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Bioinformatic and biochemical analysis uncovers
novel activity in the 2-ER subfamily of OYEs7
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Members of the old yellow enzyme (OYE) family utilize a flavin mononucleotide cofactor to catalyze the
asymmetric reduction of activated alkenes. The 2-enoate reductase (2-ER) subfamily are of particular
industrial relevance as they can reduce o/f alkenes near electron-withdrawing groups. While the
broader OYE family is being extensively explored for biocatalytic applications, oxygen sensitivity and
poor expression yields associated with the presence of an Fe/S cluster in 2-ERs have hampered their
characterization. Herein, we explore the use of pseudo-anaerobic preparation as a route to more
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widespread study of these enzymes and apply bioinformatics approaches to identify a subset of 2-ERs
containing unusual mutations in both a key catalytic residue and the Fe/S cluster-binding motif.
DOI: 10.1039/d4cb00289j Biochemical analysis of a representative member from Burkholderia insecticola (OYEBI) reveals novel

N-methyl-proline demethylation activity, which we hypothesize may play a role in osmotic stress
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Introduction

Non-metalloenzyme members of the old yellow enzyme (OYE)
family are single-domain flavin mononucleotide (FMN)-depen-
dent oxidoreductases that utilize nicotinamide adenine dinu-
cleotide (NAD(P)H) to drive the asymmetric reduction of acti-
vated alkenes, affording chiral products. Substrate conversion
proceeds via a bi-bi-ping-pong mechanism wherein nicotinamide
initially reduces the flavin cofactor, which subsequently reduces
the primary substrate via hydride transfer to the B-carbon of the
activated alkene. The resultant substrate anion is then protonated
at the o-carbon by solvent or a proximal tyrosine (Tyr196 in OYE1)
to yield a trans-hydrogenated product (Fig. 1)." As most hydro-
genation reactions favor syn-addition, there is significant interest
in the biocatalytic application of OYEs to sustainably produce
industrially relevant compounds, such as chiral intermediates,
polymer precursors, and diverse pharmaceutical products.?
Current synthetic routes to generate nylon, for example,
often require harsh and environmentally hazardous conditions.*”
The synthesis of adipic acid, a nylon 6,6 monomer, releases the
potent greenhouse gas nitrous oxide as a byproduct, making it a
significant contributor (1-2%) to U.S. manufacturing-linked
emissions.” Biocatalytic production of adipic acid is therefore
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regulation based on genomic neighborhood analysis.
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Fig. 1 Canonical OYE reaction.
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highly desirable and has been demonstrated via the enzymatic
reduction of cis,cis-muconic acid.>” While non-metalloenzyme and
engineered OYEs are unable to efficiently reduce o/B-unsaturated
monocarboxylic acids and monoesters, limiting their utility in
this area, 2-enoate reductase (2-ER) members of the family have
been shown to catalyze the reduction of o/f alkenes adjacent to
electron-withdrawing groups (EWGs), such as carboxylic acids.
Other reported non-canonical oxidative reactions among 2-ERs
include the deamination of histamine® and demethylation of
trimethylamine."® Despite this diverse and industrially significant
reactivity, the subfamily remains underexplored.

2-ERs commonly possess a flavin adenine dinucleotide
(FAD)-binding domain, in addition to the core (a,f)s triosepho-
sphate isomerase (TIM) barrel fold, which houses the catalytic
FMN cofactor in OYEs.'®'' Among characterized enzymes,
a four-cysteine motif (CX,CX, 3CX;1C), located at the interface
of these two domains, coordinates a [4Fe-4S] cluster believed
to facilitate electron transfer between the two flavin cofactors
(typically separated by a distance of ~15 A). Sensitivity to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecular oxygen imparted by this metallocofactor complicates
enzyme expression, purification, and handling. Fourth-wave
biocatalytic approaches, however, such as bioinformatics, arti-
ficial intelligence and other computational tools, can help to
more systematically approach identification and characterization
of these enzymes.'” The former has been employed to explore
reactivity within the OYE family at large. A series of sequence
similarity networks (SSNs) have been particularly useful for
refining OYE classification and enabling the systematic investi-
gation of sequence-function space for novel activity.'”'""'* From
these analyses, approximately one-quarter of the family are
predicted to be 2-ERs. Unfortunately, previous studies intentionally
excluded or limitedly explored 2-ER reactivity due to challenges
associated with wet-lab manipulation.

Given the compelling biocatalytic and industrial relevance of
OYE 2-ERs, we attempt to bridge this knowledge gap by directly
investigating the functional diversity within the subfamily.
Leveraging similar bioinformatic analyses, we identify a series
of sequence features that may signal novel 2-ER -catalytic
function and select a subset of these for further study. Biochem-
ical characterization of a representative enzyme with an altered
Fe/S cluster-binding motif reveals unexpected dual reactivity,
potentially suggesting a broader functional role in supporting
cellular resilience for this and related enzymes. We additionally
demonstrate the utility of a pseudo-anaerobic approach to
yield active enzyme. These findings pave the way for expanded
exploration of 2-ERs, both as versatile biocatalysts in sustainable
industrial processes and as potential participants in cellular
stress-response pathways.

