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SUMMARY
White-rot fungi (WRF) are the most efficient lignin-degrading organisms in nature. However, their capacity to
use lignin-related aromatic compounds, such as 4-hydroxybenzoate, as carbon sources has only been
described recently. Previously, the hydroxyquinol pathway was proposed for the bioconversion of these com-
pounds in fungi, but gene- and structure-function relationships of the full enzymatic pathway remain unchar-
acterized in any single fungal species. Here, we characterize seven enzymes from two WRF, Trametes versi-
color and Gelatoporia subvermispora, which constitute a four-enzyme cascade from 4-hydroxybenzoate to
b-ketoadipate via the hydroxyquinol pathway. Furthermore, we solve the crystal structure of four of these en-
zymes and identify mechanistic differences with the closest bacterial and fungal structural homologs. Overall,
this research expands our understanding of aromatic catabolism byWRF and establishes an alternative strat-
egy for the conversion of lignin-related compounds to the valuable molecule b-ketoadipate, contributing to the
development of biological processes for lignin valorization.
INTRODUCTION

White-rot fungi (WRF) are key organisms in global carbon cycling

due to their ability to effectively degrade lignin, a heterogeneous

aromatic polymer in plants and the secondmost abundant reser-

voir of organic carbon in nature.1,2 The degradation of lignin be-

gins with the secretion of a suite of extracellular enzymes by

WRF, leading to the production of smaller components, such

as aromatic monomers and oligomers.3–5 WRF can completely

mineralize lignin to carbon dioxide and water,6 and this process

has been traditionally associated with extracellular enzymatic

processes.7 However, in a recent study, we used systems

biology and 13C isotope labeling approaches in two WRF, Tra-

metes versicolor and Gelatoporia (Ceriporiopsis) subvermispora,

to confirm the utilization of lignin-related compounds as

carbon sources.8 From these results, we proposed the hydroxy-

quinol catabolic pathway for the intracellular conversion of

4-hydroxybenzoate (4HBA) toward central carbon metabolism,

along with the potential enzymes involved in this conversion pro-

cess.8 4HBA is derived from H-type lignin and is a monomeric

phenol released from various bioenergy crops9–11 as well as a
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typical intermediate of p-coumarate catabolism in bacteria.12

Lignin also contains G- and S-type units (e.g., vanillate and syrin-

gate, respectively), which differ in the degree of methoxylation.2

However, the catabolic pathways for G- and S-type units have

not been fully elucidated in WRF.

The b-ketoadipate (bKA) pathway is a common andwell-docu-

mented route for bacterial aerobic catabolism of 4HBA12,13 (Fig-

ure 1A) and other lignin-related compounds derived from G-type

lignin in bacteria.12 Alternatively, 4HBA catabolism to bKA may

also occur via the hydroxyquinol pathway, which has been re-

ported and partially characterized in only a few microbes.8,14–18

Candida parapsilosis, a nosocomial pathogenic yeast with

limited association with lignin degradation,19 has been the pri-

mary fungus studied for 4HBA catabolism in the hydroxyquinol

pathway thus far.15,20,21 In this yeast, the first step in the hydrox-

yquinol pathway is the oxidative decarboxylation of 4HBA to

hydroquinone, catalyzed by a 4HBA 1-hydroxylase flavoprotein

monooxygenase (FPMO) named MNX1 (Figure 1A).20 Next,

hydroquinone is hydroxylated by a different FPMO (named

MNX3) to yield hydroxyquinol.21 However, the subsequent reac-

tions toward central carbon metabolism were proposed but not
ber 24, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Figure 1. Pathways for aerobic conversion of 4HBA via the hydroxyquinol pathway and the conventional bKApathway and other biochemical

reactions tested in this study

(A) The hydroxyquinol pathway (top) includes representative fungal enzymes from C. parapsilopsis (Cp), G. subvermispora (Gs), and T. versicolor (Tv). MNX1,

4-hydroxybenzoate1-hydroxylase (decarboxylating); MNX3, hydroquinone 2-hydroxylase; HDX1, hydroxyquinol 1,2-dioxygenase (intradiol); MAR1, mal-

eylacetate reductase. The hydroxyquinol pathway also includes representative bacterial enzymes from R. jostii RHA1. TsdC, hydroxyquinol 1,2-dioxygenase

(intradiol); TsdD, maleylacetate reductase. The bKA pathway (bottom) includes representative bacterial enzymes from P. putida KT2440 and Paenibacillus sp.

JJ-1b. PobA, 4HB3H; PcaHG, protocatechuate 3,4-dioxygenase (intradiol); PcaB, b-carboxymuconate lactonase; PcaB, g-carboxymuconolactone de-

carboxylase; PcaD, bKA enol-lactonase; PraI, 4HB3H.

(B) Additional biochemical reactions tested in this study withGsMNX1,GsMNX3, TvMNX3,GsHDX1, and TvHDX1. The x over the arrows indicates the absence of

activity on that specific molecule.
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identified in this yeast.15 Specifically, these reactions were

proposed to involve ortho-ring opening of hydroxyquinol by a

non-heme iron-dependent dioxygenase (named HDX1) to pro-

duce 3-hydroxy-cis,cis-muconate, which abiotically tautomer-

izes with maleylacetate (Figure 1A). Last, maleylacetate could

be reduced by a maleylacetate reductase (named MAR1) to

produce bKA, which can enter central carbon metabolism

(Figure 1A).

The reduction from maleylacetate to bKA has not yet been

identified or characterized in the fungal kingdom.22 In contrast,

this reduction step has been studied in bacteria for the catabo-

lism of g-resorcylate and p-nitrophenol.16–18 Namely, the catab-

olism of g-resorcylate by Rhodococcus jostii RHA1, a bacterium

well known for its ability to catabolize aromatic compounds, in-

volves both the hydroxyquinol dioxygenase (RjTsdC) and

MAR1 (RjTsdD).18 However, R. jostii RHA1 lacks the additional

upstream enzymes of the hydroxyquinol pathway (i.e., MNX1

and MNX3) for the catabolism of 4HBA (Figure 1A).18 Enzymes

homologous to MNX3 and HDX1 have been also been biochem-

ically characterized recently in the fungus Phanerochaete chrys-
2 Cell Reports 43, 115002, December 24, 2024
osporium,23–25 but, to our knowledge, the ability of this fungus to

utilize aromatic compounds (e.g., 4HBA) as carbon sources has

yet to be reported. Regardless of their origin, whether bacterial or

fungal, there is currently a lack of structure-function information

regarding key enzymes in the hydroxyquinol pathway. Such

characterization will be essential to understand this pathway

and how it is different from those in the canonical bKA pathway.

Here, we report the characterization of seven enzymes from

WRF: four constituting the entire hydroxyquinol pathway from

G. subvermispora and three from T. versicolor. In addition, we

included two enzymes from R. jostii RHA1 for direct compari-

son (Figure 1). This work encompasses comprehensive

biochemical characterization, including product identification,

kinetically determined substrate specificities, and structural

biology. Taken together, this work contributes to our collective

understanding of intracellular aromatic catabolic pathways

in WRF and pinpoints mechanistic differences between

fungal and bacterial systems for these transformations. Addi-

tionally, the knowledge gained from this study could be applied

to enzyme- or microbe-based technologies for converting
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lignin-derived aromatic compounds into valuable products

such as bKA, thus contributing to enhancing the overall feasi-

bility of lignocellulosic biorefineries.26–28
RESULTS

GsMNX1 oxidatively decarboxylates 4HBA,
protocatechuate, and vanillate
The first biochemical reaction proposed in the hydroxyquinol

pathway of WRF is the MNX1-catalyzed oxidative decarboxyl-

ation of 4HBA to hydroquinone (4HBA 1-hydroxylase activity)

(Figure 1A). Prior in silico analyses identified a set of MNX1

homologs in both T. versicolor (TRAVEDRAFT_32834 and

TRAVEDRAFT_175239) and G. subvermispora (CERSUDRAFT_

120062, CERSUDRAFT_119636, and CERSUDRAFT_90429).8

Among these, three proteins (TRAVEDRAFT_32834, CERSU-

DRAFT_120062, and CERSUDRAFT_90429) were produced

solubly using the Escherichia coli heterologous expression

host.8 The first two proteins showed significant nicotinamide

adenine dinucleotide phosphate (NAD[P]H) turnover in the pres-

ence of either 4HBA or protocatechuate, whereas the latter

showed negligible turnover,8 and thus, CERSUDRAFT_

90429 was not investigated further. Here, the ability of the other

two putative MNX1 enzymes to decarboxylate 4HBA and proto-

catechuate was evaluated by a high-performance liquid chroma-

tography (HPLC)-based method. Notably, TRAVEDRAFT_32834

was unable to transform either substrate tested, which suggests

that the consumption of NAD(P)H reported previously8 was due

to futile cycling (Figure S1A). In contrast, CERSUDRAFT_120062

(hereafter called GsMNX1) is active on both substrates (Figures

1A and S1B). Therefore, GsMNX1 was selected for additional

biochemical and structural analyses.

