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The prenylated-flavin mononucleotide-dependent decarboxylases (also known as UbiD-

like enzymes) are the most recently discovered family of decarboxylases. The modified

flavin facilitates the decarboxylation of unsaturated carboxylic acids through a novel

mechanism involving 1,3-dipolar cyclo-addition chemistry. UbiD-like enzymes have

attracted considerable interest for biocatalysis applications due to their ability to catalyse

(de)carboxylation reactions on a broad range of aromatic substrates at otherwise

unreactive carbon centres. There are now ∼35 000 protein sequences annotated as

hypothetical UbiD-like enzymes. Sequence similarity network analyses of the UbiD

protein family suggests that there are likely dozens of distinct decarboxylase enzymes

represented within this family. Furthermore, many of the enzymes so far characterized

can decarboxylate a broad range of substrates. Here we describe a strategy to identify

potential substrates of UbiD-like enzymes based on detecting enzyme-catalysed solvent

deuterium exchange into potential substrates. Using ferulic acid decarboxylase (FDC) as

a model system, we tested a diverse range of aromatic and heterocyclic molecules for

their ability to undergo enzyme-catalysed H/D exchange in deuterated buffer. We found

that FDC catalyses H/D exchange, albeit at generally very low levels, into a wide range of

small, aromatic molecules that have little resemblance to its physiological substrate. In

contrast, the sub-set of aromatic carboxylic acids that are substrates for FDC-catalysed

decarboxylation is much smaller. We discuss the implications of these findings for

screening uncharacterized UbiD-like enzymes for novel (de)carboxylase activity.
Introduction

Enzyme-catalyzed decarboxylation and carboxylation reactions are both ubiqui-
tous and essential to metabolism. Decarboxylase enzymes are also of increasing
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interest as “green” catalysts capable of catalyzing stereo- and regio-specic reac-
tions under mild conditions.1,2 Decarboxylases have been used as components in
engineered biosynthetic pathways to produce commodity chemicals such as
acrylamide and styrene;3 bi-functional alcohols, e.g. 1,4-butanediol and 1,3-pro-
panediol; isobutanol, which shows promise as a biofuel;4 and high-value ne
chemicals and pharmaceuticals.1,2 Under favorable conditions, decarboxylases
can function as carboxylases and hydratases, leading to interest in using them to
capture CO2 and to produce chiral alcohols through stereospecic hydration of
double bonds.2

Decarboxylation reactions typically are associated with high transition state
energies due the build-up of negative charge on the a-carbon, so nature has evolved
a wide range of cofactors that function as electron sinks to stabilize the negatively
charged transition state.5 Prenylated avin mononucleotide (prFMN) is the most
recently discovered decarboxylation cofactor,6,7 in which the isoalloxazine ring
system is modied by the addition of a 6-membered ring bridging the N5 and C6
positions. The additional ring is derived from an isoprene unit that is added to the
avin by a specialized prenyl-transferase; depending upon the organism, the prenyl
donor is either dimethylallyl phosphate (DMAP) or dimethylallyl pyrophosphate
(DMAPP). prFMN-dependent decarboxylases are collectively known as the UbiD
family of decarboxylases, and the prenyl-transferases as UbiX, aer the archetypal
enzymes identied in the biosynthesis of ubiquinone in many bacteria.8

This unusual modication of avin mononucleotide (FMN) results in the
formation of a nitrogen ylide at N5 of prFMN that is central to the cofactor’s
ability to catalyze (de)carboxylation reactions at sp2-hybridized carbon atoms.9–12

prFMN-dependent decarboxylation appears to operate by two distinct mecha-
nisms depending upon the substrate undergoing decarboxylation. In the rst
mechanism, a 1,3-dipolar cycloaddition reaction occurs between the nitrogen
ylide of the cofactor and the double bond adjacent to the carboxyl-group.
Formation of the cycloadduct provides a pathway for electrons to ow into the
avin nucleus in the following decarboxylation step (Fig. 1). Following decar-
boxylation, proton-transfer from a conserved glutamate residue generates
a product-like cycloadduct, with the nal step being cycloelimination of the
product to regenerate the cofactor.7 This mechanism is best established for ferulic
acid decarboxylase (FDC), the rst prFMN-dependent enzyme to be discovered
and the enzyme on which most mechanistic studies have focused.7,13–18 A second
mechanism likely operates in enzymes that catalyze decarboxylation of electron-
rich aromatic carboxylic acids, such as AroY.19 Here, electrophilic addition of the
substrate to C10 of prFMN provides a plausible route to facilitate decarboxylation
of the aromatic ring (Fig. 1).19

