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Abstract: The application of microbes to valorize aromatic compounds derived from the plant biopolymer, lignin, is a rapidly 
developing area of research that may ultimately enable viable conversion of this recalcitrant, heterogeneous resource to valuable 
chemical products. Starting from the three canonical lignin building blocks that differ in the extent of aromatic ring methoxylation, 
several common classes of enzymatic reactions occur in the upper pathways of aromatic catabolism to ready aromatic compounds 
for assimilation into central carbon metabolism, including aromatic O-demethylation, hydroxylation, and decarboxylation. These 
critical enzymatic steps can often be rate-limiting for efficient biological funneling of aromatic compounds. Here we describe the 
known enzymatic mechanisms for these reactions that are relevant for aerobic aromatic catabolism of lignin-related monomers, 
highlighting opportunities at the intersection of biochemistry, enzyme engineering and evolution, and metabolic engineering for 
applications in the emerging area of microbial lignin valorization.

Main 
Lignin is a heterogeneous aromatic plant cell wall biopoly-
mer that is synthesized via radical coupling reactions of 
three primary monolignols: p-coumaryl alcohol (H unit), co-
niferyl alcohol (G unit), and sinapyl alcohol (S unit) (Figure 
1A).1 Given the available reactive centers of the monolig-
nols, the lignin polymer is typically composed of a hetero-
geneous network of C-O and C-C bonds. Recent work has 
revealed that components beyond the traditional three 
monolignols can be incorporated into lignin (Figure 1B), in-
cluding flavonoids, hydroxystilbenes, and hydroxycinnamic 
amides.2 In addition, lignin can be covalently linked to hem-
icellulose and often exhibits pendent hydroxycinnamic acids 
or benzoic acids, depending on the plant species.2,3 The re-
sulting polymer has a complex structure that lends rigidity 
and hydrophobicity to the plant cell wall, facilitating upward 
growth and water transport, respectively. 

The natural abundance of biomass provides promising op-
portunities for lignin conversion to supply chemical prod-
ucts that are currently derived from fossil-based feedstocks. 
Indeed, industrial conversion of lignin into value-added 
products is critical to the viability of a lignocellulosic bioe-
conomy.4,5 However, lignin remains underutilized because 
its compositional heterogeneity presents challenges for se-
lective depolymerization and upgrading, or direct use as a 
material (Figure 1A). Towards selective depolymerization 
and upgrading, a wide variety of strategies have been pur-
sued with the goal of depolymerizing lignin into monomers 
and oligomers.6-10 The resulting heterogenous mixtures of 
phenolic compounds can necessitate costly separation 
steps for chemical production. Thus, continued research 

and innovation is required to realize lignin valorization via 
deconstruction strategies. 

One approach with potential to overcome the utilization 
barrier for lignin is biological funneling, which harnesses mi-
crobial metabolic pathways to convert heterogeneous 
chemical mixtures into a defined product with high atom ef-
ficiency.11-19 Aerobic catabolism of aromatic compounds is 
particularly well-suited to this approach, as these pathways 
converge on a few central intermediates and are amenable 
to engineering.20 In bacteria, this catabolism involves acti-
vation of the aryl ring by oxygenation reactions. These reac-
tions occur in “upper pathways” that collectively catabolize 
a wide variety of aromatic compounds to a small number of 
central intermediates. These intermediates are subse-
quently channeled into the "lower pathways" of central me-
tabolism21 (Figure 1C), and include catechol, protocatech-
uate, and gallate, three compounds which are subject to 
ring-opening catalyzed by dioxygenases.22,23 In an alterna-
tive aerobic aromatic-catabolic strategy, not discussed here, 
the ring is activated by CoA thioesterification and is eventu-
ally cleaved hydrolytically.21 Metabolic engineering efforts, 
primarily in aerobes, have converted aromatic substrates in 
lignin-derived streams to value-added compounds.11,13,15,17-

20,24-30 The ultimate viability of biological funneling strategies 
relies on convergent microbial pathways that transform lig-
nin toward target molecules. 