To explore the substrate specificity of GsMNX1, we screened

its activity against 2-hydroxybenzoate and 3-hydroxybenzoate

(which have carboxy and hydroxy groups in variable positions

relative to 4HBA), vanillate (a G-type lignin-related compound8

and an intermediate of ferulate catabolism in some microbes29),

and syringate (an S-type lignin-related compound8) (Figure 1B),

with 4HBA and protocatechuate used as positive controls,

via an HPLC method. Conversions were only observed for

4HBA, protocatechuate, and vanillate to produce hydroquinone,

hydroxyquinol, and 2-methoxyhydroquinone, respectively (Fig-

ures 1A, 1B, and S1). Next, we studied the potential extent of re-

action uncoupling (futile cycling) in GsMNX1 by comparing the

rates of oxygen consumption in the presence or absence of cata-

lase by oxygraphy. Reaction uncoupling in this study is defined

as the consumption of O2 and reducing equivalent without a

concomitant oxidative decarboxylation of the phenolic sub-

strate, which may occur when the oxygenase, or its redox com-

ponents, encounters unsuitable substrates. This abrupt reduc-

tion of O2 typically produces H2O2, which is readily converted

by catalase to H2O and ½ O2; this phenomenon effectively de-

creases the total oxygen consumption up to half for complete re-

action uncoupling. In these experiments, no rate changes were

observed in the GsMNX1-catalyzed hydroxylation of 4HBA, pro-

tocatechuate, or vanillate, indicating that these reactions are

coupled efficiently (Figure S2).
Regarding cofactors, in this system, NAD(P)H functions as a

universal intracellular redox intermediary, although some en-

zymes exhibit a preference for a specific form of the cofactor,

which can be loosely associated with catabolic and anabolic

processes. On the other hand, the flavo-coenzyme acts as a

redox-active prosthetic group in the FPMO,mediating the oxida-

tion of the organic substrate. The FPMO catalytic cycle involves

reductive and oxidative half-reactions. In the reductive half-reac-

tion, the flavo-coenzyme (flavin adenine dinucleotide [FAD] or

flavin mononucleotide [FMN]) is reduced at the expense of the

nicotinamide cofactor (NAD(P)H), which, in turn, reacts with an

O2 species to form the reactive flavoperoxo intermediate,

enabling the subsequent oxidation of the organic substrate.30,31

Both nicotinamide adenine dinucleotide plus hydrogen NADH

and NADPH were utilized as reducing equivalents by GsMNX1;

however, NADPH is highly favored and is likely the physiological

cofactor, as indicated by a lower Michaelis-Menten constant by

at least an order ofmagnitudewhen compared toNADH (Table 1;

Figure S3). The cofactor preference for FPMO has been

described in greater detail elsewhere.32 In short, this preference

is linked to the residue composition at the opening of the active

site, which includes a specific consensus sequence that biases

the preference toward NADH orNADPH.Moreover, this bias cor-

relates with the life cycle of the host microbes, with faster- and

slower-growing species favoring NADPH and NADH, respec-

tively. GsMNX1 exhibits Michaelis-Menten behavior with the

following catalytic efficiency: protocatechuate > 4HBA > vanil-

late, which is the same substrate preference order as CpMNX1.

Nevertheless, the catalytic efficiency of GsMNX1 is an order of

magnitude higher than that of CpMNX1 toward protocatechuate

(Table 1).

The active center of GsMNX1 exhibits structural
similarity to hydroxylases, but GsMNX1 does not
catalyze hydroxylation without decarboxylation
MNX1 comprises a single FAD oxidoreductase domain

(PF01494).33 To gain a better understanding of its catalytic ma-

chinery, we solved the crystal structure of GsMNX1 with diffrac-

tion data extending to a resolution of 1.82 Å with a bound coen-

zyme FAD in the closed conformation (Figure 2A). Themobility of

FAD is a well-documented phenomenon within the catalytic cy-

cle of FPMO,with the open or closed FAD conformations defined

as the position of the isoalloxazine moiety facing away or toward

the aromatic substrate, respectively.34,35 The open conformation

is associated with the reductive half-reaction, where the solvent-

facing flavin is reduced by NAD(P)H. The closed conformation

relates to the reduced flavin, which reacts with O2 to perform

the oxidative half-reaction. The overall structure of GsMNX1

matches the typical architecture of FPMO, and the closest struc-

tural homologs in the PDB are from bacteria; namely, the

3-hydroxybenzoate 6-hydroxylase (3HB6H) from R. jostii RHA1

(PDB: 4BK1; 32% sequence identity, a root-mean-square devi-

ation [RMSD] value of 2.0 Å over 377 residues aligned)36 and

the 6-hydroxynicotinic acid 3-monooxygenase (NicC) from

P. putida KT2440 (PDB: 5EOW; 32% sequence identity, RMSD

value of 2.0 Å over 343 residues aligned).37

Our attempt to obtain the substrate-bound structure either

by co-crystallization or soaking methods was not successful.
Cell Reports 43, 115002, December 24, 2024 3



Table 1. Steady-state kinetic parameters of enzymes evaluated in this study and biochemically characterized previously

Enzyme function Substrate Enzyme

kcat
app KM

app kcat
app/KM

app KM
app

NADH KM
app

NADPH Kiu 4HBA

References�1 mM s�1 mM�1 mM mM mM

4-hydroxybenzoate-1-decarboxylase

(decarboxylating)

4HBA GsMNX1 1.3 ± 0.1 7.4 ± 0.3 0.18 ± 0.01 >10,000 200 ± 7 NI this study

CpMNX1a 10 10 1 19 169 NI Eppink et al.20

vanillate GsMNX1 2.0 ± 0.5 38.5 ± 0.2 0.05 ± 0.01 NI NI NI this study

CpMNX1 11.8 125 0.1 NI NI NI Eppink et al.20

protocatechuate GsMNX1 4.4 ± 0.7 0.2 ± 0.04 22 ± 4 NI NI NI this study

CpMNX1 16.8 9 2 NI NI NI Eppink et al.20

Hydroquinone-2-hydroxylase hydroquinone TvMNX3 6.8 ± 0.1 13 ± 1 0.52 ± 0.04 NI 54 ± 3 4.6 ± 0.3 this study

GsMNX3 3.2 ± 0.2 11 ± 1 0.29 ± 0.03 NI 22 ± 1 17 ± 6 this study

PcMNX3b 1.8 ± 0.2 48 ± 8 0.036 ± 0.007 NI 90 ± 20 N/A Suzuki 202323

CpMNX3c 5.8 ± 0.6 1.0 ± 0.1 5.8 ± 0.8 NI 18 ± 2 N/A Eppink et al.21

resorcinol TvMNX3 2.1 ± 0.1 70 ± 10 0.030 ± 0.005 NI NI NI this study

GsMNX3 0.85 ± 0.03 34 ± 4 0.025 ± 0.003 NI NI NI this study

PcMNX3b N/A N/A N/A NI NI NI Suzuki 202323

CpMNX3c 2.5 ± 0.3 25 ± 3 0.10 ± 0.01 NI NI NI Eppink et al.21

Hydroxyquinol 1,2-dioxygenase

(intradiol)

hydroxyquinol RjTsdC 48 ± 1 14 ± 1 3.4 ± 0.3 NI NI NI this study

TvHDX1 19.1 ± 0.3 7.2 ± 0.4 2.7 ± 0.2 NI NI NI this study

GsHDX1 19.5 ± 0.4 8.1 ± 0.5 2.4 ± 0.2 NI NI NI this study

PcHDX1d 23 ± 4 37 ± 9 0.6 ± 0.2 NI NI NI Kato 202225

catechol RjTsdC 0.30 ± 0.01 19.4 ± 0.1 0.016 ± 0.001 NI NI NI this study

TvHDX1 0.30 ± 0.01 6.3 ± 0.4 0.048 ± 0.003 NI NI NI this study

GsHDX1 0.12 ± 0.01 3.6 ± 0.3 0.033 ± 0.003 NI NI NI this study

PcHDX1d 0.16 ± 0.01 6.2 ± 0.9 0.026 ± 0.002 NI NI NI Kato 202225

Maleylacetate reductase maleylacetate RjTsdD 400 ± 10 45 ± 2 9.0 ± 0.4 56 ± 1 52 ± 2 NI this study

TvMAR1 50 ± 1 40 ± 1 1.3 ± 0.1 480 ± 20 19 ± 1 NI this study

GsMAR1 23.0 ± 0.8 15.7 ± 0.2 1.4 ± 0.1 740 ± 50 5.2 ± 0.3 NI this study

Experiments for MNX1, MNX3, HDX1, and RjTsdC were performed following the consumption of O2 in air-saturated 50 mM Tris.SO4 (pH 7.0) at 25�C. Reaction assays for MNX1 and MNX3 were

further supplemented with 10 mM FAD. Experiments for MAR1 and TsdD were performed spectrophotometrically following the depletion of NAD(P)H in air-saturated 50 mM Tris.SO4 (pH 7.0) at

25�C. Assays were conducted with n R 15, and errors show the error from the fittings. 4HBA, 4-hydroxybenzoate. NI indicates parameters that were not investigated in this study.
aAssay conditions for CpMNX1. The activity was monitored polarographically via O2 consumption at 25�C in air-saturated 50 mM potassium phosphate (pH 7.6), 10 mM FAD,%0.5 mM aromatic

substrate, and 0.2 mM NADH.
bAssay conditions for PcMNX3. The activity was monitored spectrophotometrically following NADPH oxidation at 37�C in air-saturated 50 mM HEPES (pH 7.5),%0.6 M aromatic substrate, and

0.2 mM NADPH.
cAssay conditions for CpMNX3. The activity was monitored polarographically via O2 consumption at 25�C in air-saturated 50 mm potassium phosphate (pH 7.6), 10 mm FAD, %1 mM phenolic

substrate, and %0.4 mm NADPH.
dAssay conditions forPcHDX1. The activity wasmonitored polarographically via O2 consumption at 30�C in air-saturated 50mm2-(N-morpholino)ethanesulfonic acid (pH 6.0),%0.6mMphenolic

substrate, %0.4 mm NADPH, and 6 mg superoxide dismutase.
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Figure 2. GsMNX1 structure

(A) Crystal structure of GsMNX1 with bound coenzyme FAD (yellow carbon atoms) and docked substrate 4HBA (cyan carbons).

(B) Magnification of the active site—docking mode_1 (4HBA in cyan). The interatomic distances shown are in Å.

(C) Docking mode_2 (4HBA in gray).