Results and discussion
Bioinformatics reveals a non-canonical Fe/S-cluster binding motif

The number of sequences annotated as OYE-like enzymes in
UniProt (PF00724) has grown dramatically in recent years,
increasing by more than 60% since 2018. We, therefore, began
our investigation by constructing an updated SSN of the family
containing 115,314 homologous OYE sequences at an edge
threshold of 10~®’. This approach grouped sequences with
greater than 50% sequence identity (ID) into single nodes
and recapitulated clustering behavior similar to that of earlier
networks (Fig. S1, ESIT).'® Although OYEs are widespread in
both eukaryotes and prokaryotes, our analysis indicates that
2-ERs are primarily (~95%) bacterial in origin (Fig. S2A, ESIT).
Notably, they have an average sequence length (~ 700 residues)
approximately double that of more well-studied OYE subfami-
lies (Fig. S2B, ESIt). This observation is consistent with the
bi-domain architecture observed in characterized enzymes, and
is further supported by domain analysis, which indicates that
96% of 2-ER sequences contain a FAD-binding domain—the
most common being Pfam PF07992 (Table S1, ESIf).%'*"

To further investigate 2-ER diversity, associated sequence
data were extracted to generate a higher-resolution 2-ER SSN
(80% ID and E-value cutoff of 10~ *°, see Methods). This analysis
yielded twenty-seven clusters that each contain at least 100
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sequences (Fig. 2(A)). Smaller clusters were excluded from further
analysis due to limited statistical significance. Structurally char-
acterized members of the 2-ER subfamily include 2,4-dienoyl CoA
reductase (DCR) from cluster 1 of the higher-resolution SSN;'* 6-
hydroxypseudooxynicotine amine oxidase (HisD),'® trimethyl-
amine dehydrogenase (TMADH),"” and histamine dehydrogenase
(HADH)® from cluster 3; and 2-naphthoyl-CoA reductase (NCR)
from an unnumbered sparse cluster.'®

Deeper exploration reveals heterogeneity of key catalytic
residues and cofactor binding motifs.”® As is true for classical
OYEs, the active site tyrosine, believed to serve as a proton
donor for the enolate intermediate (Tyr196 in OYE1),? is strictly
conserved within clusters 1 and 4. Clusters 2 and 3, by contrast,
deviate from this norm. An active site histidine replaces tyrosine
in cluster 3 and likely fulfills a similar proton-transfer role,
while cluster 2 displays significant variability in this position
(26% Ser, 23% Thr, 23% Gly, 15% Tyr and 13% His). The
related FAD-dependent Type II UDP-N-acetylenolpyruvyl-
glucosamine reductases (MurB) utilize serine or cysteine as
analogous proton donors, while mutagenesis studies of chro-
mate reductase (CrS) and other traditional OYEs suggest sol-
vent may also be a suitable alternative.”’”>* Whether alkene
reduction activity is retained among 2-ERs that lack the cano-
nical catalytic Tyr, however, remains to be seen.

Heterogeneity is additionally observed within the four-
cysteine Fe/S cluster-binding motif that may have implications
for the catalytic role of the cluster.** These residues have been
strictly conserved among OYE 2-ERs characterized to date,
however, five clusters (8, 9, 17, 21, and 26) lack this motif
altogether. Intriguingly, examination of their domain architec-
tures indicates that they appear to have maintained an FAD-
domain (Fig. S3, ESIt). Although these clusters comprise only
4% of the 2-ER subfamily, their sizes suggest that constituent
enzymes are likely catalytically active. Further investigation is
needed to evaluate their potential for catalyzing novel chemis-
tries, including the possibility of oxygen-insensitive reactions
that may be attractive for industrial applications.

Sequences in cluster 2, the second largest cluster in the 2-ER
family, by contrast, overwhelmingly (~92%) possess a modi-
fied [4Fe-4S] cluster-binding motif depicting an alanine muta-
tion at the second position (corresponding to Cys337 in DCR;
Fig. 2(B)). Various other nonpolar amino acids occupy that
position among the remaining 8% of sequences within the
cluster. As there are no additional cysteines nearby that could
indicate a shift in the motif, it seems likely that, if a [4Fe-4S]
cluster is bound by these enzymes, it is either unusually
coordinated to a non-thiolate residue at another position or
retains an open coordination site. Unusual Fe/S-cluster coordi-
nation motifs are increasingly recognized as key features in
enzyme reactivity;>>>®> however, no cluster 2 homologs have
been biochemically or structurally characterized to date. Thus,
we selected a representative for further investigation.

Expression of a representative enzyme from cluster 2

More specifically, we examined cluster 2 for sequences con-
taining both the Cys-to-Ala mutation, as well as mutation of the
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Fig. 2 Sequence analysis of the 2-ER subfamily of OYEs (A) SSN of 2-ERs. Structurally characterized sequences are highlighted with a blue square, and
OYEBi is marked with an orange triangle. (B) Sequence logo comparing the Fe/S-binding domains within differing 2-ER clusters. Note that the total height
of each stack indicates the overall sequence conservation of that position, while the height of each letter corresponds to the relative frequency with

which that amino acid occupies the given position.*°

catalytic Tyr. To provide a higher probability of soluble expres-
sion, we focused on sequences at the lower end of the size
distribution. OYEBI (Transcript ID: BAO89787), encoded by the
BRPE67_CCDS01850 gene in Burkholderia insecticola, is one
such enzyme, which features a Tyr-to-His mutation (His175)
analogous to that of sequences from cluster 3, along with the
modified Fe/S-cluster binding motif containing alanine
(Ala348) in place of a canonical Cys. Our interest in OYEBi
was further heightened by its production within a genus that
includes strains of clinical and agricultural importance due to
their pathogenicity.

