration of 250 um, tempera-
ture was set to 18 °C, and the cells were grown shaking
at 125 rpm for 16-20 h. Cells were harvested by centrifu-
gation at 4000 g for 10 min at 4 °C. Cell pellets were
resuspended in buffer A (50 mm HEPES pH 7.4, 150 mm
NaCl) supplemented with 1 pm phenylmethylsulfonyl fluo-
ride (PMSF) and lysed by sonication. Cell debris was
removed by centrifugation at 18 000 g for 30-60 min at
4 °C. The supernatant was filtered through a 0.45-um syr-
inge filter prior to loading on a 5 mL HisTrap HP Ni**
nitrilotriacetate column (GE Healthcare) connected to a
FPLC system (AKTA pure 25, GE Healthcare Life
Science). Unbound protein was removed by washing with
4% buffer B (50 mm HEPES pH7.4, 150 mm NaCl,
500 mm imidazole), and bound N-terminally His-tagged
YxeK was then eluted by gradient elution from 4% to
100% buffer B over 6 column volumes. The protein was
concentrated using a 10 kDa MW cutoff MACROSEP
spin column (Pall Cooperation) and then either desalted
with a 5 mL HiTrap desalting column (GE Healthcare) or
further purified by size-exclusion chromatography utilizing
a HiLoad 16/600 Superdex 200 pg column (GE Health-
care) equilibrated with buffer A and connected to a FPLC
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system. The identity and purity of the eluted protein were
confirmed by SDS/PAGE. Purified protein aliquots were
flash-frozen in liquid nitrogen prior to storage at —80 °C.
Variants of YxeK were purified analogously using the
above-described protocol. Gene cloning, heterologous
expression, and protein purification of the E. coli flavin
reductase (Fre) were performed following previously pub-
lished protocols [12].

Site-directed mutagenesis

Mutations in pET28b-yxeK were introduced through
PCR-based mutagenesis using oligonucleotides synthesized
by Sigma-Aldrich (Table S1). First, amplification over
seven cycles of pET28b-yxeK using separate reactions with
forward and reverse oligonucleotides, respectively, was
performed using the Q5 High-Fidelity DNA Polymerase
(New England Biolabs) according to the manufacturer’s
protocols. Forward and reverse reactions were then com-
bined and amplified for further 30 cycles. PCR products
were digested with FastDigest Dpnl (Thermo Fisher Sci-
entific) to remove template DNA and E. coli TOP10 was
transformed with the recombinant plasmid. Mutations
were confirmed by sequencing (Eurofins Genomics Ger-
many GmbH, Ebersberg, Germany). The yxeK HI19A
mutation was created through custom gene synthesis and
cloned to a pET28b vector (BioCat GmbH, Heidelberg,
Germany). plasmids containing desired
mutations were brought into the expression host E. coli
BL21 (DE3) and the respective protein variants were pro-
duced and purified according to the procedures described
in this work.

Recombinant

Sample derivatization with DNPH for HPLC and
LC-MS analysis

A 5 mm solution of 2,4-dinitrophenylhydrazine (DNPH) in
1 M HCI was prepared. Assays with 100 uL volume were
stopped by addition of 25 uL DNPH solution and incu-
bated for 15 min at 30 °C. Assays were neutralized by
addition of 25 uL 1 m NaOH and proteins were separated
afterward by centrifugation at 18 000 g for 10 min.

Sample derivatization with EDC and oBHA

Solutions of 0.5M O-benzylhydroxylamine hydrochlo-
ride (oBHA) and 0.5M 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) in pyridine buffer
(8.6 mL pyridine, 5.4 mL HCI, and 86 mL distilled water)
were prepared according to Tan ef al. [51]. Assays were
stopped by addition of 1 volume of methanol. Protein was
precipitated by centrifugation at 18 000 g for 5 min. 50 uL
of the supernatant was mixed with 10 uL of oBHA solution,
10 uL of EDC solution, and 100 uL. ddH,O and incubated

Flavoenzyme-mediated C-S bond oxygenolysis

at 25 °C for 15-20 min under shaking at moderate speed.
The aqueous phase was extracted twice with 200 uL ethyl
acetate and the organic phase was evaporated under
reduced pressure afterward. Samples were resuspended in
100 pL of a 30% acetonitrile/70% ddH,O solution.