Since their discovery, it has become apparent that prFMN-dependent (de)
carboxylases are widely distributed in microbes,9,20 with ∼35 000 putative decar-
boxylase sequences currently listed in the UbiD UniProt Pfam database. Only
a relatively small number of prFMN-dependent enzymes have been biochemically
characterized, but it appears that many are involved in the bacterial metabolism
of aromatic hydrocarbons. This observation has generated intense interest in
exploiting UbiD-like enzymes as selective and environmentally benign catalysts
for (de)carboxylation reactions in industrial applications, with recent studies
highlighting their potential utility for catalyzing C–C bond forming
reactions.12,21,22
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 208–222 | 209
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Fig. 1 Divergent reaction mechanisms of prFMN dependent decarboxylases: (Top) 1,3-
dipolar cycloaddition mechanism proposed for the decarboxylation of cinnamic acid by
FDC. (Bottom) Electrophilic addition mechanism proposed for the decarboxylation of
protocatechuic acid by AroY.
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A key mechanistic feature of UbiD-like enzymes is their ability to catalyze the
exchange of a proton in the product with water, which occurs by partial reversal
of the reaction. We have previously demonstrated the exchange of solvent
deuterium into both styrene and phenazine catalyzed by the prFMN-dependent
enzymes FDC and phenazine-1-carboxylate decarboxylase (PhdA) respec-
tively.17,23 Signicantly, this exchange reaction can be observed under condi-
tions in which no carboxylation products can be detected. We have used this
property of prFMN-dependent enzymes to screen a range of small aromatic
molecules for their ability to react with prFMN, and hence potentially to act as
substrates for UbiD-like enzymes. Using FDC as a test case, we show that the
enzyme can catalyze H/D exchange for a diverse range of compounds, implying
210 | Faraday Discuss., 2024, 252, 208–222 This journal is © The Royal Society of Chemistry 2024
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that they react with the cofactor and thus may be substrates for UbiD-like
enzymes.

Results and discussion

FDC, like many prFMN-dependent enzymes, exhibits a high degree of promiscuity
in the substrates it will decarboxylate. In addition, it was previously found that
mutating Ile330 in the substrate-binding cavity to Ser further extended the
substrate range of FDC.24,25 Moreover, FDC is one of the easier UbiD-like enzymes
to work with because it can be puried as the active holoenzyme. In contrast,
many other UbiD-like enzymes require a complex reconstitution procedure to
form the holoenzyme that needs enzymatically synthesized prFMN. For these
reasons, we chose FDC as the model enzyme for our substrate-screening
approach.

Based on the structures of the carboxylic acids previously reported as
substrates, we assembled a library of aromatic and heterocyclic compounds to
test as substrates for FDC-catalyzed H/D exchange, which is shown in Fig. 2.
Among these compounds we included non-physiological substrates that were
previously reported to be decarboxylated by FDC, and for which one would expect
to observe H/D exchange.

In a typical exchange reaction, FDC or FDC-I330S, 10 mM, was incubated in
buffered D2O (∼99 mol% deuterium; pD = 6.5) for 16–18 h at 30 °C with the
substrate of interest at 2 mM concentration. Stock solutions of all the substrates
were prepared in DMSO to enhance solubility, so that the nal reactions typically
contained 1–5% DMSO. For each compound examined, two control reactions
were set up to account for non-enzymatic H/D exchange: in one reaction no
Fig. 2 Substrate library for screening FDC-catalyzed solvent H/D exchange grouped by
compound type: (a) aromatic hydrocarbon compounds; (b) heterocyclic compounds; (c)
phenolic compounds; (d) compounds based on the cinnamic acid framework; (e) other
aromatic compounds.

This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 208–222 | 211
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enzyme was added; in the other, apo-FDC was added that had been recombinantly
expressed and puried from an E. coli strain in which the endogenous ubiX gene
had been deleted.17

The reactions were quenched by adding acetonitrile and their deuterium
content analyzed by UHR-MS. To detect the generally low levels of deuterium
exchange in these experiments, we used an Orbitrap Fusion Lumos Tribrid mass
analyzer to provide sufficient resolution to separate the natural abundance 13C
peak (M13C) from the peak due to 2H (a mass difference of 0.0029 amu). Under the
experimental conditions used, we were condently able to detect 2H incorpora-
tion (MD peak) with a lower limit of 0.03 mol%.