Before attempting to express the enzyme, we first investi-
gated structural implications of the aforementioned mutations
in silico. The resultant high-confidence AlphaFold model sug-
gests OYEBi adopts a fold very similar to the canonical 2-ER,
DCR (Fig. S4A, ESI%).">*® Overlay of the structures yields a root-
mean-square deviation of the peptide backbone of 1.79 A over
425 Co atoms. Examination of the active site, likewise, reveals
no largescale structural rearrangements. His175 overlays with
the catalytic Tyr (Tyr166 in DCR), though its backbone is
slightly shifted away (1.7 A) from the substrate binding pocket
(Fig. S4B, ESIt). While no other Tyr residue is close enough to
serve as a proton donor, two other residues with proton-donating
potential (His171 and Ser63) are positioned within ~3.5 A. In
the absence of a high-resolution substrate-bound structure, it is
difficult to determine which of these three residues, if any, is

414 | RSC Chem. Biol., 2025, 6, 412-422

catalytically relevant. However, their relative proximity may impart
some functional redundancy, as has been observed in DCR."

As expected, the unusual cysteine motif of OYEBI lies at the
domain interface and aligns well with the Fe/S cluster-binding
motif of DCR (Fig. S4C, ESI}). Although amino acids besides
cysteine have been reported to coordinate Fe/S clusters in other
systems,> our AlphaFold model does not support such a
binding mode in OYEBi. Instead, Ala348 directly overlays
with the second coordinating cysteine (Cys337) of DCR. This
arrangement positions the open coordination site of the cluster
closest to the FAD cofactor (Fig. S4C, ESIt), perhaps enhancing
the directional transfer of electrons, as reduced electron density
at this site may allow the unique Fe to act as an electron sink.
Given no apparent structural impediments to cluster binding,
we developed an expression and purification protocol under the
assumption that OYEBi can coordinate an Fe/S cluster.

2-ERs have historically been expressed and purified anaero-
bically in order to mitigate challenges associated with oxygen
sensitivity of their [4Fe-4S] clusters.'*" However, these methods
are difficult to implement on an industrial scale and do not
address poor incorporation of the metallocofactor during standard
heterologous expression. To further interrogate the impact of the
alanine mutation on cluster binding and explore alternative
approaches to generating 2-ERs more broadly, we surveyed three
expression protocols: fully anaerobic, pseudo-anaerobic, and aero-
bic. Efficient incorporation of the oxygen-sensitive metallocofactor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was additionally facilitated via co-expression with cellular
machinery associated with Fe/S-cluster assembly (see Methods).””
This approach was inspired by heterologous expression methods
routinely employed for the in vitro production of radical S-adenosyl-
L-methionine (SAM) enzymes, which also incorporate a canonical
[4Fe-4S] cluster.”® Note that expression of Fe/S cluster assembly
proteins was not induced during fully aerobic expression.

OYEBIi contains a [4Fe-4S] cluster

To verify the incorporation of an Fe/S cluster in OYEB, we first
employed inductively coupled plasma mass spectrometry (ICP-
MS) to estimate the number of Fe ions per enzyme. Results
for both fully anaerobic expression conditions and pseudo-
anaerobic expression followed by reconstitution are most con-
sistent with incorporation of a [4Fe-4S] cluster (Table 1), in
agreement with other FAD-containing 2-ER OYEs. In the
absence of reconstitution, the number of Fe ions per molecule
of OYEBi expressed under pseudo-anaerobic conditions decreases
significantly, perhaps indicative of oxidative damage.”® Although
fully aerobic expression unsurprisingly resulted in no detectable
Fe bound to the enzyme, OYEBi prepared this way was none-
theless stable in solution, suggesting that the Fe/S cluster does not
play a crucial structural role.

To further validate our hypothesis that OYEBi incorporates
an intact cubane cluster, we additionally performed electron
paramagnetic resonance (EPR) spectroscopy at 10 K. As iso-
lated, 2-ERs contain oxidized flavins and a [4Fe-4S]*" cluster.
OYEB:i is, therefore, EPR silent in the absence of reductant
(Fig. 3(A)). Addition of 10 molar equivalents sodium dithionite,
by contrast, produces a spectrum in which the isotropic feature
(g = 2.005) associated with flavin semiquinones overlaps with
the rhombic signal characteristic of [4Fe-4S]" (g-values of 1.9,
1.94, and 2.08).”°*° Consistent with the relaxation of rate of
paramagnetic iron species,*' the rhombic signal is diminished
at increasing temperatures (Fig. S5A, ESIt). Altogether, these
analyses support the coordination of a [4Fe-4S] cluster in OYEBi.

OYEBi is oxygen sensitive and displays a preference for NADH

Before exploring the catalytic range of OYEBI, assay conditions
for optimal activity were determined with R-carvone as an
exploratory substrate under fully anaerobic conditions. R-Carvone
is efficiently converted to dihydrocarvone by most OYEs, making it
a useful starting point for assessing OYE activity."'° We began our
investigation by determining the optimum buffer pH for reactivity.
Toward that end, OYEBi was reacted with substrate in a series of
different conditions ranging from pH 5.8 to 10 (100 mM phosphate
buffer for pH < 8, and 50 mM CAPS for pH > 8.5) with a
20 pM 1: 1 NAD(P)H cocktail. Percent conversion was then assessed
via gas-chromatography mass spectrometry (GC-MS) quantitation

Table 1 ICP-MS results displaying mol of Fe/mol of enzyme for each
expression condition

Anaerobic Pseudo-anaerobic  Aerobic
(+) Reconstitution — 4.82 + 0.03 0.74 + 0.00
(—) Reconstitution ~ 4.18 & 0.09  3.02 £ 0.20 0.41 + 0.00

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of OYEBi (A) EPR spectra. (B) pH-dependent
conversion of R-carvone to R,R- and S,R-dihydrocarvone. (C) Steady-
state kinetics of nicotinamide-dependence.