Here we focus on three key classes of enzymatic reactions 
that enable catabolism of lignin-related compounds (re-
ferred to hereafter as LRCs) to target products in bacterial 
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hosts. All three classes of reactions activate aromatic com-
pounds for oxidative ring-opening, namely: O-demethyla-
tion, hydroxylation, and decarboxylation. Importantly, to 
develop effective microbial biocatalysts for lignin valoriza-
tion, these reactions are increasingly recognized as rate-lim-
iting steps.13,27,29,31-33 Optimization of these steps through 

enzyme engineering, metabolic engineering, and experi-
mental evolution is coming to the forefront as an exciting 
and biotechnologically critical application for realizing in-
dustrial-scale biological lignin valorization.

 
Figure 1. Activation of lignin-relevant compounds (LRCs). (A) A generalized lignin valorization process that employs fractionation and depolymerization 
of lignin to a mixture of compounds, and subsequently biological funneling to convert the mixture to a single target product. (B) Lignin primarily comprises 
three monolignols—p-coumaryl (H type), coniferyl (G type), and sinapyl (S type) alcohols—which are coupled via radical reactions during plant cell wall 
biosynthesis, generating a complex heterogenous polymer containing diverse interunit linkages (b-O-4, b-b, b-1, and b-5 linkages are shown as examples 
with G and S-type units).1 Other compounds (hydroxycinnamates, caffeoyl alcohol, and flavonoids) can all also be incorporated into or appended to lignin.34 
(C) Key reactions discussed in this Review within the aromatic-catabolic pathways for select H-, G-, and S-lignin-related monomers. Reaction details per-
taining to O-demethylation (orange), hydroxylation (green), and decarboxylation (purple) are provided in Figures 2-4, respectively. Abbreviations: FER, 
ferulate; pCA, p-coumarate; SAL, syringaldehyde; VAL, vanillin; HBAL, 4-hydroxybenzaldehyde; SA, syringate; VA, vanillate; GUA, guaiacol; 4HBA, 4-
hydroxybenzoate; BEN, benzoate; 3MGA, 3-O-methylgallate; PHE, phenol; BENiol, benzoate-diol; SCY, salicylate; GA, gallate; pyGA, pyrogallol; PCA, 
protocatechuate; CAT, catechol; GEN, gentisate. 

Diverse aromatic-catabolic enzymes for lignin valoriza-
tion 
Aromatic O-demethylation 
Catalytic and thermal depolymerization of lignin feedstocks, 
especially those from angiosperms that are rich in G/S-type 
lignin units, produces a wide variety of methoxylated com-
pounds, including methoxyphenols (e.g., guaiacol and sy-
ringol), aromatic aldehydes (e.g., vanillin and syringalde-
hyde), aromatic acids (e.g., vanillate and syringate), and 
biaryls (e.g., 5,5’-dehydrodivanillate, DDVA).7 Aerobic ca-
tabolism of these aromatic compounds employs O-demeth-
ylation to generate diols for ring cleavage. While there is 

little difference in activation of the aromatic ring by a hy-
droxyl versus a methoxy substituent, deprotonation of the 
hydroxyls is critical in the proposed mechanisms of both ex-
tradiol and intradiol ring-cleaving dioxygenases.23,35 O-De-
methylation reactions impact a wide variety of biological 
processes outside aromatic catabolism, including DNA re-
pair, epigenetic modification, and gene expression,36,37 and 
diverse enzymatic mechanisms have evolved to carry out 
these reactions.  