The compounds that showed signicant H/D exchange, i.e. reliably above
background levels, in our initial screening experiments are summarized in Fig. 3
Fig. 3 (a) Plot showing solvent deuterium incorporation in various substrates catalyzed by
purified, holo-FDC. Mol% deuterium incorporations (% MD) are shown relative to molec-
ular ion (M) peak for each compound. (b) Mass spectrum showing the calculated and
experimental M, M13C and MD peaks for 3-phenylpropanamide substrate. (c) Mass spectra
for 3-phenylpropanamide of the experimental reaction, no enzyme, and no cofactor
controls overlayed for comparison.

212 | Faraday Discuss., 2024, 252, 208–222 This journal is © The Royal Society of Chemistry 2024
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and Table S1.† It is apparent that nitrogen-containing heterocycles predominate
as hits in this screen. Benzimidazole showed the greatest deuterium incorpora-
tion, although this compound also undergoes signicant non-enzymatic H/D
exchange. Interestingly, other non-heterocyclic compounds that approximate
the phenylacrylic acid framework e.g., phenylpropionamide, 4-carbox-
yphenylpropionic acid and 3-carboxyphenylpropionic acid also showed signi-
cant deuterium incorporation with respect to control reactions. Equally intriguing
is the observation of H/D exchange with 2-phenylethylamine and 3-phenyl-
propylamine. It is logical to assume that H/D exchange occurs on the unactivated
aromatic ring, with the amino functionality providing solubility, although the low
levels of deuterium incorporation do not allow us to identify where in the mole-
cule the isotope is introduced.

Our initial screening studies also revealed some limitations to this approach.
Although the methodology provides a very sensitive test for whether a compound
can be activated by prFMN, this approach requires that the non-enzymatic,
background rate of deuterium exchange into the compound of interest is low
or negligible and also that the compound can be analyzed by a suitable high
resolution MS technique. These limitations prevented us from evaluating two
classes of aromatic compounds as substrates for FDC. Thus, the unfunctionalized
aromatic and unsaturated hydrocarbons, shown in Fig. 2a, although of signicant
interest as UbiD-like enzyme substrates, could not be reliably evaluated due to
their low solubility and the technical difficulty of analyzing small amounts of
these compounds by high-resolution MS (Fig. S1†). Even styrene, which we
previously showed by NMR undergoes FDC-catalyzed deuterium exchange, could
not be reliably detected by MS due to its unfavorable ionization properties.
Phenolic compounds represent another class of interesting potential substrates
that we were unable to analyze. Although phenols can be readily ionized and
detected by electrospray MS, high rates of non-enzymatic H/D exchange, due to
keto–enol tautomerism, obscured any potential enzymatically catalyzed H/D
exchange (Fig. S1d†).

Our initial studies were performed using puried FDC, but we subsequently
switched to using freeze-dried cell lysates prepared from E. coli strains over-
expressing FDC and the cognate prenyl-transferase, PAD1, with the aim of
increasing the degree of H/D exchange.25 Control reactions were set up in which
substrates were incubated in buffered D2O under identical conditions to account
for non-enzymatic H/D exchange. As a further control, lysates were prepared from
aDubiX E. coli strain that expresses FDC but cannot make prFMN (Fig. S2 and S3†)
to account for any potential non-prFMN dependent H/D exchange. Using this
approach, the amount of H/D exchange observed in the experimental reactions
increased signicantly (Fig. 4 and Table S2†), whereas the amount of H/D
exchange in the control reactions remained similar.

As expected, compounds that were active with puried enzyme were also active
with FDC present in crude cell lysates. It appears that other proteins in the cell
lysate may stabilize FDC, resulting in higher levels of H/D exchange. In general,
substrates containing N-based heterocycles showed signicant deuterium incor-
poration. In particular, we observed that several heterocyclic carboxylic acids
underwent moderate to high deuterium incorporation compared to other
substrates. For example, pyridine 2-, 3-, and 4-carboxylic acids showed deuterium
incorporations varying from ∼28 to 79% (see also Fig. S4†). In contrast, the
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 208–222 | 213
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Fig. 4 Exchange of deuterium into compounds catalyzed by FDC in lyophilized cell-free
extracts. % deuterium incorporations (% MD) are shown relative to molecular ion (M) peak
for each compound: (a) compounds showing less than 10%H/D exchange, (b) compounds
showing greater than 10% H/D exchange. (c) Mass spectrum showing the calculated and
obtained M, M13C and MD peaks for pyridine. (d) Mass spectra for pyridine of the experi-
mental reaction, no enzyme, and no cofactor controls overlayed for comparison.
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corresponding methyl esters of these carboxylic acids and the 2-, 3- and 4-nitro
pyridines did not show any deuterium exchange when tested as potential
substrates. These results suggest that the carboxylate group may be important for
binding and/or orientation of these substrates in the active site of FDC.