(D) Superposition of the active sites of GsMNX1 (green) with docked substrate 4HBA and 3HB6H from R. jostii RHA1 with bound substrate 3-hydroxybenzoate

(PDB: 4BK1, orange). The latter structure was solved for the H213S mutant; therefore, PDB: 4BJZ was used to visualize His213.
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Therefore, we docked the substrate 4HBA into the active site of

GsMNX1and found twopossible binding orientationswith similar

free energy scores. There are no explicit steric or polar determi-

nants present for the positions ortho to the phenolic group of

the substrate in either of our docked models. In the first model

(Figure 2B; �5.162 kcal/mol), the phenolic group of 4HBA is co-

ordinated by Tyr237. This model resembles the docked model

for NicC from P. putida KT2440, where the phenol-interacting

tyrosine is proposed to act as a base catalyst that deprotonates

the phenolic group of the substrate to yield a dearomatized

quinoid intermediate that precedes oxidative decarboxyl-

ation.37,38 The second model (Figure 2C; �4.872 kcal/mol) has

4HBA bound in a ‘‘flipped’’ orientation relative to the first model,

where the phenolic group of 4HBA is coordinated byHis233. This

latter model matches closely the substrate binding orientation

found in the crystal structure of 3HB6H (PDB: 4BK1) from

R. jostii RHA1.36 Despite the good superposition between

4HBA from our docked structure and 3-hydroxybenzoate from

the 3HB6H enzyme-substrate complex (PDB: 4BK1; Figure 2D),

GsMNX1 is unable to hydroxylate 3-hydroxybenzoate (Figures

1B and S1). No phospholipid was found in the GsMNX1 crystal

structure, unlike the 3HB6H structure (PDB: 4BK1), where the

lipid tail reaches the enzyme active site and is partly implicated

in the proper substrate positioning.36 Together, thesemodels un-

derscore the diverse reactions catalyzed by FPMOenzymes and,

especially in the context of GsMNX1, highlight the importance of

polar interactions between the substrate and the active-site res-

idues to facilitate the Tyr- or His-catalyzed substrate dearomati-

zation for the oxidative C–C bond fission (Figure S4).

GsMNX3 and TvMNX3 catalyze the hydroxylation of
hydroquinone and resorcinol and exhibit futile cycling
with catechol and phenol
The second step proposed in the hydroxyquinol pathway in-

volves the hydroxylation of hydroquinone at the ortho position

to produce hydroxyquinol, which primes the benzene ring with

a vicinal diol moiety for the ensuing oxygenative ring fission (Fig-
ure 1A). This process has been suggested to be catalyzed by

the FPMO, MNX3 from T. versicolor (TRAVEDRAFT_58730)

and G. subvermispora (CERSUDRAFT_82057) (hereafter called

TvMNX3 and GsMNX3, respectively).8 Like GsMNX1, purified

protein preparations of TvMNX3 and GsMNX3 are yellow in co-

lor, consistent with a significant incorporation of FAD coenzyme.

Notably, the MNX3 from WRF is not subject to auto-truncation

upon purification likeMNX3 fromC. parapsilosis (hereafter called

CpMNX3).21 In an HPLC-based assay, TvMNX3 and GsMNX3

were confirmed to transform hydroquinone to hydroxyquinol

(Figure S5), and they were shown to not turn over 4HBA or pro-

tocatechuate under the conditions tested (Figure 1B). This con-

trasts prior reports on MNX3 from P. chrysosporium (hereafter

called PcMNX3), which hydroxylates 4HBA, albeit at a very low

efficiency.23

To evaluate the versatility of TvMNX3 and GsMNX3 against

phenolic compounds of varying degrees and positioning of the

hydroxylation, we also evaluated the reactivity of these enzymes

against phenol, catechol, and resorcinol (Figure 1B). O2 con-

sumption was observed for all compounds tested. However,

the presence of catalase, used to evaluate reaction uncoupling,

halved the observed rates of TvMNX3- and GsMNX3-catalyzed

reactions in the presence of catechol and phenol, which implies

a complete reaction uncoupling as an equimolar amount of H2O2

was produced for every mol of O2 and NADPH consumed (Fig-

ure S6). Conversely, no rate changes in the presence of catalase

were observed when TvMNX3 andGsMNX3 reacted with hydro-

quinone and resorcinol, indicating no reaction uncoupling.

Conversely, CpMNX3 has been shown to hydroxylate phenol

and catechol with little to no uncoupling.21

TvMNX3 and GsMNX3 displayed Michaelis-Menten behavior

for hydroquinone and resorcinol, and the steady-state kinetic

parameters are summarized in Table 1. The catalytic efficiencies

of TvMNX3 and GsMNX3 are comparable with respect to hydro-

quinone and resorcinol, although GsMNX3 operates under half

the Michaelis-Menten constant when compared to TvMNX3.

Catalytic efficiency comparison between different biochemically
Cell Reports 43, 115002, December 24, 2024 5
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characterized MNX3 ranks as follows: CpMNX3 > TvMNX3 z
GsMNX3 > MNX3 from P. chrysosporium (PcMNX3) (Ta-

ble 1).21,23 The higher activity fromCpMNX3may be partly attrib-

utable to the different protein production methodologies.

CpMNX3 was produced natively in C. parapsilosis, while MNX3

from WRF was produced heterologously in E. coli.21,23 In all in-

stances, the purified MNX3 enzymes exhibited a strict nicotin-

amide cofactor preference for NADPH and were minimally reac-

tive with NADH (Figure S7).21,23 We note that CpMNX3 was

susceptible to substrate inhibition by hydroquinone and resor-

cinol,21 whereas no substrate inhibition was observed for either

TvMNX3 or GsMNX3 under the range of substrate concentra-

tions tested (%75 mM). This result indicates the robustness of

these fungal enzymes in the presence of aromatic compounds.

MNX1 C1 oxidative decarboxylation precedes MNX3 C3

hydroxylation in the aromatic ring
To confirm the sequence of the reactions catalyzed by MNX1

and MNX3 and identify potential inhibitions in these initial steps,

we analyzed the reaction inhibition profile ofMNX3 bymonitoring

its reactivity toward aromatic substrates and products of MNX1

and comparing the rates of TvMNX3- and GsMNX3-catalyzed

hydroxylation of hydroquinone in the presence of 4HBA, proto-

catechuate, vanillate, and 2-methoxyhydroquinone. The initial

velocity of MNX3-catalyzed hydroquinone hydroxylation was

lower (up to�0.5 times lower) in the presence of 4HBA, protoca-

techuate, and vanillate but not 2-methoxyhydroquinone, sug-

gesting that these compounds are inhibitory (Figure S8). In

contrast, the presence of hydroquinone did not lower the rate

of GsMNX1-catalyzed oxidative decarboxylation of 4HBA (Fig-

ure S9). We further explored the nature of inhibition of 4HBA to-

ward the hydroquinone hydroxylation rate of GsMNX3 and

TvMNX3, as 4HBA is the most inhibitory compound of the spe-

cies tested. 4HBA acts as a modest uncompetitive inhibitor, as

indicated by parallel fitting lines in the Lineweaver-Burk plot (Ta-

ble 1; Figure S10). Based on the substrate specificities reported

previously for both enzymes (Table 1) and the inhibitory nature of

MNX1 substrates toward TvMNX3 and GsMNX3, this reinforces

that MNX1-catalyzed oxidative decarboxylation of 4HBA pre-

cedes MNX3-catalyzed hydroxylation.

TvMNX3 showcases a distinctive thioredoxin domain
and activity compared to closely related bacterial and
fungal structural homologs
MNX3 harbors two distinct domains, an N-terminal FAD binding

domain (PF01494) and a C-terminal phenol hydroxylase dimer-

ization domain (PF07976/cd02979), which have also been

described as a thioredoxin-like superfamily.33 To provide in-

sights into the basis of substrate specificity of TvMNX3 and

GsMNX3, we sought to determine their molecular structures.

We solved the holo-structure of TvMNX3, which included bound

coenzyme FAD in an open conformation with diffraction data ex-

tending to a resolution of 2.4 Å, but that of GsMNX3 proved

elusive. We docked the substrate hydroquinone into the active

site for a more complete model (Figure 3A). TvMNX3 forms a

dimer with a single FAD molecule bound in each subunit, both

built in the open conformation. The FAD molecule is strongly

bound in one subunit andmore loosely in the other. The loose as-
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sociation of FAD within FPMO has been reported previously;

therefore, it requires FAD supplementation in the kinetics assay

buffer.32 The active site reveals a network of hydrogen bonding

surrounding the aromatic substrate that exhibits one hydroxyl

group of hydroquinone forming hydrogen bonds with Asp53

and Tyr252, whereas the opposite hydroxyl group interacts

with Glu112 and Lys229 (Figure 3B). The latter is substituted

with an arginine in PcMNX3 andCpMNX3. The closest structural

homolog of TvMNX3 is a phenol hydroxylase from the yeast Tri-

chosporon cutaneum (PDB: 1FOH) with 44% sequence identity.

Both structures form a dimer, and the monomers superimpose

one another well with an RMSD value of 1.40 Å over 539 residues

aligned (Figure 3C). The difference in FAD conformation in FPMO

does not appear to affect substrate binding or active-site residue

conformations (Figure 3D), as shown in the phenol hydroxylase

structure, which harbors FAD in differing conformations in each

of their subunits. However, it is worth noting that TvMNX3 did

not exhibit activity on phenol (Figure 1B), in contrast to the re-

ported activity in T. cutaneum.

TvMNX3 harbors a C-terminal thioredoxin domain, but its role

is unclear. Thioredoxins contain redox-active disulfide bridges

and may serve as an additional redox active site or to maintain

overall protein stability.39,40 Its function, however, can be in-

ferred from its annotation as a dimerization domain. Indeed,

only one pair of residues (Glu70 and Arg74) contributing to the

dimer interface is solely from the FPMO domain, whereas the re-

maining 15 residues are from or interacting with the thioredoxin

domain (Figure S11).41 It is possible for an FPMO lacking a thio-

redoxin domain to still form a dimeric structure, as evidenced by

our recent structure of 4HBA 3-hydroxylase (4HB3H, PraI; PDB:

7ON9).42 The monomer of TvMNX3 and PraI superimpose well

with an RMSD value of 2.27 Å (343 residues aligned) despite

the low sequence identity of 16% and the different contact an-

gles between the subunits leading to different quaternary struc-

ture configuration (Figures 3E and 3F). Nevertheless, the purified

TvMNX3 used in this study harbors a C-terminal poly-His tag and

adopts a monomeric quaternary structure when evaluated using

size-exclusion chromatography under the condition tested (Fig-

ure S12). The poly-His tag or the buffer used may prevent dimer-

ization, and this proteinmay indeed formhigher oligomers in vivo.