To date, three primary classes of enzymes have been iden-
tified that catalyze the O-demethylation of LRCs (Figure 2, 
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Table 1): Rieske oxygenases (ROs),38,39 cytochromes P450 
(P450s),40 and tetrahydrofolate (THF)-dependent demethyl-
ases.41,42 ROs and P450s are typically multi-component sys-
tems that utilize a reductase and sometimes a ferredoxin to 
transfer electrons from NAD(P)H to the oxygenase. The ox-
ygenase components of ROs and P450s contain a mononu-
clear non-heme iron center and heme iron, respectively, 
that catalyze the activation of O2 and the monooxygenation 
of the methyl group to produce a hemiacetal intermediate, 
which breaks down spontaneously to yield the demethyl-
ated product along with formaldehyde. For THF-dependent 
demethylases, the methoxy methyl group is transferred 
non-oxidatively from the aromatic substrate to the THF co-
factor (Figure 2E).41,42 As described below, the catalytic cy-
cles of these enzymes require additional components to re-
generate the cofactor. Both ROs and P450s catalyze a wide 
variety of oxidative chemistries in Nature, making them at-
tractive scaffolds for protein engineering and directed evo-
lution to enhance microbial lignin valorization.43,44 

ROs function as two- or three-component systems (Figure 
2B, Table 1). In two-component systems, a reductase uti-
lizes a flavin coenzyme, either FMN or FAD, to transfer re-
ducing equivalents from NAD(P)H to the oxygenase. Three-
component systems have an additional ferredoxin that 
transfers electrons from the reductase to the oxygenase. 
The oxygenase itself has a Rieske-type ferredoxin which di-
rects electrons to the mononuclear iron. Substrate binding 
near the iron ion precedes binding and reductive activation 
of O2 at the mononuclear iron. A high-valency ferryl species 
then hydroxylates the substrate at its reactive O-methyl 
group. Rearrangement of the hydroxylated species gives 
the ultimate products.35  

ROs involved in the O-demethylation of LRCs include 
VanAB and LigXacd, which catalyze the O-demethylation of 
vanillate and DDVA, respectively. VanAB is a Type Ia RO 
(according to the Kweon classification system39) in which 
VanA is the oxygenase and VanB is an FNRc-type reductase 
with a C-terminal [2Fe-2S] domain (F = ferredoxin; N = 
NAD(P)H; C = C-terminal [2Fe-2S]). LigXacd from Sphingo-
bium sp. SYK-6 (SYK-6 hereafter) is a Type IIIa RO compris-
ing an oxygenase (LigXa), a ferredoxin (LigXc), and an FNRN-
type FAD/NADH-reductase (LigXd; N = N-terminal [2Fe-
2S]). Pseudomonas putida KT2440 (KT2440 hereafter), de-
veloped as a whole-cell biocatalyst for aromatic catabo-
lism,45 employs VanAB to demethylate vanillate (Figure 
2B),46,47 and syringate.48 Either NADH or NADPH may serve 
as the electron donor, and many orthologs of VanAB can 
utilize both nicotinamide coenzymes.47,49,50  

 
Figure 2. Three strategies for aromatic O-demethylation. Aerobic 
bacteria employ these strategies to carry out lignin-relevant aromatic O-
demethylation reactions in the context of catabolism: (A) Rieske oxygen-
ases (ROs), (B) including VanAB from KT2440 and the LigXacd enzymes 
from Sphingobium sp. SYK-6; (C) cytochromes P450 (P450) exemplified 
by (D) GcoAB from Amycolatopsis sp. ATCC 39116 and AgcAB from 
Rhodococcus rhodochrous EP4; and (E) tetrahydrofolate (THF)-depend-
ent mechanisms performed by (F) enzymes LigM and DesA from SYK-6 
and LigM, DesA, and DmtS from Novosphingobium aromaticivorans 
DSM12444.  

P450s constitute a large superfamily of cysteine-ligated 
heme enzymes40 that catalyze a variety of stereo- and regi-
oselective reactions, although they are best known for 
monooxygenation.51 As in ROs, P450s employ a short elec-
tron transport chain to transfer electrons from NAD(P)H to 
the oxygenase (Figure 2C; Table 1). Also as in ROs, bacte-
rial P450s can function as two- or three-component systems 
with an FAD-containing reductase that reduces the P450 di-
rectly or indirectly via a ferredoxin.52 As a third possible ar-
chitecture, the P450 and reductase occur in a single poly-
peptide.53 In all cases, substrate binding near the open co-
ordination position over the heme leads to a change in the 
spin state of the iron, permitting reduction of the metal ion. 
Binding and reductive activation of O2 follow, forming a re-
active ferryl-heme species. Analogous to the mononuclear 
non-heme Fe RO enzymes, the ferryl species hydroxylates 
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the reactive O-methyl group of the substrate, which rear-
ranges to yield formaldehyde and the demethylated prod-
uct. Electron or hydrogen atom transfer from the reactive C-
H bond to the ferryl is often rate limiting.54  