(see Methods). The most efficient activity was observed at pH 8
(Fig. 3(B)). The enzyme’s preference for nicotinamide adenine
dinucleotide (NADH) versus nicotinamide adenine dinucleotide
phosphate (NADPH) was subsequently determined at this
optimal pH. Spectrophotometric assays monitoring the con-
sumption of NAD(P)H vig its characteristic absorption at
340 nm yielded initial reduction rates of 0.37 pmol min *
and 0.60 pmol min~" for NADPH and NADH, respectively,
demonstrating a preference for NADH as the proton source.
Assuming Michaelis-Menten kinetics, K;, for NADPH is
167.25 + 0.18 pM, while K, of NADH is 92.84 pM =+ 0.08
(Fig. 3(C)). No product formation was observed in the absence
of enzyme or nicotinamide. Finally, we investigated the effect of
oxygen on OYEBi activity by exposing protein extract to air.
Samples were taken at time intervals of 15 min for one hour at
4 °C, and percent conversion again assessed by GC-MS

RSC Chem. Biol., 2025, 6, 412-422 | 415
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(Fig. S5B, ESIt). Activity was reduced by ~25% following 1 h of
exposure to air and was not restored by the reintroduction
of anaerobic conditions. All subsequent experiments were
performed in an anaerobic chamber with NADH at pH 8.0.

OYEBi catalyzes unusual demethylations alongside canonical
OYE and 2-ER activities

With optimal assay conditions in hand, we explored the substrate
scope of OYEBi using a diverse compound library of aliphatic and
cyclic alkenes bearing ketones, aldehydes, monocarboxylic acid
EWGs, and methyl-proline analogs. Each substrate was selected to
interrogate a particular facet of OYE activity reported in the
literature (Fig. 4(A)). Cinnamic acid (1) probed the ability of OYEBI
to catalyze 2-ER activity (i.e., the conversion of alkenes adjacent
to carboxylic acid EWGs). R-Carvone (3) and S-carvone (4)
assessed whether the enzyme retains traditional OYE activity,
while 2-methyl-2-cyclopentenone (5), 2-cyclopentenone (6),
and the Wieland-Miescher ketone (7) determined how this
traditional activity varies with size and steric hindrance. The
remaining substrates were included to test for less common or
novel OYE chemistries: 3-phenyl propionic acid (2) and levo-
dione (8) for desaturase activity, along with N-methyl-L-proline
(NMP; 9) and stachydrine (10) for demethylase activity.

OYEB;i expressed under fully anaerobic conditions catalyzed
the complete conversion of 1 to 2 with no detectable substrate
remaining at the end of the reaction, confirming retention of 2-
ER activity despite the altered Fe/S-cluster binding motif.
Complete conversion is consistent with the activity of other
2-ERs tested in vitro, such as FIdZ from Clostridium sporogenes

A Activity demethylase ‘
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Fig. 4 Activity of OYEBI. (A) Substrate panel. Compounds are colored by
tested activity. (B) Percent conversion detected via MS (see Table S2, ESIt
for exact values).
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DSM 795."* Pseudo-anaerobic expression conditions, by con-
trast, yielded 61.88 £+ 2.12% conversion of 1 to 2, and recon-
stitution could not fully restore activity (Fig. 4(B) and Table S2,
ESIT). Surprisingly, OYEBi expressed and purified under aero-
bic conditions was still capable of reducing 1 to 2, albeit in
substantially lower yields (6.52 + 4.17% conversion). To our
knowledge, OYEB is only the second 2-ER to display any such
activity upon aerobic expression.**

As expected from our optimization assays with 3, OYEB: is
also able to catalyze traditional OYE reactivity. Although the
presence of an Fe/S cluster is not required for such reactions by
traditional OYEs, maximal reduction to dihydrocarvone (3p)
was again consistently observed under fully anaerobic expression
conditions (Fig. 4(B) and Table S2, ESI}). In contrast to the results
with 1 described above, conversion of 3 by pseudo-anaerobic and
aerobic preparations of OYEBi were comparable and did not
significantly improve upon reconstitution. We hypothesize that
traditional OYE activity may be hindered by imperfect cluster
incorporation under these conditions. However, further explora-
tion is required to understand such behavior.

A comparison between 3 and 4 further reveals that OYEB{
exhibits enantiopreference for substrates in the R-conformation
(Fig. 4(B) and Table S2, ESIt). While the enzyme did not appear
to tolerate sterically hindered substrates—no conversion of 7 to 7p
was observed, it did show limited reactivity with the representative
small substrates (5 and 6; Fig. 4(B)). Approximately 2% of the
reduced product 2-methyl-2-cyclopentanone (5p) was detected
when OYEBi was expressed under anaerobic or pseudo-anaerobic
conditions in which the [4Fe-4S] cluster is assumed to be pre-
dominantly intact (Table S2, ESIt). Cyclopentanone (6p), by con-
trast, was only observed following fully anaerobic expression.
OYEBi did not display desaturase activity with 2 or 8 to generate
1 and ketoisophorone (8p), respectively. As desaturase activity may
require a cofactor capable of accepting electrons, we additionally
tested these substrates with NAD'. However, no conversion to
NADH was observed, confirming the absence of desaturase activ-
ity irrespective of the nicotinamide redox state (Fig. S6, ESIt).

In addition to the reductive chemistry associated with
traditional OYE and 2-ER reactivities, OYEB: is also capable of
performing oxidative demethylation. We observe up to 22.16 +
2.24% conversion of 9 to L-proline (9p). Both singly and doubly
demethylated products of 10 were also detected. Intriguingly,
aerobic expression yielded the greatest conversion of 10 to
9, perhaps suggesting that this reaction follows an oxygen-
dependent mechanism. The second demethylation step to 9p,
by contrast, occurred at very low efficiencies difficult to detect
across all expression conditions. While not the only 2-ER
reported to perform oxidative demethylation chemistry,®** to
our knowledge, OYEB: is the first confirmed to accept 9 and 10
as substrates.