YxeK standard assay to determine reaction
products

A solution of 50 mm HEPES pH 7.4, 1 mMm substrate,
100 uyv FMN, 1 um His-Fre, and 1.5 mm NADH was pre-
pared. Noncleavable substrates N-acetyl-L-glutamic acid
(Sigma-Aldrich) and y-carboxyl-DL-glutamic acid (Sigma-
Aldrich) were added in concentrations of up to 7 mm.
After complete reduction of FMN at 30 °C without shak-
ing, His-YxeK was added to a final concentration of
50 um. The reaction was further incubated at 30 °C for
2 min while shaking vigorously. The reaction was stopped
and derivatized with either DNPH or oBHA/EDC as
described above. For analysis of flavin cofactor content or
NAC/DAC formation, no derivatization was performed.
Samples were then subjected to UPLC-HRMS analysis
using an Acquity UPLC HSS T3 column. For analysis of
different time points, a larger assay volume was chosen
and samples were taken after 10, 30, 60, or 120 min of
incubation. The reaction was stopped with an equal vol-
ume of methanol and derivatized with oBHA/EDC as
described above.

Ellmann’s assay to determine kinetic parameters
of the YxeK/Fre-NADH reaction

A 10 mm stock solution of 5,5-dithiobis-(2-nitrobenzoic
acid) (DTNB or Ellman’s reagent, Sigma-Aldrich) was pre-
pared in reaction buffer (100 mm Tris/HCI, pH 8.0). Assays
were prepared in reaction buffer and contained 100 pm
DTNB, 20 uvx FMN, 1 mMm substrate, 1.5 mm His-Fre,
0.1 mgmL™" catalase (from bovine liver powder, Sigma-
Aldrich), and an appropriate amount of His-YxeK (75—
375 nM YxeK for measurements with YxeK WT/variants
or 3-60 um YxeK for measurement with alternative sub-
strates 2SC and GSS). For K,, determination, 75 nm His-
YxeK was used and NAC2SC substrate concentration was
varied (16, 31, 62, 125, 250, 500, and 1000 pm). Assays were
transferred to a 10-mm QS quartz cuvette (Hellma Analyt-
ics) and absorbance at 412 nm was continuously monitored
in a UV-1800PC photometer (Shimadzu Corp.). The reac-
tion was allowed to equilibrate for 2 min before the reac-
tion started by addition of NADH to a final concentration
of 1 mMm. For all assays, three independent biological repli-
cates (n = 3) were prepared and measured. Apparent k..,
and K, values were calculated based on the Lambert-Beer
law using the extinction coefficient of produced 2-nitro-5-
thiobenzoic acid (TNB?*7) of 13 600 M~'cm™' at 412 nm
and pH 8.0 [52,53].
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UV-Vis spectroscopy of YxeK-Fl,, and YxeK-Flyso
to test influence of substrate binding

A solution containing 50 mm HEPES buffer (pH 7.5),
50 um Fox, or Flyso with and without 500 um NAC2SC
was prepared. Spectra ranging from 300 to 600 nm with,
without and with heat-denatured His-YxeK (50 um end
concentration) were recorded in a 10 mm QS quartz cuvette
(Hellma Analytics) using a UV-1800PC photometer (Shi-
madzu Deutschland GmbH, Duisburg, Germany). Addi-
tionally, a control containing only F,/ Flyso and/or
NAC2SC was prepared and analyzed. Influence of NAC
on the YxeK-Flyso spectrum was tested using the above-
described protocol with the exception of using 1 mm NAC
in the sample solution instead of NAC2SC.

Fluorimetric determination of flavin binding
constants

Flavin binding constants for His-YxeK and FMN,,/
FMNnso in presence or absence of compound 2 were
determined by spectrofluorometric titration as described in
Gao & Ellis [49]. A 100 pL solution containing 500 nm His-
YxeK and 50 mm HEPES pH 7.5 was prepared and trans-
ferred to a 96-well plate (black/clear bottom, Corning Inc.).
If compound 2 was present, an end concentration of 1 mm
was used. Protein concentration was calculated using a
molar extinction coefficient of 45 380 M~".cm™' at 280 nm.
Concentration of FMN,, was determined using a molar
extinction coefficient of 12020 M~'ecm™ at 450 nm,
whereas FMNyso concentrations were approximated by
using the molar extinction coefficient of EncM-FADyso of
9600 M~'.cm™" at 460 nm [16]. Spectra were recorded on a
SpectraMax iD5 plate reader (Molecular Devices GmbH,
Miinchen, Germany) with an excitation wavelength of
280 nm and emission monitoring at a wavelength of
344 nm. For all samples, three independent biological repli-
cates (n = 3) were measured.