In a few cases, the use of cell lysates resulted in a sufficient increase in H/D
exchange for the position of deuterium incorporation to be established by NMR.
This is best illustrated for the case of indole. For this compound 1H NMR analysis
clearly shows that the proton on C-3 of the indole ring is exchanged with solvent
(Fig. 5). We note that indole-2-carboxylic acid has been reported as a substrate for
FDC24,25 and that H/D exchange of indole has also been previously reported;
however the NMR spectrum was mis-interpreted to assign the site of deuterium
exchange to be C-2.25 Similarly, for the case of pyridine 4-carboxylic acid, NMR
analysis indicated that the proton at C-3 exchanges with solvent (Fig. S5†). Based on
these observations we tested both indole-2-carboxylic acid and indole-3-carboxylic
acid as substrates for FDC (Fig. S6†). We found that FDC could catalyze the
decarboxylation of both compounds, consistent with previous reports.26 This
example encouraged us to examine whether carboxylic acid derivatives of other
molecules that show H/D exchange in the screen would be substrates for FDC.

To examine the scope of FDC-catalyzed decarboxylation we screened 60
commercially available carboxylic acid derivatives of the compounds described
above that could potentially be substrates for FDC, based on our observation of H/
214 | Faraday Discuss., 2024, 252, 208–222 This journal is © The Royal Society of Chemistry 2024
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Fig. 5 FDC-catalyzed H/D exchange at C-3 of indole monitored by 1H-NMR.
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D exchange in these compounds. The various compounds, shown in Fig. 6, were
reacted with holo-FDC or holo-FDC-I330S mutant and the formation of decar-
boxylated products determined by HPLC. In a typical decarboxylation reaction,
FDC or FDC-I330S, 10 mM, was incubated in 20 mM phosphate buffer (pH 6.5) for
between 10 min and 18 h at room temperature or 30 °C with the substrate of
interest at 2 mM concentration. Stock solutions of all the substrates were
prepared in DMSO to enhance solubility, so that the nal reactions typically
contained 1–5% DMSO. Under the conditions of the reaction, decarboxylation
should be strongly favored.

Somewhat surprisingly, apart from the two indole carboxylic acids, only 4 of
the carboxylic acids tested were decarboxylated by FDC at detectable levels: these
compounds (highlighted in Fig. 6) were pyrrole-2-carboxylic acid, naphthalene-2-
carboxylic acid; benzofuran-2-carboxylic acid and benzothiophene-2-carboxylic
acid.24 Interestingly, although the pyridine carboxylic acids showed high levels
of H/D exchange for all 3 substitution patterns, none of them were substrates for
decarboxylation. We further tested all 6 of the possible pyridine dicarboxylic acid
Fig. 6 Carboxylic acids screened as substrates for (a) holo-FDC; (b) holo-FDC-I330S.
Compounds showing detectable levels of decarboxylation are highlighted.

This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 208–222 | 215
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isomers, so, in principle, a carboxylate group would have to occupy the site of H/D
exchange. However, we found no evidence that FDC catalyzed the decarboxylation
of any of these compounds.

To our knowledge, this is the rst study to compare the ability of substrates to
react with prFMN, as assessed by H/D exchange, with the ability of the enzyme to
decarboxylate the cognate carboxylic acid. The discrepancy between the relatively
large number of molecules that undergo FDC-catalyzed H/D exchange – implying
that they react to form covalent adducts with prFMN in the enzyme active site –

compared with the relatively small subset of carboxylic acid derivatives that
undergo decarboxylation is informative. This observation indicates that the
requirements for (de)carboxylation are more stringent than simply the ability of
the substrate to react with prFMN to form an activated substrate adduct. The
enzyme presumably also needs to correctly orient the carboxylate group in the
active site and facilitate its deprotonation to catalyze decarboxylation.