OYEDBi likely utilizes both oxidative and reductive pathways

Based on the results of our substrate panel, we propose that
OYEBi operates via two distinct mechanistic pathways: a cano-
nical reductive route associated with prototypical 2-ER activity
and an oxidative pathway capable of demethylation. While the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Possible TMADH-like*® mechanism for OYEBi-catalyzed oxidative
demethylation.

reductive mechanism follows traditional OYE chemistry (Fig. 1),
diminished activity upon oxygen exposure suggests that the
[4Fe-4S] cluster plays a crucial, if indirect, role in this pathway.
By contrast, we propose that the oxidative pathway relies on an
oxidized FMN cofactor, in a manner analogous to the mechanism
of trimethylamine dehydrogenase (TMADH; Fig. 5)."**3> A distant
homolog of OYEBi (24.9% sequence identity)) TMADH from
Methylotrophus methylophilus is one of only two 2-ERs reported to
perform oxidative demethylation chemistry.®** More specifically,
TMADH catalyzes the conversion of trimethylamine (TMA) to
dimethylamine and formaldehyde.*® Oxidation of TMA by FMN
yields an imine intermediate that spontaneously hydrolyzes to
form the demethylated product. It is difficult, however, to envision
this mechanism accounting for the enhanced demethylation of 10
by aerobically purified enzyme. We speculate whether OYEBi could
instead utilize an alternate oxygen-dependent mechanistic strat-
egy. There is evidence to suggest that molecular oxygen is capable
of reoxidizing FMN, either directly or indirectly, for oxidative
activity by members of the OYE family.***” Such dependence on
oxygen could help to explain the increased demethylation activity
by aerobically prepared OYEB:. As with the desaturation reaction,
NAD" does not appear capable of serving this role, in further
support of this hypothesis (Fig. S6, ESIt). Although Fe/S clusters
are notoriously sensitive to molecular oxygen, the Rieske-type non-
heme iron oxygenase stachydrine demethylase (Stc2) protects its
[2Fe-2S] cluster via electron transfer from FMN, which also
regenerates the flavin cofactor.® However, additional studies are
needed to support any such mechanisms in OYEB:.

Genomic neighborhood analysis suggests OYEBi facilitates
osmotic stress response

The gene encoding OYEBi is located on the forward strand
of chromosome 3 in B. insecticola. Upstream are genes for a
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Fig. 6 Genomic context. (A) Genomic neighborhood of OYEBi. (B) A 2-ER
SSN cluster 2 hub-node GNN. Note that the diameter of the nodes
corresponds to the CoF with cluster 2 enzymes.

LysR-type transcriptional regulator and a small-conductance
mechanosensitive ion channel (MscS; UniProt accession code:
A0A158]5F7), while downstream is a dipeptide ATP-binding
cassette (ABC) transporter (Fig. 6(A)). Mechanosensitive ion
channels are transmembrane proteins that sense mechanical
changes in the lipid bilayer to help regulate the export of
ions and osmoprotectants.”” The movement of associated
water-soluble substrates across the membrane is then achieved
with ABC transporters, which hydrolyze ATP to power this
process.*’ ™ The colocalization of these genes is reminiscent of
the operon associated with the well-documented stachydrine-
dependent osmotic stress response in Sinorhizobium meliloti, a
Gram-negative bacteria root symbiont of the alfalfa plant.**

Abundant in soil, the nonionic osmoprotectant stachydrine
is taken up by ABC transporters during times of high external
and low internal osmolarity to help S. meliloti retain water.*®
When stachydrine influx is reduced, a catabolic pathway is
activated, leading to its demethylation to N-methlyproline and
proline, which serve as a carbon and nitrogen sources for the
cell.***” This process is controlled by transcriptional factors
similar to those regulating OYEB;, including LysR,** while
demethylation activity is facilitated by an analogous flavin-
dependent multienzyme system comprised of Stc2 (the Fe/S-
dependent enzyme described above), Stc3, Stc4, and SteD.*°
It, therefore, seems reasonable to suggest that OYEBi plays a
role in the osmotic stress response of B. insecticola.

Given the enzyme’s somewhat unique activity profile, we set
out to investigate whether this could be the native function
of cluster 2 enzymes more broadly via genomic neighborhood
network (GNN) analysis.*® GNN analysis leverages the evolutionary
tendency of bacteria to cluster functionally related genes into
operons to predict enzyme function.*>>° We, therefore, employed
the Enzyme Function Initiative Genome Neighborhood Tool to
examine the operons associated with all sequences within cluster
2 of the 2-ER SSN (Fig. 2(A)). A neighborhood of +10 open reading
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frames and a minimum 20% co-occurrence frequency (CoF)
between cluster 2 sequences and neighboring genes were speci-
fied to generate the GNN.*! This analysis identified 13 protein
families that are commonly colocalized with OYEBi and its
homologs, with a CoF of at least 20% (Fig. 6(B) and Table S3,
ESIt). A significant majority of these families are associated with
cellular stress responses, including LysR (36% CoF) and other
transcriptional regulators like TetR—also present in S. meliloti,
ABC transporters or transporter components (21-34% CoF), and
enzymes commonly associated with oxidative stress. While not
conclusive, our GNN analysis suggests that 2-ERs from cluster 2
may be involved in responding to diverse cellular stressors.