Altogether, these results again highlight the plasticity of the

FPMO protein scaffold and the myriad reactions it catalyzes.

Comparisonwith other characterized FPMOs suggests a com-

monmechanismwithin the FPMO ortho-phenol hydroxylases, as

highlighted by the common structural fold and catalytic machin-

ery. The sequence identities of known fungal MNX3 enzymes

range from 40%70%, and the RMSD values of the AlphaFold

models of GsMNX3, CpMNX3, and PcMNX3 are %1.41 Å

(R568 aligned residues) compared to TvMNX3. With this com-

mon architecture, these enzymes may be expected to function

similarly, especially with full conservation of the substrate-coor-

dinating residues. With the aim to compare it with bacterial

FPMOs, a functional homolog to MNX3 from R. jostii RHA1 was

chosen, the resorcinol 6-hydroxylase TsdB (hereafter called

RjTsdB) from the g-resorcylate catabolism.18 Characterization

of this potential bacterial counterpart to MNX3 was not success-

ful (Text S1; Figure S13). Indeed, RjTsdB diverges significantly

fromMNX3, and it shares%20% sequence identity while lacking

https://www.google.com/search?rlz=1C1GCEB_enUS890US890&amp;biw=852&amp;bih=791&amp;sxsrf=APwXEdeNrKENEwaZEwKyMDRkqteMVDCsew:1687275512643&amp;q=phanerochaete+chrysosporium&amp;spell=1&amp;sa=X&amp;ved=2ahUKEwj3xsaMl9L_AhWIl2oFHSuXC50QkeECKAB6BAgOEAE


Figure 3. Structural architecture of TvMNX3 and comparison with other FPMOs

(A) Crystal structure of TvMNX3with bound coenzyme FAD in the open conformation (yellow carbon atoms) and docked substrate hydroquinone (green carbons).

(B) Molecular interactions of the docked substrate hydroquinone (green) with the active-site residues of TvMNX3 (blue) in the FAD open conformation (FAD in

yellow). The interatomic distances shown are in Å.

(C) Superposition of an FAD open conformation (pink) and FAD closed conformation (tan) protein chain of phenol hydroxylase from T. cutaneum (both PDB: 1FOH)

with TvMNX3 (blue).

(D) Comparison of the different coenzyme FAD conformations of TvMNX3 (open FAD in yellow) and phenol hydroxylase (open FAD in pink and closed FAD in tan).

The active-site residues and the substrate phenol of the closed FAD conformation are shown and colored in tan. TvMNX3 active-site residues are colored in blue

and are labeled, and the docked hydroquinone is shown in green.

(E) Superposition of 4HB3H PraI (PDB: 7ON9) (red) with TvMNX3 (blue). TvMNX3 has a C-terminal thioredoxin-like domain (cyan) that is absent in PraI.

(F) Comparison of the FAD conformations of TvMNX3 (open FAD in yellow) and PraI (closed FAD in red). The PraI substrate 4HBA is shown in red, and the

hydroquinone docked to TvMNX3 is shown in green.
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all four active site residues identified previously in association

with hydroquinone binding. A broader comparison of MNX3

to other characterized FPMOs revealed a specific functional

clustering around phenol-2-monooxygenase activity, which rep-

resents the simplest common denominator substrate (Fig-

ureS14). Indeed, this cluster contains the dimeric phenol-2-mon-

oxygenase from T. cutaneum.43 Additionally, this cluster includes

enzymes that hydroxylate para- and meta-hydroxybenzoates at

the position ortho to the phenolic group to yield protocatechuate,

which is distinct from the thioredoxin-less FPMOs, such as PobA

and PraI (Figure 3).42,44–46 In all instances, the ortho-phenol hy-

droxylation in FPMO may proceed by the deprotonation of the

phenol, likely by the conserved tyrosine, which primes the alpha

carbon to abstract a hydroxy group from the flavin hydroxyperox-

ide (Figure S15).47,48

The catalytic efficiency of fungal hydroxyquinol
dioxygenases is comparable to that of their bacterial
counterparts
The next suggested reaction in sequence in the hydroxyquinol

pathway of WRF is the intradiol ring opening of hydroxyquinol
as catalyzed by non-heme iron dioxygenases (Figure 1A).

In this study, we evaluated three proposed hydroxyquinol dioxy-

genases from T. versicolor (TRAVEDRAFT_28066, TvHDX1),

G. subvermispora (CERSUDRAFT_116134, GsHDX1), and

TsdC from R. jostii RHA1 (ro01857, RjTsdC) (Figure 1A).8 Our

plasmid-encoded TvHDX1 bears an additional 33 amino acids

at the N terminus that is derived from an earlier start codon

that was not included in the subsequent GenBank entry; never-

theless, this addition does not seem to affect the overall protein

folding and activity (vide infra). All three proteins were purified to

homogeneity following a two-step aerobic purification protocol.

The resulting protein preparations are reddish-brown in color,

consistent with the metal-to-ligand charge transfer between

ferric ion and tyrosine typical of intradiol dioxygenases.49

HPLC-based detection of hydroxyquinol dioxygenase activity

is challenging due to the instability of hydroxyquinol and the lack

of commercial sources of its putative product, maleylacetate

(Figure 1). Hydroxyquinol readily oxidizes under aerobic aqueous

conditions at pH 7, which complicates reaction monitoring via

substrate depletion. Indeed, the ring-opened reaction products

from these reactions are colorless, which is consistent with an
Cell Reports 43, 115002, December 24, 2024 7



Figure 4. Structural architecture of TvHDX1,

GsHDX1, and RjTsdC

(A) Crystal structure of dimeric TvHDX1 with bound

ferric ions (orange) and docked substrate hydrox-

yquinol (cyan and green).

(B) Superposition of the monomeric structural

units of TvHDX1 (blue),GsHDX1 (pink), and RjTsdC

(yellow).

(C) Stereo view of the active sites of TvHDX1 (pale

blue), GsHDX1 (pink), and RjTsdC (yellow). For

TvHDX1, the bound ferric ions (orange) and docked

substrate hydroxyquinol (cyan) are shown as well

as the residue labels. The interatomic distances

shown are in Å.

(D) Superposition of TvHDX1 with docked sub-

strate hydroxyquinol (cyan) with the crystal struc-

ture of catechol-1,2-dioxygenase from B. ambifaria

with bound catechol (green; PDB: 5VXT).
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intra-diol (ortho) cleavage product, in contrast to the yellow-

colored muconate semialdehyde structure from extra-diol

(meta) cleavage products.50 To confirm the production of maley-

lacetate from hydroxyquinol by ring-opening dioxygenases, we

conducted a chain reaction that also included a previously char-

acterized reductase, MAR1 (TsdD from R. jostii RHA1; hereafter

called RjTsdD)18 (Figure 1A) to produce bKA, for which an HPLC-

based quantification method is available.51 A mixture containing

1 mM each of TvHDX1, GsHDX1, and RjTsdC transformed hy-

droxyquinol to maleylacetate in an equimolar fashion (Fig-

ure S16A). To further explore their substrate specificities, we

tested TvHDX1, GsHDX1, and RjTsdC on other aromatic diols,

including catechol and protocatechuate, by oxygraphy. Only

catechol elicited significant O2 consumption to produce muco-

nate at near-stoichiometric amounts (Figure S16B).

The catalytic efficiencies of TvHDX1, GsHDX1, and RjTsdC

were determined by oxygraphy following the consumption of

O2 uponmixing with either hydroxyquinol or catechol. These di-

oxygenases are consistently most active against hydroxyquinol

and minimally against catechol. TvHDX1,GsHDX1, and RjTsdC

exhibit Michaelis-Menten kinetic behavior for the cleavage of

hydroxyquinol and catechol, as summarized in Table 1. The

kinetic parameters for TvHDX1 and GsHDX1 against hydroxy-

quinol are at parity; conversely, RjTsdC is �30% more efficient

(as indicated by kcat/KM ratio) than the WRF HDX1. PcHDX1

is �5-fold less efficient than TvHDX1 and GsHDX1 for hydrox-

yquinol, which is largely driven by an elevated Michaelis-

Menten constant.

RjTsdC exhibits greater structural similarity to GsHDX1
and TvHDX1 than the fungal enzymes do among
themselves
To evaluate the structural architecture of these intradiol dioxyge-

nases, the dimeric structures of fungal TvHDX1 (Figure 4A),

GsHDX1, and bacterial RjTsdC were solved by X-ray crystallog-

raphy with diffraction data extending to resolutions of 1.46,

1.78, and 1.57 Å, respectively. TvHDX1, GsHDX1, and RjTsdC

have the typical domain architecture for intradiol dioxygenases,

comprising N-terminal (PF04444) and C- terminal (PF00775) di-

oxygenase domains akin to catechol dioxygenase.52 TvHDX1
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and GsHDX1 show a high sequence identity (72%), in contrast

to RjTsdC (42% and 44%, respectively). Despite this disparity,

all three dioxygenases share a similar overall architecture (Fig-

ure 4B). Surprisingly, the fungal HDX1s are more structurally dis-

similar to one another (RMSD values of 2.30 Å over 284 aligned

residues) than when each is compared to RjTsdC (1.64 Å over

268 aligned residues for TvHDX1 and 1.94 Å over 269 aligned res-

idues forGsHDX1). The elevated RMSD value between the fungal

enzymes is due to the different arrangement of the three a helices

at the dimeric interface (Figure 4B). Nonetheless, the catalytic do-

mains are superimposable between all three enzymes.