H,'30 and '®0-labeling assays with YxeK

An assay solution of 50 mm HEPES pH 7.4, 500 um
NAC-2SC, 75 um His-YxeK, 150 um acetyl-CoA, and 1
unit of citrate synthase (ammonium sulfate suspension,
from porcine heart, Sigma-Aldrich) as well as a solution
of 500 uyv FMN and 10 mm EDTA was made anaerobic
by incubation in an anaerobic chamber at 10 °C for 12 h.
FMN was photoreduced by light irradiation for 5 min
with a 900 lumen LED torch. Fl,.qy was added to the
assay solution so that a final concentration of 75 um was
reached. Assays were incubated for a further 30 min
before they were transferred to a Schott bottle with an
airtight rubber seal and removed from the anaerobic
chamber. The reaction was started by injection of >97%
80, gas (Campro Scientific, Berlin, Germany) and
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incubated for 2 hours at room temperature. A control
reaction was conducted with atmospheric O, instead. One
volume of methanol was added to one volume of reaction
solution to quench the reaction. Sample derivatization
with oBHA and EDC was performed as described above.
Samples were analyzed by UPLC-HRMS. Assays with
H,'80 were performed according to the protocol of stan-
dard YxeK assays with at least 50% (v/v) of H,'®0 in the
reaction mixture, derivatized with oBHA/EDC, and sub-
jected to UPLC-HRMS analysis.

Assay to analyze dimerization rate of
compound 4

An assay solution of 50 mm HEPES pH 7.4 and 100 pm
compound 4 was incubated with 50 uyvx FM Ny, or 50 um
FMNnso and/or 20 pm YxeK for 10, 30, 60, and 120 s at
30 °C. The assays were quenched by adding 9 volumes of
methanol containing 1 ug-mL™' O-methyl-L-tyrosine as
internal standard (IS) to 1 volume of assay solution. After
centrifugation (20 000 g, 10 min, 4 °C), assays were sub-
jected to LC/MRM-MS analysis (positive ion mode). For
all samples, two independent biological replicates (n = 2)
were measured.

RP-UPLC and UPLC-HRMS

Samples were prepared as described and kept at 8 °C dur-
ing analysis. 5-7 puL of the sample was used for each injec-
tion. A Waters ACQUITY I-class UPLC (Waters GmbH,
Eschborn, Germany) equipped with an ACQUITY UPLC
Photodiode Array (PDA) detector was used in conjunction
with a Waters Synapt G2-Si quadrupole time-of-flight mass
(Q-TOF) spectrometer equipped with an ESI-source. An
ACQUITY UPLC HSS T3, 100 A, 1.8 pm, 2.1 x 100 mm
column (Waters) was used. The flow rate was set to
0.2 mL-min~'. Solvent A was water supplemented with
0.1% formic acid (FA) and solvent B was acetonitrile sup-
plemented with 0.1% FA. The following gradient was used:
2% B from 0-1 min, 2-60% B from 1-11 min, 60% B
from 11-13 min, 60-2% B from 13-13.5 min, 2% B from
13.5-16 min. The column temperature was kept at 30 °C.
The mass spectrometer was operated in either positive
(3500 V) or negative ion polarity (—1500 V). The source
temperature was kept at 100 °C, desolvation gas tempera-
ture at 300 °C with a flow of 600 L-h~!. The nebulizer pres-
sure was 3.0 bar. Mass spectra were acquired from 50—
1200 m/z in centroid mode and corrected by leucine enke-
phalin.