Two modes of catalysis are proposed for prFMN-dependent enzymes: the
cycloaddition mechanism is more likely to operate with electron-poor aromatic
systems (Fig. 1 top) whereas electron-rich aromatics favor the electrophilic
additionmechanism (Fig. 1 bottom). Our experiments do not distinguish between
these mechanisms, but we note that both electron-rich molecules, such as
pyrroles and indoles, and electron-poor molecules such as pyridine carboxylic
acids undergo H/D exchange suggesting that FDC supports both modes of reac-
tion. Furthermore, the fact that FDC can catalyze H/D exchange with many small
molecules such as diazole that lack an obvious resemblance to the native
substrate for FDC, suggests that these molecules are intrinsically reactive towards
prFMN. Presumably they bind non-specically and sub-optimally in the hydro-
phobic active site of FDC, which would account for the low levels of H/D exchange.
On the other hand, one might envision that these molecules could be efficient
substrates for UbiD-like enzymes that had evolved to recognize them.

Some nitrate and sulfate reducing bacteria are able to grow on benzene as a sole
carbon source under strictly anaerobic conditions.27 Labelling studies indicate that
benzene is rst converted to benzoic acid, which is a common metabolite in the
bacterial fermentation of aromatic compounds. There is intriguing but indirect
evidence from genomic and RNA transcript analysis that the carboxylation of
benzene maybe catalyzed by a UbiD-like enzyme.28,29 It is therefore particularly
interesting that a number of molecules that contain an unactivated benzene ring,
e.g. 3-phenylpropionamide (Fig. 4), undergo FDC-catalyzed H/D exchange,
presumably on the aromatic ring, albeit at low levels. (The technical limitations we
encountered in analyzing benzene, described above, unfortunately prevented us
from drawing any conclusions as to whether FDC catalyzes H/D exchange on this
extremely stable aromatic system.) The observation of H/D exchange on otherwise
inert aromatic compounds suggests that the UbiD enzymes might be further
developed as catalysts to selectively carboxylate aromatic systems. Such trans-
formations would be especially useful if the resulting carboxylic acid can be
removed from the system by further chemical transformations, e.g. by reduction or
amidation, as has been recently demonstrated with FDC.21

So far, a relatively small number of prFMN-dependent enzymes have been
biochemically characterized to the extent that their substrates are known.
However, there are ∼35 000 sequences currently annotated as UbiD-like enzymes
in the InterPro Pfam database. To better estimate the number of different UbiD-
216 | Faraday Discuss., 2024, 252, 208–222 This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Sequence similarity network analysis of the UbiD Pfam, (edge threshold, E = 100)
with locations indicated for UbiD enzymes with known or inferred catalytic activities.
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like (de)carboxylases we analyzed the entire UbiD Pfam using the Enzyme Simi-
larity Network (ESN) tool30,31 developed by the Enzyme Function Initiative (Woese
Institute for Genomic Biology, U. Illinois). ESN allows very large datasets to be
analyzed and provides a useful guide to the potential diversity of function rep-
resented in the population.30,31 The sequence similarity network (SSN) generated
from analysis of the UbiD Pfam is shown in Fig. 7, onto which are mapped the
positions of known UbiD-like enzymes. It is evident from the SSN analysis that
there are many clusters from which an enzyme has yet to be characterized. This
observation suggests that UbiD-like enzymes may catalyze the (de)carboxylation
of a signicantly wider array of molecules than has so far been observed.

Lastly, we note that although all the UbiD-like enzymes so far characterized are
(de)carboxylases, in principle the activation of unsaturated molecules by reaction
with prFMN renders them reactive towards other electrophilic molecules. As such,
there is the potential for engineering this family of carboxylases towards C–C bond
forming reactions with electrophiles such as aldehydes, as has been achieved for
some other classes of decarboxylases.2 Indeed, given the large and diverse collection
of sequences represented in the UbiD Pfam, it is tempting to speculate that some of
these enzymesmay have evolved to catalyze reactions other than (de)carboxylations.
Conclusions

The experiments presented here demonstrate that the simple H/D solvent
exchange reaction, that is a central mechanistic feature of prFMN-dependent
enzymes, provides a very sensitive screen to examine the activation of small
molecules by reaction with this cofactor. As a test case, we showed that FDC can
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 208–222 | 217
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catalyse H/D exchange of a very wide array of aromatic and heterocyclic molecules,
many of which bear little resemblance to the natural substrate. This screening
strategy is quite general and can, in principle, be applied to examine the substrate
scope of any prFMN-dependent enzyme. Two caveats emerged from this study.
Molecules with protons that can exchange non-enzymatically, e.g. phenolic
compounds, cannot be reliably screened due to a high background rate of H/D
exchange. Also, very hydrophobic molecules that have poor ionization charac-
teristics, e.g. unfunctionalized hydrocarbons, proved unsuitable for analysis with
the MS instrumentation at our disposal.