To gain further insight into the substrate preference, hydroxy-

quinol was docked into the active site of TvHDX1 (Figure 4C). The

active sites of all three hydroxyquinol dioxygenases contain two

histidine and two tyrosine residues that coordinate the ferric ion

typical of intradiol dioxygenases. In TvHDX1, the side chain of

Tyr212 flipped away from the ferric ion, in contrast to the

metal-coordination environment depicted in GsHDX1 and

RjTsdC. This movement of the tyrosine residue allows for the

binding catechol substrate with the metal center. One notable

feature in the docked model is the hydrogen bonding interaction

between Asp97 with the hydroxyl group of the substrate at

the fourth position, which seems to be important for proper

substrate positioning. Another peculiar feature in the structure

of these hydroxyquinol dioxygenases is the presence of a

phospholipid at the dimer interface (Figure S17). This phospho-

lipid is modeled as 1-heptadecanoyl-2-tridecanoyl-3-glycerol-

phosphonyl choline based on the goodness of fit of the electron

density. While this phospholipid is likely derived from the heter-

ologous host E. coli, its presence has been observed elsewhere

(for instance, in 3HB6H from R. jostii RHA1; PDB: 4BK1) and has

been shown to be important in protein dimerization and in aiding

regioselectivity control of aromatic hydroxylation.36

HDX1, TsdC, and related homologs, irrespective of the varia-

tion in aromatic substrate binding, are fundamentally non-

heme iron catechol-1,2-dioxygenases (intradiols). The closest

structural homolog for all three structures is a hydroxyquinol

1,2-dioxygenase from the bacterium Nocardioides simplex

(PDB: 1TMX)53 with 44%–46% sequence identity and RMSD

values of 2.5, 1.7, and 1.6 Å for TvHDX1, GsHDX1, and RjTsdC,



Figure 5. Cell-free conversion of 4HBA to

bKA

(A) Quantification of substrate (4HBA) and product

(bKA) after 16-h incubation of 4HBAwith BSA, used

as negative control, or with the G. subvermispora

enzyme suite. Bars represent the average of bio-

logical triplicates, and error bars show the standard

deviation of the replicates.

(B) Summary of the turnover rates shown in Table 1,

corresponding to the studied enzyme cascade re-

action.
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respectively. Despite not containing a bound substrate, the

N. simplex dioxygenase structure features a conserved aspar-

tate positioned to interact with the 4-hydroxyl group of the sub-

strate, as noted above. Another close structural homolog is a

catechol 1,2-dioxygenase from the bacterium Burkholderia am-

bifaria with bound catechol (PDB: 5VXT) with 25% sequence

identity with the fungal enzymes and 34% with RjTsdC, and

the RMSD values are 2.3, 2.9, and 2.1 Å for TvHDX1, GsHDX1,

andRjTsdC, respectively. Notably, there is no hydrogen bonding

partner available to interact with the hydroxyl group of catechol

in the B. ambifaria dioxygenase, as shown in superposition with

TvHDX1 (Figure 4D). The catalytic cycle on an intradiol dioxyge-

nase initiates with the displacement of the axial metal-coordi-

nating tyrosine and a solvent molecule to accommodate the bi-

dentate binding of the catechol substrate to the iron center

and continues as described previously (Figure S18).54

WRF enzymes catalyze the reduction of maleylacetate
to bKA, albeit with lower catalytic efficiency compared
to reported bacterial maleylacetate reductases
The last step evaluated in the hydroxyquinol pathway is the reduc-

tion of maleylacetate to bKA, which is an uncharacterized step in

the fungal kingdom and is catalyzed by RjTsdD (ro01858) in

R. jostiiRHA118 (Figure 1A). The low amino acid sequence homol-

ogy between RjTsdD and any WRF protein sequence has previ-
Cell Re
ously hindered the identification of this

enzyme in WRF.8 In silico structural

models used in this study, generated

using AlphaFold or SwissModel,55,56 aided

in the identification of putative reduc-

tases (TRAVEDRAFT_113954 andCERSU-

DRAFT_114286 from T. versicolor and

G. subvermispora, respectively; hereafter

called TvMAR1 and GsMAR1). In addition

to the twoWRF reductases, we also kineti-

cally characterizedRjTsdD for comparison.

Purified protein preparations of TvMAR1,

GsMAR1, and RjTsdD are colorless in

appearance, and,despite their protein fam-

ily name, none contain iron at appreciable

level, which is consistent with prior studies

where MAR1 has been shown to function

independent of divalent metal ions.57

The kinetics assays for RjTsdD and

MAR1were performed spectrophotometri-
cally following the oxidation of NAD(P)H. Because maleylacetate

is not commercially available, it was produced in situ from hydrox-

yquinol using excessof eitherRjTsdCorGsHDX1prior to the addi-

tion of the reductase. These assays showed that RjTsdD and

MAR1 stoichiometrically reduced maleylacetate to bKA using

NAD(P)H as the sacrificial electron donor, as determined by an

HPLC-basedmethod (Figure 5). The steady-state kinetic parame-

ters are summarized in Table 1. Comparing the different

Michaelis-Menten constants toward the nicotinamide cofactor,

RjTsdD utilizes both NADH and NADPH as a reducing equivalent

with equal efficiency, whereas TvMAR1 and GsMAR1 exhibited a

strong preference toward NADPH. Overall, under the conditions

tested, RjTsdD exhibits kinetic superiority with approximately

two orders of magnitude higher catalytic efficiency compared to

fungal MAR1s. This enhanced performance is primarily driven

by its higher turnover frequency. TvMAR1 is slightly more efficient

than GsMAR1, although the latter may operate better at a lower

substrate concentration (Table 1).

Structural models of fungal and bacterial maleylacetate
reductases provide insights into the lack of metal
binding coordination compared to other reductases
TvMAR1, GsMAR1, and RjTsdD consist of a single iron-contain-

ing dehydrogenase domain (PF00465/cd08192).33 The structural

models for the various reductases were generated in silico and
ports 43, 115002, December 24, 2024 9
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provided by either AlphaFold or SwissModel (Figure S19).55,56 As

mentioned previously, despite the low sequence similarity to

structurally characterized MAR (24%–29% sequence identity),

the overall architecture of the TvMAR1 and GsMAR1 matches

that of MAR from bacteria such as Agrobacterium tumefaciens

strain C58 (PDB: 3HL0), Ralstonia eutropha JMP134 (PDB:

3JZD), Corynebacterium glutamicum (PDB: 3IV7), and Rhizo-

bium sp. strain MTP-10005 (also known as GraC; PDB:

3W5S)57 with RMSD values of %1.6 Å. Structurally, MAR com-

prises an N-terminal Rossman fold domain and a C-terminal

domain that is predominantly a helices that house the putative

metal-binding site. In MAR1 and RjTsdD, the putative metal-

binding histidines around the active site are conserved; however,

the metal-binding glutamate is substituted with asparagine in

RjTsdD and arginine in WRF MAR1, which likely abolishes the

metal-binding coordination.

In vitro enzyme cascade for the bioconversion of 4HBA
to bKA
To validate the complete hydroxyquinol pathway in WRF while

simultaneously confirming the product of fungal MAR1, we

tested a reaction cascade with the enzyme suite fromG. subver-

mispora. In this assay, we combined 4HBA with catalytic

amounts (1 mM each) of GsMNX1, GsMNX3, GsHDX1, and

GsMAR1, using an excess amount NADPH, and quantified the

extent of substrate depletion and bKA produced as well as any

intermediate (excluding maleylacetate). After a 16-h incubation

period, nearly complete conversion to bKA was achieved, with

only negligible traces of 4HBA identified (Figure 5A). There was

no detectable accumulation of hydroquinone or hydroxyquinol.

Overall, these results validate the entire hydroxyquinol pathway

in G. subvermispora, encompassing the conversion from 4HBA

to bKA (Figure 1), and display a proof of concept for cell-free pro-

duction of bKA from aromatic sources.

DISCUSSION

Despite intense study of WRF for lignin degradation, our current

understanding of aromatic catabolic pathways in WRF remains

limited. To that end, this study builds upon our prior systems-

level study8 and provides mechanistic clarity for each biochem-

ical conversion step within the hydroxyquinol pathway. Addition-

ally, it unveils the identification of maleylacetate reductases in

two WRF. From a kinetics standpoint, we note a general trend

of increasing catalytic efficiency for each successive step of

the pathway in G. subvermispora, culminating at hydroxyquinol

ring cleavage (Figures 5B; Table 1). Themost prominent increase

in catalytic efficiency, of approximately an order of magnitude,

was observed between the activities of GsMNX3 and GsHDX1,

likely to prevent accumulation of unstable and toxic hydroxyqui-

nol.58 Our crystallographic models offer further insights into the

active-site architecture of FPMOs and non-heme iron dioxyge-

nases, which informs common substrate activation strategies.

In FPMO, substrate activation proceeds through the deprotona-

tion of the phenolic group by a base catalyst; then, the immediate

proximity of the flavin -hydroxyperoxide to the reactive carbon

center specifies where the hydroxylation (or an ensuing decar-

boxylation) occurs (Figures S4 and S6). In non-heme iron dioxy-
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genases, the bidentate substrate binding to the metal center an-

chors the reaction coordinate for the successive ring-opening

additions of oxygen atoms (Figure S18). Last, our findings sug-

gest that relying solely on structure and active-site homology

may result in inaccurate substrate specificity predictions in

FPMOs. Therefore, an approach that combines phylogenetic an-

alyses of biochemically characterized fungal and bacterial en-

zymes (Text S2; Figure S14; Data S1) with structural biology is

recommended for more reliable activity predictions of aromatic

compounds, particularly in cases where enzyme assays are

not feasible.

The activity of the oxidative decarboxylase GsMNX1 toward

aromatic catabolic intermediates (i.e., protocatechuate) or

lignin-related compounds (i.e., vanillate) beyond 4HBA sug-

gests the existence of interconnected catabolic pathways

within WRF that have yet to be fully elucidated. The higher cat-

alytic efficiency of GsMNX1 toward protocatechuate, when

compared to 4HBA, implies that the hydroxylation of 4HBA to

protocatechuate (a reaction that is still hypothetical) may repre-

sent a significant catabolic route for aromatic compounds in

WRF. FPMOs homologous to bacterial PobA or PraI (Figure 1)

appear to be missing in G. subvermispora or T. versicolor.