LC/MRM-MS

N,N’-Diacetylcystine (DAC) levels were acquired by tar-
geted LC-MS (Agilent Technologies, Waldbronn, Germany:
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G4220A, G4226A, GI1316A, G6460A) analysis. 1 yL was
injected on a BEH-Amide column (Waters, 2.1 X 150 mm,
1.8 um). Samples were maintained at 4 °C. Column temper-
ature was set to 50 °C; flow was 0.6 mL-min~' with water
supplemented with 0.1% formic acid (A) and acetonitrile
supplemented with 0.1% formic acid (B). The gradient was
as follows: 90% B for 0.1 min, to 85% B within 0.1 min,
to 75% B within 0.8 min, to 40% B within 1 min, to 50%
B within 0.1 min, hold for 2.9 min, to 90% B within
0.2 min, hold for 4.8 min. The ion source was set to 300 °C
gas temperature at 7 L-min~! gas flow, 350 °C sheath gas
temperature with 11 L-min~' sheath gas flow, 50 psi nebu-
lizer pressure, 4 kV capillary voltage, and 500 V nozzle
voltage. DAC was measured in positive polarity at 4 V cell
accelerator voltage and 108 V fragmentor voltage via multi-
ple reaction monitoring (MRM): Precursor ion: 325.1 m/z,
product ions: 162.1 m/z, 122.1 m/z, 116.1 m/z at collision
energies of 10, 40, 40 eV, respectively. Data acquisition was
performed by Agilent MassHunter data acquisition B.08.02
and analyzed with Agilent MassHunter Quantitative Analy-
sis B.07.01 SP2. Intensities (quantifier ion: 162.1 m/z) were
normalized to O-methyl-L-tyrosine.

Stopped-flow spectroscopy

Stopped-flow experiments were performed at 4 °C in
50 mm HEPES-KOH pH 7.5 using a TgK Scientific SF-
61DX2 KinetAsyst stopped-flow instrument (TgK Scien-
tific Limited, Bradford-on-Avon, UK). A solution con-
taining 40 yvn FMN and 60 upm YxeK was placed in a
glass tonometer and made anaerobic by repeated cycling
with vacuum and anaerobic argon [54]. The FMN,, was
reduced to FMN,.4 by titrating with a dithionite solu-
tion, and the progress of FMN reduction was monitored
by UV/VIS using a Shimadzu UV-1900 spectrophotome-
ter. The tonometer containing FMN,.q/YxeK was loaded
onto the stopped-flow instrument and was then mixed
with buffer bubbled with various O,/N, ratios (made
using a Maxtec MaxBlend 2 gas mixer) in the absence or
presence of 400 um 2. The dissolved O, concentration in
the buffer solution was calculated using Henry’s law con-
stant for O, of 770 atm-M~'. The subsequent reaction
was monitored using the instrument’s multi-wavelength
charge-coupled device detector (1.6-ms data interval
time). Kinetic traces at 450 nm were fit to either a single
exponential or a sum of two exponentials using Kaleida-
Graph to determine observed rate constants. Plots of kqps
against the O, concentration were fit to the following
equation:

Flavoenzyme-mediated C-S bond oxygenolysis

DNPH colorimetric assay to detect production of
3 (oxaloacetate)

A 2mMm solution of DNPH in 1 M HCl was prepared.
100 uL of reoxidized assay solution from stopped-flow
spectroscopy experiments containing 40 pm FMN,.q, 60 um
YxeK, and 200 pm compound 2 (NAC2SC) was mixed with
an equal volume of DNPH solution and incubated for
20 min at room temperature. Afterward, 67 uL of a 6 m
NaOH solution was added and the solution was incubated
for 5 min before measuring the absorbance at 546 nm. As
negative controls, an assay with FMN,, instead of FMN .4
as well as an assay with FMN,4 but without substrate 2
was derivatized and measured as described above. An assay
containing 40 um FMN, and 60 pm YxeK was spiked with
40 um compound 3 (oxaloacetate) and used as a positive
control.

Attempted crystallization conditions and
homology model

Crystallization attempts were performed with SEC purified
His-YxeK in low-salt buffer (20mm HEPES, 10 mm NaCl,
pH 7.4) using the sitting-drop vapor diffusion method at
either room temperature or 4 °C. Drop ratio was set to
1 : 1 (protein to reservoir solution). Additionally, the pres-
ence of FMN in the protein solution (1 mMm end concentra-
tion) was tested. The following commercially available
screens were used: Crystal Screen HT (Hampton Research),
Index Screen HT (Hampton Research), PEG/lon HT
(Hampton Research), SaltRx (Hampton Research),
JBScreen PACT++ (Jena Bioscience), JBScreen JCSG++
(Jena Bioscience), JBScreen Pentaerythritol (Jena Bio-
science), as well as Morpheus I, II, and III (Molecular
Dimensions).

A homology model of YxeK was created using the
SWISS-MODEL server [42] with the User Template option.
The amino acid sequence of YxeK was obtained from Uni-
ProtKB (database ID P54950). User templates comprised
the open or closed form monomer of EDTA monooxyge-
nase (EmoA) from Chelativorans sp. BNC1 taken from the
crystal structure (PDB ID 5DQP), or the cysteine salvage
pathway monooxygenase CmolJ with bound FMN (PDB
ID 6ASL). 3D structure alignments were performed and
visualized in pymoL 2.2 (Schrodinger, LLC.). Attempted
docking studies with compound 2 were performed using the
closed form homology model of YxeK with an aligned
FMN cofactor from CmolJ using the DockThor webserver
[44.45].