Conclusions

The emergence of the fourth wave of biocatalysis, driven by
advances in sequence analysis and bioinformatics tools, has
enabled the discovery and functional characterization of pre-
viously unstudied enzyme subfamilies.’>** Herein, we demon-
strate application of these approaches for the analysis of the
industrially relevant 2-ER subfamily of OYEs, identifying signifi-
cant heterogeneity in key catalytic residues and cofactor-binding
motifs. Among a subset of these enzymes, we discovered a
mutation in the highly conserved Fe/S cluster-binding motif and
demonstrated that this change in motif does not impede cluster
incorporation nor the proposed native functionality of a repre-
sentative sequence from B. inseticola (OYEBI). Inspired by studies
of radical SAM enzymes, we demonstrate that pseudo-anaerobic
expression achieves robust [4Fe-4S] cluster loading while redu-
cing the complexity of experimental setup, providing a practical
avenue for biocatalysis research where cell lysates are preferred for
chemical transformations. We additionally identify a series of
homologs lacking the Fe/S cluster-binding motif altogether, per-
haps indicative of O,-insensitive 2-ER activity that could further
simplify biocatalytic applications. Although unreactive with trans-
cinnamic acid and not currently classified in the same Pfam as
the OYE family, the NADH-dependent 2-ene reductase HerF from
Limosilactobacillus fermentum was recently demonstrated to
reduce hydroxycinnamic acids, highlighting the potential for
metal-independent activity.® Biochemical assays with a tailored
substrate library suggest that OYEBi can catalyze both reductive
chemistry characteristic of the OYE family, as well as oxidative
demethylation reactions. To our knowledge, OYEB: is the first to
retain reduction activity with traditional OYE (>10% conversion),
and 2-ER (>40% conversion) substrates, while also being able to
perform an oxidative pathway (>30% conversion). The ability of
OYEBi to demethylate known osmoprotectants together with
genomic analysis supports the hypothesis that these enzymes
may play a role in cellular stress response systems.

Experimental procedures
Materials and methods

Unless otherwise noted, all substrates and cells were purchased
from Sigma Aldrich. The pET-28a vector bearing the OYEBi
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gene was obtained from Genscript, while the pDB1282 plasmid
(vide infra) was kindly donated by Prof. Squire Booker. For
anaerobic experiments, all solutions were degassed in an
ultrasonic waterbath for 15 min before being introduced to
the anaerobic chamber where they rested for a minimum of
4-5 h prior to use, unless otherwise specified.

SSN generation

The dataset of all sequences (115,314) associated with accession
code PF00724 (corresponding to the OYE family) was obtained
from the UniProt Protein Database in April 2023.'%** It was
subsequently reduced by clustering to 50% identity using the
Cluster Database at High Identity with Tolerance (CD-HIT)
software.”® At this point, unusually short (<100 residues) or long
sequences (>1500 residues) were also removed. To ensure pre-
viously known and functionally characterized OYEs, as listed in
Swiss-Prot, were represented, the following additional sequences
were reintroduced after clustering: AOA1DS8PPK, B5XRB0, C5H429,
P41816, P42593, P54550, P77258, Q02899, Q03558, Q6Z965,
Q8GYB8, Q8LAH7, Q9FEW9, Q9FUP0O, Q9XG54, AOAON9HP11,
E9AGH7, PODW92, P16099, P19410, P32370, P43084, Q6UEFO,
Q84QK0, and W6Q9S9.>° An all-vs.-all BLAST+ (Version 2.2.15)
E-value matrix was generated with an edge cutoff of 1 x 10~%” and
visualized in Cystoscope (Version 3.8.1).>” This analysis was used
to create the initial SSN of the entire OYE family with an
alignment score threshold of 50%. The 2-ER SSN was subse-
quently generated by taking sequences (31,712) associated with
cluster 2 of the OYE SSN and reclustering to 80% identity with an
edge cutoff of 1 x 10~ "*° to yield 5744 representative nodes.

Transformation and expression of OYEBi

The OYEBI gene (European Nucleotide Archive accession code:
BAO89787) from Burkholderia sp. RPE67, recently reclassified as
B. insecticola, was codon-optimized for expression in E. coli and
cloned into a pET-28a vector. The construct was designed with
an N-terminal SUMO solubility tag linked to a strep II purifica-
tion tag via a TEV cleavage site (Fig. S7A, ESIt). BL21(DE3)
electrocompetent cells were co-transformed with the OEYBi{
plasmid and pDB1282 for expression. pDB1282 imparts ampi-
cillin resistance and encodes six genes from the isc operon
associated with the assembly of Fe/S clusters in Azotobacter
vinelandii under control of an arabinose-inducible promoter
(Fig. S7B, ESIt). Associated cells were cultured in SOC out-
growth media (New England BioLabs) for 2 h at 37 °C before
being transferred onto a Luria-Bertani (LB) agar plate contain-
ing ampicillin (100 pg mL~") and kanamycin (50 pg mL~") for
incubation overnight at 37 °C. A single colony was subsequently
used to inoculate a 10 mL culture tube containing 5 mL of LB
broth. Upon reaching an optical density at 600 nm (ODgg) Of
0.6, the cells were combined 1:1 with 50% glycerol and flash
frozen in liquid nitrogen for storage at —80 °C.

All subsequent expression procedures utilized these cells.
Detailed protocols are described below. In each case, OYEB{
expression was induced by the addition of 200 uM isopropyl
B-p-1-thiogalactopyranoside (IPTG), and cultures were left to
grow overnight (~16-18 h) while shaking at 180 rpm, unless
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otherwise stated. Cells were harvested via centrifugation at
7500g for 15min at 4 °C and flash frozen in liquid nitrogen
for storage at —80 °C.