Thus, this catabolic step may instead be catalyzed by

a PhhA-like FPMO or cytochrome P450, as described

previously for the filamentous fungus Cochliobolus lunatus.59

Regarding vanillate, the MNX1-like reactivity in generating

2-methoxyhydroquinone (Figure 1B) was reported in 1988 in su-

pernatants of the WRF P. chrysosporium. However, this activity

was not linked to any specific enzyme, and kinetics were not

measured.60 In general, the catabolism of methoxylated pheno-

lics in WRF remains poorly understood. Both G. subvermispora

and T. versicolor appear to lack the conventional aerobic aro-

matic demethylation system, such as the Rieske-, cytochrome

P450-, or tetrahydrofolate-type aromatic demethylation sys-

tems.8,61 However, a recent studies of the filamentous fungi

Aspergillus niger and P. chrysosporium have postulated a cata-

bolic route for ring opening of 2-methoxyhydroquinone by a di-

oxygenase, which obviates the need for the conversion of a

guaiacyl to a catechyl group prior to ring opening,62,63 present-

ing a different pathway for vanillate conversion. While our study

is primarily focused on a compound that exhibits the p-cou-

maryl ring substitution pattern (i.e., no methoxy groups on the

aromatic ring) in lignin, future work will aim to uncover novel

pathways for the conversion of G- and S-type monomers in

lignin-degrading WRF.

From a systems-level perspective, reaction uncoupling events

(futile cycling) exhibited by oxygenases on certain lignin-related

aromatic compounds may be a beneficial feature of the biolog-

ical system. For instance, MNX3 showed severe reaction uncou-

pling in the presence of catechol and phenol (Figure S6). This

behavior has also been observed previously in Rieske-type oxy-

genases, such as vanillate O-demethylase and guaiacol O-de-

methylase, where uncoupling was noted when these systems

were subjected to S-type lignin monomers.64,65 Reaction uncou-

pling with these oxygenasesmay serve to generate H2O2, fueling

WRF peroxidases involved in lignin degradation processes,1 or

to produce O2 in conjunction with catalases for hydroxylation

or ring-opening reactions.



Article
ll

OPEN ACCESS
The reason why WRF evolved the hydroxyquinol pathway

instead of adopting the conventional bKA pathway used by

bacteria remains an open question, especially given that, as

described above, the last aromatic compound before ring cleav-

age, hydroxyquinol, is relatively unstable—it readily oxidizes un-

der aqueous oxygenated conditions at pH 758—in contrast to the

stability exhibited by protocatechuate and catechol (Figure 1).

The scope of the current study is limited to the in vitro character-

ization of selected enzymes within the hydroxyquinol pathway.

Nevertheless, transferring the bKA and hydroxyquinol pathways

to an in vivo context may potentially reveal advantages in actual

wood decay processes. Yet, assessing these queries in WRF re-

mains a challenge due to the absence of efficient genetic tools

for these organisms and the potential redundancy of enzymes

with similar activities. Indeed, based on the phylogenetic ana-

lyses of FPMOs (Figure S14), the previously reported insoluble

MNX1-like CERSUDRAFT_119636 might also harbor the same

activity as GsMNX1. Going forward, future research will necessi-

tate different expression systems (e.g., Pichia pastoris or cell free

systems) to support the redundancy hypothesis.

From an application standpoint, the hydroxyquinol pathway

requires one less enzyme than the conventional bKA pathway

to transform 4HBA to bKA—a high-value building block.12,28,51

This feature holds promise for applications in cell-free conver-

sion processes. For instance, the catabolic intermediate hy-

droquinone is a byproduct of various processes, including

pharmaceuticals,66 which offers an opportunity for the valori-

zation of waste streams containing this aromatic compound.

Furthermore, these findings are of paramount importance for

the development of more efficient enzymatic or microbial bio-

catalysts aimed at producing chemicals from lignin-related ar-

omatic compounds, specially within the context of lignin valo-

rization.26,27 In terms of cofactors, the hydroxyquinol pathway

(from 4HBA to bKA) requires one additional molar equivalent

of NAD(P)H compared to the bKA pathway (Figure 1), poten-

tially influencing the cost of cell-free systems. Thus, weighing

the cost of cofactors and the expenses associated with

producing an additional enzyme would be required. Further-

more, enzymes in the hydroxyquinol pathway in WRF,

including the FPMOs and the maleylacetate reductase, exhibit

a preference toward NADPH. Consequently, if these fungal

pathways are translated to other organisms, then additional

considerations, such as a cofactor regeneration system,

would be essential to maintain cellular redox balance. Overall,

the validation of the hydroxyquinol pathway in WRF and the

characterization of enzymes involved in its various catabolic

steps represent an advancement toward a more comprehen-

sive understanding of global carbon cycling and carbon

sequestration from lignin-related compounds in fungal

biomass in nature.

Limitations of the study
This study uncovers a specific enzymatic pathway for the con-

version of 4HBA to bKA in WRF. However, as described above,

4HBA may also undergo hydroxylation to form protocatechuate,

a pathway not addressed in this study. Additionally, gene redun-

dancy is highly likely in WRF. Thus, we may be missing enzymes

that conduct similar reactions in vivo, which would need to be
considered if engineering aromatic catabolic pathways in WRF.

Finally, we are using E. coli as a host for enzyme production,

which does not glycosylate enzymes as fungi do, potentially

altering some kinetics. Nevertheless, these enzymatic reactions

could still be transferred to bacteria for other applications, mak-

ing the kinetics data relevant.
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de Vries, R.P. (2019). A comparison between the homocyclic aromatic

metabolic pathways from plant-derived compounds by bacteria and fungi.

Biotechnol. Adv. 37, 107396. https://doi.org/10.1016/j.biotechadv.2019.

05.002.

23. Suzuki, H., Mori, R., Kato, M., and Shimizu, M. (2023). Biochemical char-

acterization of hydroquinone hydroxylase fromPhanerochaete chrysospo-

rium. J. Biosci. Bioeng. 135, 17–24. https://doi.org/10.1016/j.jbiosc.2022.

10.001.

24. Rieble, S., Joshi, D.K., and Gold, M.H. (1994). Purification and character-

ization of a 1,2,4-trihydroxybenzene 1,2-dioxygenase from the basidiomy-

cete Phanerochaete chrysosporium. J. Bacteriol. 176, 4838–4844. https://

doi.org/10.1128/jb.176.16.4838-4844.1994.

https://doi.org/10.1016/j.celrep.2024.115002
https://doi.org/10.1016/j.celrep.2024.115002
https://doi.org/10.1126/science.1221748
https://doi.org/10.1126/science.1221748
https://doi.org/10.1146/annurev.arplant.54.031902.134938
https://doi.org/10.1146/annurev.arplant.54.031902.134938
http://refhub.elsevier.com/S2211-1247(24)01353-6/sref3
http://refhub.elsevier.com/S2211-1247(24)01353-6/sref3
http://refhub.elsevier.com/S2211-1247(24)01353-6/sref3
http://refhub.elsevier.com/S2211-1247(24)01353-6/sref3
https://doi.org/10.1039/c1np00042j
https://doi.org/10.1111/1758-2229.12597
https://doi.org/10.1111/1758-2229.12597
https://doi.org/10.1128/aem.62.3.1070-1072.1996
https://doi.org/10.1128/aem.62.3.1070-1072.1996
https://doi.org/10.1128/aem.56.6.1806-1812.1990
https://doi.org/10.1073/pnas.2017381118
https://doi.org/10.1039/C7CS00566K
https://doi.org/10.1039/B411428K
https://doi.org/10.1007/s12155-015-9583-4
https://doi.org/10.1007/s12155-015-9583-4
https://doi.org/10.1146/annurev.micro.50.1.553
https://doi.org/10.1146/annurev.micro.50.1.553
http://refhub.elsevier.com/S2211-1247(24)01353-6/sref13
https://doi.org/10.1128/aem.01561-20
https://doi.org/10.1099/mic.0.048215-0
https://doi.org/10.1099/mic.0.048215-0
https://doi.org/10.1016/j.tibtech.2020.02.008
https://doi.org/10.1016/j.tibtech.2020.02.008
https://doi.org/10.1128/jb.186.15.4894-4902.2004
https://doi.org/10.1128/jb.186.15.4894-4902.2004
https://doi.org/10.1128/aem.02422-15
https://doi.org/10.1128/cmr.00111-00118
https://doi.org/10.1128/jb.179.21.6680-6687.1997
https://doi.org/10.1046/j.1432-1033.2000.01783.x
https://doi.org/10.1016/j.biotechadv.2019.05.002
https://doi.org/10.1016/j.biotechadv.2019.05.002
https://doi.org/10.1016/j.jbiosc.2022.10.001
https://doi.org/10.1016/j.jbiosc.2022.10.001
https://doi.org/10.1128/jb.176.16.4838-4844.1994
https://doi.org/10.1128/jb.176.16.4838-4844.1994


Article
ll

OPEN ACCESS
25. Kato, H., Furusawa, T.T., and Mori, R. (2022). Characterization of two

1,2,4-trihydroxybenzene 1,2-dioxygenases from Phanerochaete chryso-

sporium. Appl Microbiol Biotechnol. 106, 4499–4509. https://doi.org/10.

1007/s00253-022-12007-9.