A surprising nding is that although many molecules underwent H/D
exchange, implying that they reacted with prFMN, very few molecules were
substrates for decarboxylation. This observation implies that decarboxylation is
functionally distinct from the formation of a substrate– or product–prFMN
adduct. The constraints for carboxylic acids binding productively within the active
site are presumably more stringent than those for the corresponding product
molecule. This separation of the two halves of the catalytic cycle – decarboxylation
and protonation – suggests that it may be possible to engineer UbiD-like enzymes
to accept other electrophiles apart from CO2. Our SSN analysis suggests that there
are many so far uncharacterized UbiD-like enzymes; these may prove valuable
catalysts for (de)carboxylation reactions and possibly even catalyse other types of
C–C bond forming reactions with suitable electrophiles.
Materials and methods

Substrates for screening in H/D exchange and decarboxylation reactions were
purchased from Sigma-Aldrich, Enamine Building Blocks, Ambeed, TCI Chem-
icals, Fisher Scientic, 1Click Chemistry, Acros Organics, Combiblocks, Alfa
Chemistry, Matrix Scientic, Santacruz Biotechnology and AK Scientic. IPTG and
kanamycin sulfate were obtained from GoldBio and Thermo Scientic respec-
tively. Histrap columns were obtained from Cytiva. 10 DG desalting columns were
obtained from Bio-Rad. Amicon Ultra centrifugal lter devices (10 000 MWCO)
were obtained from Millipore. Centrifugal lters for protein ltering were ob-
tained from VWR. Deuterium oxide, DMSO-d6 and acetonitrile-d3 were obtained
from Cambridge Isotopic Laboratory. Kinetex LC-18 HPLC column (5 mm particle
size, L × I.D. 250 mm × 4.6 mm) was purchased from Phenomenex. HPLC and
LC-MS grade solvents (acetonitrile and formic acid) were purchased from Fisher
Chemicals. HPLC grade triuoroacetic acid was purchased fromMillipore Sigma.
Overexpression and purication of holo-FDC, FDC-I330S mutant and apo-FDC

Expression and purication of recombinant holo-FDC from a recombinant E. coli
expressing the S. cerevisiae FDC gene and a truncated form of the cognate prFMN
synthase gene tPAD was performed as described previously.18 The FDC-I330S
mutant was constructed by standard site-directed mutagenesis protocols using
the Agilent quick change II XL kit. The primers used were forward primer: gac-
gaaacccatacgctgagcggtagcctg, reverse primer: caggctaccgctcagcgtatgggtttcgtc.
FDC-I330S was overexpressed and puried using the same procedure as for holo-
FDC. Apo-FDC was prepared from a recombinant E. coli strain from which the
endogenous ubiX gene had been deleted as described previously.18
218 | Faraday Discuss., 2024, 252, 208–222 This journal is © The Royal Society of Chemistry 2024
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Preparation of cell-free protein powders

E. coli strains overexpressing holo-FDC, holo-FDC-I330S mutant or apo-FDC were
resuspended in 20 mM potassium phosphate, 500 mM potassium chloride,
10 mM imidazole, 5% glycerol, pH 7.5 (4 mL of buffer/1 g of cell pellet), EDTA-free
protease inhibitor tablets (Roche), lysozyme (4 mg lysozyme/1 g of cell pellet), and
Benzonase nuclease (Sigma-Aldrich). Cells were lysed by sonication (10 s pulses
with 30 s pauses for a total of 15 min of sonication) and the resulting lysate
claried by centrifugation at 13 000 rpm at 4 °C for 45 min. Aer centrifugation,
the supernatant was lyophilized overnight to obtain the crude protein powder.25

The enzymatic activity of the powders was determined as described in the
supplementary information, Fig. S7.†
MS analyses