Synthesis of FMNys0 (19)

kox [02] . .
Kobs :m. FMNnso (19) was produced by a modified synthesis based
d 2 on published procedures [25,55]
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1. 6-chlorouracil,
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D-ribose, DMF, NaNO, in AcOH,
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15: A solution of 3,4-dimethylaniline (14, 3.0154 g,
24.884 mmol), p-ribose (11.1536 g, 74.2929 mmol, 3.0 eq.),
and NaCNBH; (4.7211 g, 75.129 mmol, 3.0 eq.) in MeOH
(150 mL) was stirred for 114 h at rt. The solvent was
removed under reduced pressure, and residual NaCNBH;
was quenched by adding aqueous HCI solution (1 m,
100 mL). The resulting solution was neutralized using aque-
ous NaOH solution (I m) and extracted with EtOAc
(6 X 90 mL). The combined organic layers were dried over
MgSO, and filtered, and the solvent was removed under
reduced pressure. Recrystallization from MeOH provided
compound 15 as a colorless solid (3.3669 g, 13.187 mmol,
53%).

'H.NMR (600 MHz, CD;0D): 5 =6.88 (d,
*Jse = 8.1 Hz, 1H, 5-H), 6.55 (d, “J,s = 2.2 Hz, 1H, 2-H),
6.47 (dd, *Jes = 8.1 Hz, *Js» =22 Hz, 1H, 6-H), 3.91

(ddd, *Jyy=79Hz, *Jyy=64Hz, *Jy, =3.5Hz
1H, 2-H), 3.78 (dd, *Jsy =112 Hz, 3*Js4 =3.5Hz,
1H, 5-HH), 3.74 (ddd, *Jy3 = 6.4 Hz, *Jy5 = 6.2 Hz,

3J4r,5r = 3.5 Hz, 1H, 4-H), 3.67-3.59 (2H, overlapping sig-
nals: dd, *Jys = 11.2 Hz, *Js4 =62 Hz, §-HH; dd,
3y = Yy = 6.4 Hz, 3-H), 3.43 (dd, *J,; = 12.8 Hz,
*Jyy = 3.5Hz, 1H, I'-HH), 3.09 (dd, %/, = 12.8 Hz,
*Jyy =79 Hz, 1H, I-HH), 2.17 (s, 3H, Ar-CH3), 2.12 (s,
3H, Ar-CH3;) ppm.

I3C.NMR (151 MHz, CD;0D): & = 148.1 (Ar-C), 137.9
(Ar-C), 131.1 (C-5), 126.7 (Ar-C), 116.7 (C-2), 112.5 (C-6),
74.9 (C-3'), 74.4 (C-4'), 72.2 (C-2°), 64.6 (C-5'), 48.1 (C-1"),
20.1 (CHs), 18.8 (CH3) ppm.

804

16: A mixture of 15 (251.0 mg, 0.9831 mmol), 6-
chlorouracil (172.5 mg, 1.177 mmol, 1.2 eq.), and dimethyl-
formamide (78 puL, 74 mg, 1.0 mmol, 1.0 eq.) was heated
for 10 min at 155 °C under vigorous stirring. The crude
product was dissolved in pyridine (6.0 mL), acetic anhy-
dride (1.0 mL) was added dropwise, and the resulting solu-
tion was stirred overnight at rt. The solvent was removed
under reduced pressure and the residue was dissolved in
CH,Cl, (60 mL). The solution was washed with H,O
(4 x 40 mL) and saturated NaCl solution (2 x 40 mL). The
organic layer was dried over MgSQO,, filtered and the sol-
vent was removed under reduced pressure. Flash chro-
matography on silica gel (CH,Cl,:MeOH = 95:5) provided
compound 16 as a pale yellow solid (30.6 mg, 0.0574 mmol,
6%).