26. Beckham, G.T., Johnson, C.W., Karp, E.M., Salvachúa, D., and Vardon,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strain

Escherichia coli BL21l(DE3) New England Biolabs BL21l(DE3)

Chemicals, peptides, and recombinant proteins

Peroxidase from horseradish Sigma-Aldrich P8125-25KU

Catalase from bovine liver Sigma-Aldrich C9322-1g

HEPES RPI H75030–500.0

Sulfuric acid Fisher C068

LB Miller RPI L24400-2000.2kg

Sodium hydroxide Fisher S318-500g

4-hydroxybenzoate Sigma 240141-50G

Hydrochloric acid Sigma 258148-500ML

Tris base RPI T60040

FAD Sigma F6625

Sodium hydrosulfite Fisher 71699-50g

Protocatechuate Sigma 14916-25g

Vanillate Sigma H36001

3-hydroxybenzoate Sigma H20008-5g

2-hydroxybenzoate Sigma 247006

Hydroquinone Sigma H17902

2-methoxyhydroquinone Sigma 176893-5G

Hydroxyquinol Sigma 173401-1G

Resorcinol Sigma 307521-100G

Catechol Sigma PHL82372-100MG

Phenol Sigma 1524806-500MG

Syringate Sigma S6881-5G

Imidazole Sigma 12399-100G

DMSO Fisher 472301-100mL

IPTG Goldbio I2481C-25

NADPH Roche 10107824001

NADH Roche 10128023001-1g

b-Ketoadipate Sigma O7753

Muconate Sigma 15992-5G-F

Ferric sulfate heptahydrate Sigma F7002-250G

HMW protein standard Cytiva 28403842

Recombinant proteins produced

in this study

Information in this manuscript Gene products from Table S1

Deposited data

Atomic coordinates and structure

factors –enzyme GsMNX1

This paper PDB: 8R2T

Atomic coordinates and structure

factors –enzyme TvMNX3

This paper PDB: 8R2U

Atomic coordinates and structure

factors –enzyme GsHDX1

This paper PDB: 8R2V

Atomic coordinates and structure

factors –enzyme TvHDX1

This paper PDB: 8R2W

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Atomic coordinates and structure

factors –enzyme RjTsdC

This paper PDB: 8R2X

LC-MS/MS analysis methods This paper dx.doi.org/10.17504/protocols.io.n92ldmkpol5b/v1

Oligonucleotides

Primer oEUK236

Sequence (5’ / 30)
GCCGCGCGGCAGCCATA

TGACCACCTACTTCACCGA

This paper N/A

Primer oEUK237

Sequence (5’ / 30)
GTTAGCAGCCGGATCCTCA

GGAGCTGCCACG

This paper N/A

Primer oEUK238

Sequence (5’ / 30)
GCCGCGCGGCAGCCATATG

CGCCCGTTCGTCCACT

This paper N/A

Primer oEUK239

Sequence (5’ / 30)
GTTAGCAGCCGGATCCTT

ATGGGGTGCTTTCCGGG

This paper N/A

Recombinant DNA

Plasmids, see Table S1 This paper N/A

Synthesized genes, see Table S2 This paper N/A

Software and algorithms

MS Excel N/A Microsoft 365

Leonora N/A ISBN: 019854877X

ClustalW N/A Clustal Omega < EMBL-EBI

iTOL N/A itol.embl.de

PyMOL 2.0 N/A pymol.org

COOT N/A WinCoot 0.9.8.95

The Molecular Operating

Environment (MOE 2022.02)

N/A https://www.chemcomp.com/en/

Download_Request.htm

STARANISO N/A https://staraniso.globalphasing.org/

cgi-bin/staraniso.cgi

Molrep: version 11.9.02 N/A CCP4 Cloud v.1.7.007

REFMAC5 version 5.8.0411 N/A CCP4 Cloud v.1.7.007

MolProbity version 4.5 N/A http://molprobity.biochem.duke.edu/

Coot: version 0.9.8.7 N/A CCP4 Cloud v.1.7.007
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strain
The bacterial strain utilized for heterologous protein expression was Escherichia coli BL21l(DE3). Cultivation media contained

lysogeny broth (LB Miller) supplemented with 100 mg/L ampicillin or 50 mg/L kanamycin and incubation was conducted at 37�C
and 200 rpm.

METHOD DETAILS

Cloning
DNA manipulation and propagation were performed using standard methods. Plasmids for heterologous expressions are listed in

Table S1. DNA syntheses were performed by TWIST Biosciences and are listed in Table S2. Primers used for subcloning are listed

in Table S3. Gibson Assembly master mix (NEB) was used for plasmid constructions. All of the gene numbering used for this work are

based on the Mycocosm database.
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Protein production and purification
All proteins used for in vitro assays were heterologously produced in E. coli BL21l(DE3) lines transformed with appropriate pET-

based expression systems (Table S1) in lysogeny broth (LB Miller) supplemented with 100 mg/L ampicillin or 50 mg/L kanamycin.

An overnight starter culture (125 mL flask with 40 mL media) was used to inoculate the main culture (2.5 L flask with 1 L media) at

1% (v/v). Seed and production cultures were grown at 37 �C at 200 rpm. Upon reaching an OD600 of 0.7, the production culture

was induced with the addition of 1 mM isopropyl ß-D-1-thiogalactopyranoside (IPTG), and the temperature lowered to 16�C. The
culture was grown for an additional 16–18 h prior to harvesting by centrifugation. At the point of induction, 0.1 mM riboflavin was

also added to strains producing FPMO, and 0.5 mM of ferrous sulfate was added to strains producing RjTsdC or HDX1. The produc-

tion of GsMNX1 was also supplemented with the co-production of GroEL/ES using pGro7 (Takara) and the growth media for this

E. coli strain was supplemented with 30 mg/L chloramphenicol and 0.5 g/L L-arabinose. The resulting biomass was frozen at

�80�C until further processing.

All proteins were purified following immobilized metal ion affinity chromatography (IMAC) and anion exchange chromatography.

Thawed biomass was resuspended with buffer A (20 mM HEPES, 100 mM NaCl, pH 7.5) and �1 mg of DNaseI prior to lysis using

a French press. Cleared lysate, achieved by centrifugation and filtration through 0.45 mm filter, was applied to an IMAC resin – either

Ni-Sepharose (Cytiva), NiNTA (GoldBio) or a HisTrap cartridge (Cytiva) – and washed with buffer A containing up to 20mM imidazole.

The protein was eluted with buffer A and 200 mM imidazole. The protein was concentrated and exchanged to buffer A using a 10 or

30 kDa spin column concentrator before application to a Source 15Q resin (Cytiva) operated with ÄKTA Pure fast protein liquid chro-

matography unit (Cytiva). The proteinwas eluted following a linear gradient of 1MNaCl in buffer A. The fraction of interest was pooled,

concentrated, exchanged to buffer A, frozen as beads, and stored at �80�C until further use.

Kinetic assays
General features of activity assays for oxygenases

Activity assays for the oxygenases are determined by following the consumption of the co-substrate O2 using a Clark-type electrode

OXYG1+ (Hansatech). The electrode was calibrated following the manufacturer’s instruction using air-saturated water and sodium

hydrosulfite. The assay was performed in a 1 mL format using air-saturated 50 mM Tris.SO4 pH 7 operating at 25�C, 10 mMFAD. The

observed enzymatic rate was corrected for the non-enzymatic background rate. The steady-state and inhibition kinetic parameters

were obtained by fitting the Michaelis-Menten and mixed inhibition equations to the data.

Activity assay for GsMNX1

The GsMNX1-catalyzed decarboxylating hydroxylation of 4HBA, protocatechuate, and vanillate was monitored by oxygraphy. A

typical assay is performed using 0.1 mM of GsMNX1. The dependency of the initial rate of GsMNX1 was performed using 15.6 to

500 mM for 4HBA, protocatechuate, vanillate, and 25 to 500 mM NADPH. Negative controls were generated under the same condi-

tions but replacing NADPH with buffer.

Coupling efficiency assay for GsMNX1

Coupling efficiency for GsMNX1 was determined by oxygraphy by comparing the rates of oxidative decarboxylation of 4HBA, pro-

tocatechuate, and vanillate, in the presence or absence of 5 U of catalase (SigmaAldrich). This assay contains 0.5 mMGsMNX1, 1mM

aromatic substrate, and 0.5 mM NADPH. The lowered initial rates for catalase-supplemented reactions represent reaction uncou-

pling where hydrogen peroxide was unproductively produced as a by-product of NADPH-consuming O2 reduction in the presence

of the unsuitable substrates.

Activity assay for GsMNX3 and TvMNX3

TheMNX3-catalyzed hydroxylation of hydroquinone and resorcinol wasmonitored by oxygraphy as described above. A typical assay

is performed using 0.2 mM of TvMNX3 or 0.5 mM ofGsMNX3. The dependency of the initial rate of MNX3 toward the concentration of

0–125 mM for hydroquinone, 0–1 mM for resorcinol, and 0–0.5 mM NADPH.

Coupling efficiency assay for GsMNX3 and TvMNX3
Coupling efficiency of MNX3 were determined against a substrate panel that includes phenol, catechol, resorcinol, and hydroqui-

none. The assay was performed using 0.5 mM of MNX3, 1 mM aromatic substrate, 0.5 mM NADPH, with or without 5 U of catalase

(Sigma Aldrich) as described for GsMNX1.

Inhibition assays for GsMNX3 and TvMNX3
Inhibitor screening for MNX3-catalyzed (0.5 mM) hydroxylation of hydroquinone in the presence of 4HBA, protocatechuate, vanillate,

and 2-methoxyhydroquinone were monitored by oxygraphy. This assay contains 0.5 mMMNX3, 1 mM each of hydroquinone and the

putative inhibitor, and 0.5 mM NADPH. Inhibition assay of MNX3-catalyzed hydroxylation of hydroquinone in the presence of 4HBA

was performed by oxygraphy. This assay contains 0.15 mM TvMNX3 or 0.36 mM TvMNX3, 0.5 mM NADPH, 5–150 mM hydroquinone,

0–2 mM 4HBA.