Anaerobic expression. A 50 mL culture tube containing
10 mL of LB media supplemented with ampicillin and
kanamycin was inoculated with cells carrying the OYEBi gene
(vide supra) and incubated overnight at 37 °C while shaking.
Aliquots (1 mL) of this culture were used to inoculate 250 mL
flasks containing 100 mL of LB, which were again incubated
and shaken at 37 °C and 180 rpm, this time to an ODgg, Of ~ 1.
After resting at 4 °C overnight, cultures were centrifuged at
4000g for 30 min. Resultant pellets were transferred to a vinyl
anaerobic chamber (Coy), resuspended in LB media, and used
to inoculate 2 L flasks each containing 1 L of deoxygenated
Difco™ Terrific broth supplemented with the same antibiotics
and excess FMN/FAD. Note that the broth was prepared by
cooling freshly autoclaved media to room temperature (RT) in
an oxygen-free environment. RT anaerobic cultures were stirred
at 200 rpm until they reached an ODg, of ~ 0.6. Expression of
the isc operon encoded by pDB1282 was subsequently induced
by addition of 0.2% w/v arabinose. Cells were simultaneously
supplemented with FeCl; hexahydrate (~150 pM) and
L-cysteine hydrochloride (~190 uM) and left to grow until the
cultures reached an ODgqo 0f ~ 0.85 before inducing expression
of OYEB..

Pseudo-anaerobic expression. A 1 L Erlenmeyer flask con-
taining 250 mL of LB media supplemented with ampicillin and
kanamycin was inoculated with cells carrying the OYEBi gene
and incubated overnight at 37 °C while shaking. Aliquots
(6 mL) of this culture were used to inoculate 4 L flasks contain-
ing 1.5 L of LB supplemented with the same antibiotics and
excess FMN/FAD. Cultures were again grown at 37 °C and
shaken at 180 rpm until they reached an ODgy, of ~0.6, at
which time the temperature was reduced to 18 °C and expres-
sion of the isc operon and OYEBi induced as described above.

Aerobic expression. Aerobic expression followed the same
procedure as the pseudo-anaerobic protocol, with the exception
of isc operon induction. Instead, only expression of OYEBi was
initiated when cultures reached an ODg, of ~0.6.

Purification of OYEBi

Cell pellets were thawed and resuspended in chilled buffer A
(2.5 mL g~ " pellet, 40 mM Tris-HCI, pH 8 and 10 mM NacCl)
supplemented with DNase I (Millipore) and 1:1000 1x protease
inhibitor cocktail (Thermo Scientific). After a 30-45 min incu-
bation on ice, the mixture was sonicated for 45 min (1 min on/8
min off at 30% power) to lyse the cells. Centrifugation of the
resultant lysate at 20 000g for 1 h at 4 °C yielded clarified lysate.
Aerobic and pseudo-anaerobically generated crude extracts
were subsequently incubated on ice for 1 h with excess FMN
and FAD before being loaded on a 5 mL StrepTrap HP Strep-
Tactin Sepharose column (Cytiva). The column was washed
with two column volumes (CVs) of buffer A, followed by elution
with 3 CVs of buffer B (40 mM Tris-HCI, pH 8.0, and 0.5 mM
desthiobiotin). The presence of protein was monitored by absor-
bance at 280 nm. During aerobic purification, multiwavelength
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detection enabled simultaneous tracking of flavin absorbance at
450 nm. The eluate containing OYEBi was concentrated and
exchanged into buffer A for further purification by anion exchange
chromatography on a 5 mL HiTrap Q FF column. The column was
washed with two CVs of buffer A, followed by a linear gradient
(15-18 CVs) containing 0% to 50% buffer C (40 mM Tris-HCl pH
8.0, and 2 M NacCl). Fractions contributing to the highest absorb-
ing peak at 280 nm were collected and assessed for purity by SDS-
PAGE before being concentrated to >5 mg mL ™" as quantified by
a Bradford assay.

The much smaller culture volumes associated with anaero-
bic expression resulted in substantially lower yields that limited
utility of column chromatography for purification. Instead,
associated clarified lysate was passed through a series of
membrane filters having molecular weight cutoffs of 30 kDa
and 10 kDa, respectively. Note that purification of OYEBI
obtained through anaerobic and pseudo-anaerobic expression
procedures was performed within an anaerobic chamber to
encourage retention of the putative Fe/S cluster. Although
centrifugation steps were performed outside of the chamber,
tubes were tightly sealed with parafilm, and time spent outside
the anaerobic environment was minimized. Aerobic chromato-
graphy was accomplished via the use of a Bio-Rad NGC Quest
10+ fast protein liquid chromatography (FPLC) system housed
in a cold room maintained at 4 °C, while anaerobic chromato-
graphy was performed at RT with an AKTA go FPLC instrument
housed within the anaerobic chamber.

Reconstitution of OYEBi

All protein reconstitution steps were performed within the
anaerobic chamber. OYEBi was diluted to 100 pM in a degassed
solution of 50 mM HEPES, pH 7.5, 300 mM KCl, 5 mM DTT,
and 20% glycerol. For every additional 20 mL of solution, DTT
was also added in three even increments separated by 20 min
intervals to a final concentration of 5 mM, before incubating on
ice for 1 h. FeCl; was subsequently added to the mixture in
five even increments separated by 5 min intervals to a final
concentration of 400 pM, before incubating for 30 min. Finally,
Na,S was added in five even increments separated by 20 min
intervals to a final concentration of 400 pM, before incubating
on ice overnight. The following day, protein precipitation was
removed by centrifugation at 14 000g for 15 min. The recon-
stituted protein was immediately flash frozen.