"H-NMR (600 MHz, CDCl;): & = 8.69 (br. s, 1H, uracil-
NH), 7.34 (br.s, 1H, uracil-NH), 7.23 (d, *Js6 = 7.9 Hz,
1H, 5-H), 6.95 (d, “J/,6=2.1 Hz, 1H, 2-H), 6.93 (dd,
*Jes =79 Hz, *Jo,=21Hz, 1H, 6-H), 535 (ddd,
3Jy v =10.0 Hz, *Jy 3 = 3.6 Hz, *Jy ;= 2.4 Hz, 1H, 2'-H),
525 (dd, *Jy4 = 6.3 Hz, *Jy > = 3.6 Hz, 1H, 3'-H), 5.11
(ddd, *Jy 3 = 6.3 Hz, *Jys = 6.0 Hz, *Jy s = 3.0 Hz, 1H,
4-H), 497 (s, 1H, uracil-CH), 4.27 (dd, *J5.s = 12.5 Hz,

3Jy4 = 3.0 Hz, 1H, 5-HH), 4.05 (dd, *Js s = 12.5 Hz,
*Jy4 = 6.0Hz, 1H, 5-HH), 400 (dd, %/ = 15.6 Hz,
3Jyy = 10.0 Hz, 1H, 1-HH), 3.73 (dd, %/, = 15.6 Hz,
3Jyy = 2.4 Hz, 1H, I'-HH), 2.29, 2.28 (25, 6H, 2 x Ar-

CH3), 2.11 (s, 3H, Ac-CHj;), 2.03, 2.02 (2s, 6H, 2 X Ac-
CH3), 1.89 (s, 3H, Ac-CH3) ppm.
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BC-NMR (151 MHz, CDCly): 8§ = 170.7, 170.2, 169.8,
169.6 (4 x Ac-CO), 164.5, 153.5, 150.1 (3 x uracil-C),
140.1, 138.8, 136.6 (3 x Ar-C), 132.1 (C-5), 129.2 (C-2),
125.5 (C-6), 76.8 (uracil-CH), 70.2 (C-3'), 69.5 (C-2), 69.4
(C-4), 619 (C-5), 52.0 (C-1), 21.1, 2009, 20.8, 20.6
(4 x Ac-CH3;), 20.0, 19.6 (2 x Ar-CH3) ppm.

17: 16 (31.2 mg, 0.0585 mmol) was dissolved in acetic
acid (1.5 mL) and NaNO, (20.4 mg, 0.296 mmol, 5.1 eq.)
was added in the dark. The mixture was stirred for 3 h at
rt. H,O (3.0 mL) was added, and the solution was stirred
for another 3 h at rt. The solvents were removed under
reduced pressure and 17 was obtained as an orange solid
(30.9 mg, 0.0551 mmol, 94%) after purification via flash
chromatography on silica gel (CH,Cl,:MeOH = 95:5).

'"H-NMR (600 MHz, CD;OD): & =821 (s, 1H), 7.84
(s, 1H), 5.73-5.60 (m, 1H), 5.58-5.49 (m, 1H), 5.47-5.40
(m, 1H), 5.20-4.90 (m, hidden under H,O signal), 4.50 (d,
J =123 Hz, 1H), 4.25 (dd, J = 12.3 Hz, J = 6.2 Hz, 1H),
2.57 (s, 3H), 2.46 (s, 3H), 2.21, 2.20 (2s, 6H), 2.03 (s, 3H),
1.75 (br. s, 3H) ppm.

HRMS (ESI): calculated for C>sH,sN4NaO;, [M + Na]*
583.1647, found 583.1649.

18: NH; in MeOH (7 m, 60 mL) was added to 17
(138.5 mg, 0.2471 mmol) in the dark and the solution
was stirred overnight at rt. The solvent was removed
under reduced pressure and the crude product was
purified via HPLC (MeCN/H,0, 10:90 to 35:65 over
22 min, 10 mL-min~!, retention time 8.5 min) provid-
ing 18 as an orange solid (79.2 mg, 0.202 mmol,
82%).

'TH-NMR (600 MHz, DMSO-d¢): & = 11.08 (br. s, 1H),
8.07 (s, 1H), 7.92 (s, 1H), 5.12-5.06 (m, 1H), 4.98-4.78 (m,
3H), 4.65-4.53 (m, 1H), 4.53-4.45 (m, 1H), 4.27-4.18 (m,
1H), 3.67-3.60 (m, 3H), 3.49-3.43 (m, 1H), 2.43 (s, 3H),
2.38 (s, 3H) ppm.

HRMS (ESI): calculated for C;7H,,N4NaO; [M + Na]*
415.1224, found 415.1224.

UV/Vis: Apnax = 220, 272, 370, 460 nm.

19: The final product was obtained by enzymatic phos-
phorylation of 18 [56].
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