Activity assays for RjTsdB
RjTsdB was evaluated qualitatively as a single replicate by oxygraphy using OXYG1+ and air-saturated 50 mM Tris.SO4 pH 7, 10 mM

FAD, at 25�C. In these assays each of the reagents were added sequentially as described. The reaction evaluating the ability of pu-

rified RjTsdB to hydroxylate resorcinol was evaluated by monitoring the oxygen consumption upon the successive additions of 5 U

catalase, 1 mM resorcinol, 2 mM RjTsdB, 0.5 mM NADH, 0.5 mM NADPH, and 1 mM GsMNX3. The reaction evaluating the ability of

purifiedRjTsdB to hydroxylate hydroquinone was evaluated bymonitoring the oxygen consumption upon the successive additions of
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1 mM hydroquinone, 2 mM RjTsdB, 0.5 mM NADH, 5 U catalase, 0.5 mM NADPH, and 1 mM GsMNX3. The reaction evaluating the

ability of purified RjTsdB to hydroxylate protocatechuate was evaluated bymonitoring the oxygen consumption upon the successive

additions of 2 mM RjTsdB, 0.5 mM NADH, 1 mM protocatechuate, 2 mM RjTsdA, 0.5 mM NADPH, and 1 mM PobA.

Activity assay for GsHDX1, TvHDX1, and RjTsdC

TsdC and HDX1-catalyzed transformation of hydroxyquinol and catechol was monitored following the consumption of O2 as

described above. The dependency of the initial rate of dioxygenase toward the concentration of hydroxyquinol and catechol was

performed using 0–100 mM of the aromatic substrates and 10 or 1000 nM of dioxygenase.

Activity assay for GsMAR1, TvMAR1, and RjTsdD
TheRjTsdD andMAR1-catalyzed reduction of maleylacetate to bKAwasmonitored following the consumption of NAD(P)H at 340 nm

(ε340
NADH = 6.2mM�1 cm�1) using Cary4000 UV-Vis spectrophotometer (Agilent). A typical assaywas performed in 1mL format using

1 mL quartz cuvette using air-saturated 50 mM Tris.SO4 pH 7 and 10 nM of RjTsdD or MAR1. The reaction temperature was main-

tained at 25�C using a Peltier device. The observed enzymatic rate was corrected for the non-enzymatic background rate. Maleyla-

cetate was produced in situ using varying concentrations of hydroxyquinol and 1 mM of RjTsdC/HDX1. The dependency of the initial

rate of TsdD andMAR1 toward the concentration of maleylacetate was performed using 500 mMof NADPH and 0–300 mMof hydrox-

yquinol. The dependency of the initial rate of RjTsdD/MAR1 toward the concentration of NAD(P)H was performed using 200 mM of

hydroxyquinol and 0–500 mM of NAD(P)H.

Enzyme assays for the quantification of substrate utilization and product validation via HPLC
General features of activity assays

Sample preparation for HPLC-based analyses is typically performed in air-saturated 50 mM Tris.SO4 pH 7, 10 mM FAD, and incu-

bated at 25�C. The sample was incubated overnight and filtered through 0.22 mm filter before the chromatographic separation.

Assay for TRAVEDRAFT_32834 gene product and GsMNX1
Samples for product confirmation of MNX1 reactions were generated by adding 5 mM GsMNX1 to 1 mM substrate (4HBA,

3-hydroxybenzoate, 2-hydroxybenzoate, vanillate, syringate, protocatechuate) in the presence of excess NADPH (750 mM) to a final

volume of 1 mL. Reactions for TRAVEDRAFT_32834 gene product were performed similarly but with 2 mM aromatic substrates. Re-

actions were incubated for 1 h at 25�Cwith occasional agitation before being quenched 1:1 (v/v) with DMSO. Samples were frozen at

�20�C until analysis. Negative controls were generated under the same conditions but with replacement of cofactor with buffer so-

lution. Samples were generated in triplicate.

Assay for GsMNX3 and TvMNX3

Samples for product confirmation of MNX3 reactions were generated by adding 5 mMGsMNX3 and TvMNX3 to 1mM substrate in the

presence of 500 mMNADPH. Reactions were incubated for 1 h at 25�Cwith occasional agitation before being quenched 1:1 (v/v) with

DMSO. Samples were frozen at�20�C until analysis. Negative controls were generated under the same conditions but with replace-

ment of cofactor with buffer solution. Samples were generated in triplicate.

Assay for GsHDX1, TvHDX1, and RjTsdC

Samples for the conversion of hydroxyquinol or catechol by HDX1 or TsdCwere prepared using 200 mMhydroxyquinol or 100 mMand

either 0.5 mM dioxygenase or equivalent amount of BSA. Samples for the conversion of hydroxyquinol were additionally supple-

mented with 1 mM of RjTsdD and 1 mM of NADPH. Three biological replicates were incubated for 16 h at room temperature.

Assay for cell-free chain reaction for the full pathway validation

Samples for cell free chain reaction were prepared using 250 mM 4HBA, 2 mM NADPH, and either 0.5 mM of each of GsMNX1,

GsMNX3, GsHDX1, and GsMAR1, or equivalent amount of BSA (negative control). Three biological replicates were incubated for

16 h at room temperature.

Phylogenetic analyses

The FPMOphylogenetic analysis was performed using the EMBLmultiple sequence alignment web server using the default setting of

ClustalW algorithm and sequences listed in Supplementary Data S1. The phylogenetic tree was built using the iTOLweb server using

the circular settings while ignoring the branch length.

Crystallization and structure determination

For crystallization, the proteins were concentrated to 10 mg/mL and sitting drop crystallization trials were set up with a Mosquito

crystallization robot (sptlabtech) using SWISSCI 3-lens low profile crystallization plates. Crystals appeared in the following condi-

tions: (A)GsMNX1: LMB screen fromMolecular Dimensions condition G7 (11% PEG 8000, 0.4 M sodium chloride, 0.1 M sodium ca-

codylate pH 6.2). (B) TvMNX3: Structure Screen 1 + 2 from Molecular Dimensions condition E12 (10% PEG 6000, 5% MPD, 0.1 M

HEPES pH 7.5). (C) GsHDX1: Structure Screen 1 + 2 from Molecular Dimensions condition F11 (1.6 M ammonium sulfate, 10%

1,4-dioxane, 0.1 MMES pH 6.5). (D) TvHDX1: PACT screen fromMolecular Dimensions condition F2 (20% PEG 3350, 0.2 M sodium

bromide, 0.1 M Bis-Tris propane pH 6.5). (E) RjTsdC: PACT screen fromMolecular Dimensions condition C10 (20%PEG 6000, 0.2 M

magnesium chloride, 0.1 M HEPES pH 7.0).

The crystals were cryo-protected with 20% glycerol in the crystallization solution and flash-frozen into liquid nitrogen. Diffraction

data were collected at the Diamond Light Source (Didcot, UK) and automatically processed using STARANISO67 on ISPyB. The

structure was solved by molecular replacement with MOLREP68 using AlphaFold structure predictions.56 Model building was per-

formed in Coot69 and the structures were refined with REFMAC5.70 MolProbity71 was used to evaluate the final structure model
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and PyMOL72 for protein model visualization. Data and Refinement statistics are summarized in Table S4. The atomic coordinates

have been deposited in the Protein DataBank and are available under the accession codes 8R2T, 8R2U, 8R2V, 8R2W, and 8R2X.

Size exclusion chromatography (SEC) analysis of TvMNX3

The in solution oligomeric state of TvMNX3 was determined as described previously73 with double the protein loading (2 mg/mL). In

short, the protein was resolved isocratically on a HiLoad 16/600 Superdex 75 pg operated with an ÄKTA FPLC system (Cytiva) using

20 mM Tris-Cl, 100 mMNaCl pH 8 at room temperature. The retention time of TvMNX3 were compared to the retention times of pro-

tein standards in low molecular weight gel filtration calibration kit (Cytiva).

Molecular docking

TheMolecular Operating Environment (MOE) package74 was used for substrate docking. The predicted productive conformations of

4-hydroxybenzoate inGsMNX1 [Binding_mode 1 and Binding_mode 2] were modeled based on 6-hydroxynicotinate in the catalytic

site of 6-hydroxynicotinate 3-monooxygenase [Binding_mode 1] and 3-hydroxybenzoate in the catalytic site of 3-hydroxybenzoate

6-hydrolase (PDB 4BK1) [Binding_mode 2]. ForGsMNX1 docking, chain A was selected. The selection of the receptor was based on

the ‘All atoms selection’. The selection of the ligand site was based on the ‘Selected residues’ option in Dockmodule inMOE, to cover

the binding site. The selected residues for docking were: Met202, His211, Met213, Tyr215, Asn223, Val225, and Ala298. The number

of docking iterations was adjusted to 1000. The predicted productive conformation of hydroquinone in TvMNX3 was modeled based

on phenol in the catalytic site of phenol hydroxylase (PDB 1FOH). The predicted productive conformations of hydroxyquinol in

TvHDX1,RjTsdC andGsHDX1weremodeled based on catechol in the catalytic site of catechol 1,2-dioxygenase (PDB 5VXT). In gen-

eral, the substrates were docked using a rigid docking approachwithin theDockmodule ofMOE. The Trianglematcher algorithmwas

used for initial placement of substrates, with the placements being scored using the London DG method. The predicted productive

conformations of the protein-substrate complexes were maintained using restraint energy minimizations carried out using the

Amber-10 forcefield.

QUANTIFICATION AND STATISTICAL ANALYSIS

HPLC methods
Analyses of aromatic compounds and muconic acid

Muconic acid and aromatic intermediateswere analyzed byHPLC using diode array detection (HPLC-DAD) as detailed in the recently

published protocol deposited on protocols.io (dx.doi.org/10.17504/protocols.io.n92ldmkpol5b/v1).75 Analytes of interest were chro-

matographically separated using a reverse phase C18(2) column and a gradient of aqueous 0.16% formic acid and acetonitrile.

Quantitation was performed using standard curves for each individual compound.

Analysis of bKA

bKAwas analyzed as described previously.51 Briefly, bKA is hydrolyzed to levulinic acid using sulfuric acid and heat and quantified as

such. Samples were analyzed using HPLC and refractive index detection with separation achieved using an Aminex HPX-87H col-

umn and an isocratic mobile phase comprised of 0.01N sulfuric acid.

Statistical details

Standard deviation was used to calculate errors within biological replicates. This information can be found in figure captions. MS

excel was used to calculate standard deviation. Leonora was used to calculate best fit and standard error.
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