All mass spectrometric data were acquired using a Thermo Scientic Lumos
Tribrid MS instrument. The orbitrap analyzer was used with a heated-ESI probe
and samples were analyzed in either positive or negative ion mode (positive ion
spray voltage was 3500 V, negative ion spray voltage was 2500 V, sheath gas 5 Arb
units, aux gas 4 Arb units, sweep gas 2 Arb units, ion transfer tube temperature
320 °C, vaporizer temperature 60 °C, scan type was MS scan, orbitrap resolution
240 000, RF lens 30%, normalized AGC target 100%, direct injection ow 20
mL min−1). All MS data analysis was performed using the FreeStyle soware
package.
HPLC analyses

All HPLC analyses were performed on a Shimadzu Prominence LC-20AT series
chromatography system equipped with a diode array detector. A Phenomenex
kinetex C18 column (5 mm particle size, 250 × 4.6 mm) was used to obtain
separation at a ow rate of 0.5 mL min−1 and a detection wavelength of 260 nm
(unless specied otherwise). The mobile phase consisted of 0.1% triuoroacetic
acid in water (buffer A) and 0.1% triuoroacetic acid in acetonitrile (buffer B).
Different methods were employed for different analytes. HPLC method 1: 0 min –

50%B, 5 min – 50%B, 15 min – 95%B, 20 min – 95%B, 20.1 min – 50%B, 27 min –

50%B. HPLCmethod 2: 0 min – 5%B, 1min – 55%B, 2min – 55%B, 5min – 55%B,
15 min – 60%B, 16 min – 95%B, 19 min – 95%B, 19.5 min – 5% B, 25 min – 5% B.
HPLC method 3: 0 min – 5%B, 5 min – 5%B, 30 min – 100%B, 35 min – 100%B,
35.1 min – 5%B, 42 min – 5%B. Flow rate 0.4 mL min−1. HPLC method 4: 0 min –

10%B, 5 min – 10%B, 12 min – 100%B, 17 min – 100%B, 17.1 min – 10%B, 22 min
– 10%B. Solvents, buffer A consisted of 10mMTris/Cl pH 7.2 in water and buffer B
was 10 mM Tris/Cl pH 7.2 in 60% acetonitrile : 40% water mixture.
H/D exchange reactions

Reactions were performed in D2O (∼99%) buffered with 20 mM potassium
phosphate (pD 6.5) containing 10–20 mM holo-FDC, or holo-FDC-I330S mutant,
with the substrate of interest at 2 mM. Stock solutions of all substrates were made
up as 100× in DMSO. Reactions were incubated for 16–18 h at 30 °C with shaking
at 1000 rpm. The reaction was quenched by addition of an equal volume of
acetonitrile followed by centrifugation to remove the protein. The supernatant
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 208–222 | 219
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was analyzed by UHR-MS, as described before, to determine the deuterium
content of the substrates. Control reactions were performed containing no
enzyme or containing apo-FDC. H/D exchange reactions using cell-free extracts
were performed similarly. In this case, lyophilized protein powder was dissolved
in D2O (∼99%) buffered with 20 mM potassium phosphate (pD 6.5) to give holo-
FDC, holo-FDC-I330S or apo-FDC concentrations of ∼60–70 mM.

Decarboxylation reactions

Substrates were evaluated for decarboxylation by incubating them with puried
holo-FDC or holo-FDC-I330S mutant (10 mM) in 20 mM potassium phosphate
buffer (pH 6.5). Substrate were present at 2 mM nal concentration, diluted from
100× stocks made up in DMSO. Reactions were performed at room temperature
or 30 °C with shaking at 1000 rpm for varying times, ranging from 10 min to 18 h.
Reactions were quenched by addition of acetonitrile followed by centrifugation to
remove the protein. The supernatant was analyzed by HPLC to detect decar-
boxylated products or substrate consumption. Control reactions were performed
containing no enzyme or containing apo-FDC.
Abbreviations
FMN
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Flavin mononucleotide

prFMN
 Prenylated FMN

FDC
 Ferulic acid decarboxylase

SSN
 Sequence similarity network

DMAP
 Dimethylallyl phosphate

DMAPP
 Dimethylallyl pyrophosphate

IPTG
 Isopropyl-b-D-1-thiogalactopyranoside

tPAD
 Truncated phenylacrylic acid decarboxylase

ESI
 Electrospray ionization

APCI
 Atmospheric pressure chemical ionization
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