The first lignin-relevant P450s were identified in Rhodococ-
cus rhodochrous and they were observed to demethylate o-
substituted phenols and p-methoxylated benzoates, re-
spectively.55,56 Other P450s have been shown to demethyl-
ate p-methoxybenzoate compounds in Rhodopseudomo-
nas palustris.57,58 More recently, GcoAB from Amycolatopsis 
sp. ATCC 39116 was characterized in detail as a tool for O-
demethylation of the LRC guaiacol to catechol (Figure 
2D).59 GcoA belongs to the CYP255A family. GcoB, the cog-
nate reductase, is analogous to the FNRN-type reductase 

component of ROs,39 with an FAD-containing domain and 
an N-terminal [2Fe-2S] ferredoxin domain. Somewhat unu-
sually, GcoAB forms a stable complex.59,60 GcoAB catalyzes 
the O-demethylation of a variety of aromatic substrates in 
addition to guaiacol.60,61 This promiscuity, combined with 
comprehensive structural studies of the GcoA active site, 
enabled the substitution of active site residues to expand 
the substrate range to include syringol,61 o-vanillin, and p-
vanillin.62 Finally, AgcAB, which is found in two Rhodococ-
cus species and shares over 50% amino acid sequence iden-
tity with GcoAB, catalyzes the O-demethylation of larger, 4-
alkylguaiacol substrates to yield 4-alkylcatechols (Figure 
2D).63 

Table 1: Examples of aryl O-demethylation reactions in lignin catabolism. 

Enzyme(s) Organism of 
origin Enzymatic conversion Classifica-

tion Coenzymes by component PDB 
ID 

RO Reductase Ferre-
doxin 

Oxygen-
ase 

 

VanAB 

Pseudomonas 
putida KT2440 

(and many 
orthologs) 

vanillate + NAD(P)H + O2 à 
protocatechuate + NAD(P)+ + H2O + 

CH2O 

RO Class 
Ia 

FMN, 
NAD(P)H 

 

non-
heme Fe, 

Rieske 
[2Fe-2S] 

N/A 

LigXaXcXd 
Sphingobium sp. 

SYK-6 
DDVA + NADH + O2 à 

OH-DDVA + NAD+ + H2O + CH2O 
RO Class 

IIIa 
FAD, NADH 

Rieske 
[2Fe-2S] 

non-
heme Fe, 

Rieske 
[2Fe-2S] 

N/A 

THF-dependent Single Component  

LigM 

Sphingobium sp. 
SYK-6; Novo-

sphingobium ar-
omaticivorans 

DMS12444 

vanillate/3-O-methylgallate + THF à 
protocatechuate/gallate + 5-methyl-THF 

 THF 5X1I, 
5TL4 

DesA 

Sphingobium sp. 
SYK-6; Novo-

sphingobium ar-
omaticivorans 

DMS12444 

syringate + THF à 
3-O-methylgallate + 5-methyl-THF 

 THF N/A 

DmtS 

Novosphingo-
bium aro-

maticivorans 
DMS12444 

3-O-methylgallate + THF à 
gallate + 5-methyl-THF 

 THF N/A 

P450 Reductase 
Ferre-
doxin 

Oxygen-
ase  

GcoAB 
Amycolatopsis 

sp. ATCC 39116 
guaiacol + NADH + O2 à 

catechol + NAD+ + H2O + CH2O 
CYP255A 

[2Fe-2S], FAD, NADH (re-
ductase and ferredoxin in a 

single subunit) 