Assessment of reactivity

All activity assays were conducted in an anaerobic chamber.
Note that aerobically purified enzyme was not degassed to
remove dissolved oxygen. Reaction vials were prepared in
triplicate with 500 nM OYEB;i (from either purified enzyme or
filter-purified clarified whole-cell lysate), 250 mM substrate,
10 pM NADH, 2 U glucose dehydrogenase, and 100 mM glucose
in 100 mM phosphate buffer at pH 8. Note that substrates were
dissolved in DMSO such that the final concentration in the
reaction mixture was <0.5 v/v%. Glucose dehydrogenase and
glucose were included to allow for nicotinamide regeneration.
Reactions were left to proceed at RT for 24 h before being
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quenched. Further specifics are presented by substrate below.
Percent conversions were then analyzed by mass spectrometry.

NAD'-dependent assays were performed in the absence of
glucose dehydrogenase and glucose as previously described.*®
Reactions were prepared in triplicate with 250 uM NAD' or
NADH, 250 uM substrate, and 250 nM enzyme. Excess NAD"
and NADH were included to ensure assays achieved detectable
product levels without the glucose dehydrogenase and glucose
nicotinamide regeneration systems. Reactions were initiated
with the enzyme and monitored via UV spectroscopy at 340 nm
for consumption or production of NADH. Those displaying
dramatic changes in nicotinamide were further analyzed by MS.

Substrates 3-8. Reactions were quenched with 0.5 mM
cyclohexanone in ethyl acetate and analyzed via GC-MS
(QP2010-SE from Shimadzu Scientifics Instruments, Kyoto
Japan) with an after-column splitter, a flame ionization detector
(FID) detector (detector temperature 200 °C, split ratio 1: 1) and
GC-MS detector with a flow rate column flow 3.69 mL min ™"
The GC-MS initial oven temperature was held at 55 °C, ramped
up at 2.50 °C min ™" to 100 °C, again ramped up at 20 °C min "
to 140 °C, then finally increased at 5.00 °C min™" to 210 °C and
held for 5 min. Retention times of the internal standard cyclo-
hexanone, the remaining substrate post-reaction, and products
produced during each reaction (if present) were compared to
the retention times of substrate standards and confirmed by
the mass peaks for each compound. Assay components were
separated using a chiral CycloSil-B column (30 m x 0.32 mm,
0.25 pm film, Agilent, Santa Clara, CA).

Substrates 1, 2, 9, and 10. Reactions were quenched by
freezing overnight at —20 °C to avoid degradation of associated
products, and subsequently analyzed via liquid chromatogra-
phy (LC)-MS. Components were separated on an Eclipse Plus
C18 column (4.6 mm x 150 mm X 5 pum) equilibrated in 98%
solvent A (water) and 2% solvent B (acetonitrile), with 10 uL
injections at a flow rate of 1 mL min~*. A multi-step gradient
from 2-60% solvent B was applied over 10 minutes, followed
by an increase to 95% over 3 minutes, with a 5-minute re-
equilibration between injections. LC-MS was performed on an
LTQ Orbitrap Velos (Thermo Fisher, Waltham, MA) with a
Dionex Ultimate 3000 dual pump, diode array detector, and a
Shimadzu SIL-20AC HT autosampler managed by a CBM20
controller. The instrument was handled by Xcalibur and Cho-
meleon Xpress software. Spectra were collected at a resolution
of 60 000 with an automatic gain control setting of 50 000 and a
maximum injection time of 100 ms. The system employed a
heated electrospray ionization probe at 3.0 kV with a source
temperature of 350 °C, capillary temperature of 320 °C, and the
S-lens radio frequency (RF) level of 60%. Data for 1 and 2 were
collected in positive mode, while 9 and 10 were recorded in
negative mode.

Iron quantitation

All protein samples (1 pM—5 puM) in buffer B were thermally
denatured at 95 °C and diluted 1:100 in oxygen-free water. The
associated iron content was then determined via inductively
coupled plasma (ICP)-MS (PerkinElmer NexION 2000) at the
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Mass Spectrometry Center in the Department of Chemistry at
Emory University. Standards were generated by serial dilution
of the Instrument Calibration Standard 2 from SPEX CertiPrep
(catalog no. CL-CAL-2). External standards were 0, 1.000,
10.000, 100.000, and 1000.000 ppb Fe per mL, respectively.

EPR analysis

Oxidized [4Fe-4S]** clusters are EPR silent as the iron ions are
antiferromagnetically coupled to yield a total spin of zero.
Samples were, therefore, prepared by incubating 250 uM OYEBi
with 2.5 mM sodium dithionite at 4 °C for 10 min to generate
[4Fe-4S]" before transfer to EPR tubes for flash freezing in
the anaerobic chamber. X-band (9.35 GHz) continuous wave
spectra were recorded on a Bruker EMX-Plus spectrometer
housed at the University of Georgia NMR facility. Data were
collected using the following parameters: microwave frequency,
9.35 GHz; field modulation amplitude, 9.59 G at 100 kHz;
microwave power, 1.0 mW. The sample temperature was con-
trolled via Stinger (Cold-Edge) closed cycle He flow system.
Spectra were simulated using EasySpin for MATLAB.>®

Genomic neighborhood analysis of OYEBi

Cluster 2 SSN generated as previously described, was uploaded
into the Enzyme Function Initiative (EFI) server®* and analyzed
for 20% CoF. Resultant genomic neighborhood networks were
visualized in Cystoscape.
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