Heme Fe 5NCB, 
5OGX 

AgcAB 

Rhodococcus 
rhodochrous 

EP4; Rhodococ-
cus jostii RHA1 

R-guaiacol + NADH + O2 à 
R-catechol + NAD+ + H2O + CH2O 

(where R = CH3, CH2CH3, CH2CH2CH3) 

CYP255A
1 

[2Fe-2S], FAD, NADH (re-
ductase and ferredoxin in a 

single subunit) 

Heme Fe N/A 

Recent interest in lignin-relevant P450s from bacteria64 
demonstrates continued opportunity for enzyme discovery. 
For example, preliminary studies identified guaiacol-specific 
O-demethylases in Corynebacterium,65 Streptomyces,66 

and Moraxella,67 but no further metabolic or protein engi-
neering has been reported. Heterologous expression of a 
two-component P450 O-demethylase system from R. rho-
dochrous J3 enabled P. putida EM42 to grow on guaiacol,68 
while a new CYP199A25 from Arthrobacter was identified 
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as a p-methoxybenzoate demethylase.69 Furthermore, the 
P450BM3 fusion protein has been employed in a synthetic 
peroxygenase system to regio-selectively O-demethylate 
several aromatic ethers.70 Interestingly, no P450 O-deme-
thylases have yet been reported for utilization of vanillate or 
syringate to our knowledge. 

Aerobic bacteria employ a third, non-oxidative mechanism 
for aromatic O-demethylation, in which THF serves as the 
acceptor of the methyl group. Unlike ROs and P450s, THF-
dependent O-demethylases do not generate formaldehyde 
as a byproduct, thereby avoiding the cytotoxicity and en-
zyme inhibition associated with this compound.49,50,71 In 
SYK-6, two enzymes catalyze THF-dependent O-demethyl-
ation reactions: LigM demethylates vanillate and 3-O-
methylgallate, while DesA preferentially demethylates syrin-
gate (Figure 2F).41,42 In these reactions, transfer of the me-
thyl group produces 5-methyl-THF, an essential intermedi-
ate in C1 metabolism for the biosynthesis of methionine.72,73 
THF is regenerated by MetF and LigH.15,42 Crystal structures 
of LigM reveal that the enzyme forms a cloverleaf shape with 
a large central cavity to accommodate THF and the sub-
strate.74,75 A tyrosine serves as an acid to the substrate meth-
oxy oxygen, facilitating methyl transfer to THF-N5. Recently, 
LigM and DesA homologs were characterized in Novosphin-
gobium aromaticivorans DSM12444, along with a new O-
demethylase, DmtS, which converts 3-O-methylgallate to 
gallate (Figure 2).76 LigM and DesA homologs are also pre-
sent in Agrobacterium tumefaciens C58 and Rubrobacter 
xylanophilus DSM9941,42 and have been identified in lignin-
degrading microbial communities sampled from thermo-
philic environments and analyzed using stable isotope prob-
ing.77 This latter study highlights the considerable potential 
of metagenomic approaches for identifying enzymes for lig-
nin bioconversion. Although several methyltransferase sys-
tems catalyze O-demethylation in anaerobic bacteria,78-81 
their activity is oxygen-labile, which likely restricts their use 
in aerobic industrial bioprocessing. 

Aromatic hydroxylation  
Hydroxylation of the aromatic ring is a key strategy for gen-
erating activated aromatic diols. LRCs for aromatic hydrox-
ylation include monomers derived from p-hydroxyphenyl-
type lignin as well as aromatic acids that are frequently es-
terified to lignin or hemicellulose, such as 4-hydroxybenzo-
ate, p-coumarate, and hydroxyphenylacetate.34 Other aro-
matic compounds with hydroxyl substituents at the m- or o-
position (such as 3-hydroxybenzoate and salicylate, respec-
tively), as well as phenol and benzoate are also subject to 
ring hydroxylation in preparation for ring cleavage. Flavin 
monooxygenases (FMOs)82 comprise the main class of en-
zymes that catalyze mono-hydroxylation of LRCs (Figure 3, 
Table 2). Three other classes of aromatic hydroxylases have 
been reported: ROs,83 P450s, and pterin-dependent en-
zymes.84 However, only P450s have been identified in natu-
ral lignin-relevant hydroxylation reaction pathways thus far, 
and only in fungal hosts, to our knowledge.85,86 Among ring-

hydroxylating ROs, those that transform the non-LRC com-
pounds naphthalene,87 salicylate,88 biphenyl,89 and benzo-
ate,90 have been well-studied. 

FMOs employ a flavin cofactor to activate O2, forming a 
C4a-hydroperoxyflavin intermediate, which subsequently 
introduces one oxygen atom into the substrate (Figure 3A). 
Two types of FMOs catalyze lignin-relevant aromatic hy-
droxylation reactions: one-component systems that bind 
FAD as a prosthetic group, and two-component systems 
that utilize FAD, FMN, or riboflavin.82  

Single-component FMOs contain a Rossmann fold to ensure 
tight association of FAD with the active site throughout the 
catalytic cycle.82 Both flavin reduction and substrate oxida-
tion occur within the active site. Single-component FMOs 
use NAD(P)H to directly reduce the flavin, where hydride 
transfer from the NAD(P)H to flavin takes place rapidly given 
the transient coordination of the nicotinamide. These en-
zymes demonstrate regioselective hydroxylation, high sub-
strate specificity, as well as strong control over the bound 
flavin, potentially as a mechanism to avoid futile consump-
tion of the nicotinamide cofactor. The single-component 
FMO 4-hydroxybenzoate-3-monooxygenase, also known as 
PHBH, from Pseudomonas fluorescens and other Pseudo-
monads has been the subject of several decades of bio-
chemical and structural studies.91 Orthologs of PHBH are 
found widely among aromatic-catabolic bacteria, but these 
orthologs demonstrate diversity in preference and specific-
ity for NADH or NADPH.92-94  

Two-component FMOs diverge structurally and mechanisti-
cally from single-component systems.95 As their name im-
plies, these enzymes utilize two proteins to carry out 
monooxygenation of the aromatic substrate: a reductase 
component that reduces the flavin using NAD(P)H, and an 
oxygenase component that accepts the reduced flavin and 
catalyzes hydroxylation of the substrate. Where the flavin 
moiety in single-component FMOs can rapidly transition be-
tween conformations in the oxidized state,91 thereby facili-
tating a transient interaction with the nicotinamide cofactor, 
two-component FMOs only accept a reduced flavin from a 
reductase partner.96 For two-component FMOs, although 
the reductase can reduce the flavin in the absence of sub-
strate,97 the presence of substrate stimulates flavin reduc-
tion in some reductases.98 Binding of the correct substrate 
triggers flavin motion toward the bound NAD(P)H in FMOs, 
initiating the catalytic cycle.99 
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Figure 3. Flavin-dependent strategies for aromatic hydroxylation. 
Examples are provided from three bacteria: (A) the flavin monooxygen-
ase (FMO)-dependent mechanism performed by (B) the single-compo-
nent FMO PobA from P. fluorescens, as well as the two-component 
FMOs PheA1A2 from B. thermoglucosidasius A7 and AphAB from R. 
rhodochrous EP4. 

A number of two-component FMOs that transform LRCs 
have been characterized. PheA1A2 from Bacillus ther-
moglucosidasius A7 hydroxylates phenol to generate cate-
chol (Figure 3B),100 which is subject to ortho-cleavage in this 
strain. AphAB from Rhodococcus rhodochrous EP4 cata-
lyzes the hydroxylation of the 4-alkylphenols to 4-alkylcat-
echols (Figure 3B), which are subject to meta-cleavage by 

the enzyme AphC.101 Structures for these two-component 
FMOs have yet to be reported. The best characterized two-
component FMO is 4-hydroxyphenylacetate hydroxylase 
(HPAH), which catalyzes the hydroxylation of 4-hydroxy-
phenylacetate (HPA)98,102 to 3,4-dihydroxyphenylacetate 
(DHPA) (Table 2). HPA is a minor component of softwood 
lignin streams, but structural and mechanistic insights 
gleaned from HPAH provide a foundation for understanding 
the activity of two-component FMOs on diverse substrates. 

Alkyl hydroxylases can also play a role in lignin depolymeri-
zation and the removal of CoA-activated constituents from 
aromatic compounds.103 In one case, oxidation in the form 
of hydroxylation plays a role in cleaving linkages between 
aryl groups for lignin dimers and longer oligomers.104 Most 
enzymatic characterization studies to date have focused on 
monoaromatic substrates, with relatively few studies on 
biaryls. Hydroxylation in the context of oligomeric lignin ox-
idation and breakdown, therefore, remains an area of re-
search with opportunities for future investigation. In the sec-
ond case, thioesterases coupled with hydratases allow for 
CoA-activated intermediates to leave the aromatic group by 
oxidizing the Ca position.103 This mechanism is employed to 
remove large substituents from the ring that would other-
wise limit access to the substrate binding pocket of down-
stream enzymes in catabolic pathways. 

 

 
Table 2: Examples of lignin-relevant ring hydroxylation reactions. 

Enzyme(s) Organism of 
origin Aromatic conversion Coenzymes by component PDB ID 

One-Component FMO Oxygenase  

PHBH 
Pseudomonas  

fluorescens 
4-HBA + NADPH + H+ + O2 à 

catechol + NADP+ + H2O 
FAD, NADPH 1PBE 

3HB6H 
Rhodococcus jostii 

RHA1 
3-HBA + NADH + H+ + O2à  

gentisate + NAD+ + H2O 
FAD, NADH 5HYM 

MHBH 
Comamonas  
testosteroni 

3-HBA + NADPH + H+ + O2 à  
protocatechuate + NADP+ + H2O 

FAD, NADPH 2DKH 

Two-Component FMO Reductase  

AphAB 
Rhodococcus  

rhodochrous EP4 
4-ethylphenol + NADH + H+ + O2 à 

4-ethylcatechol + NAD+ + H2O  FAD, NADH N/A 

MhaAB 
Pseudomonas 

putida 
HPA + NADH + H+ + O2 à  

homogentisate + NAD+ + H2O 
FMN, NADH N/A 

HpaBC (HPAH) 
Thermus  

thermophilus HB8 
HPA + NADH + H+ + O2 à 

DHPA + NAD+ + H2O 
FAD, NADH 

3ED4 / 2YYJ 
(HpaC)/(HpaB) 

C1C2 (HPAH) 
Acinetobacter 

baumannii 
HPA + NADH + H+ + O2 à  

DHPA + NAD+ + H2O 
FMN, NADH 2JBT (C2) 

PheA1A2 
Bacillus ther-

moglucosidasius 
A7 

phenol + NADH + H+ + O2 à 
catechol + NAD+ + H2Ol 

FAD, NADH N/A 

 

Decarboxylation 
Analogous to O-demethylation and hydroxylation, aromatic 
decarboxylation can prime LRCs for ring-opening. Here we 
focus on decarboxylation reactions that destabilize the com-
pound by generating adjacent diols on the aryl ring, ready-
ing it for ring fission. 

Aromatic decarboxylation can be classified into two mecha-
nistic types: oxidative and reductive, which are distin-
guished by the substitution of the carboxylate by either a 
hydroxyl or a hydride group, respectively (Figure 4, Table 
3). The two enzyme classes performing oxidative decarbox-
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ylation are ROs and FMOs. Reductive aromatic decarboxyl-
ases typically belong to the amidohydrolase superfamily 
(AHS) or the prenylated FMN (PrFMN) utilizing UbiD-related 
protein family. In the aerobic bacterial catabolism of LRCs, 
decarboxylation reactions are limited to o- and p-hydrox-
ylated forms of hydroxybenzoates, perhaps because this 
configuration facilitates charge delocalization between the 
hydroxyl and carboxylate during the catalytic cycle. The rel-
ative positioning of carboxylates and hydroxyl groups on 
the ring dictates which enzyme type(s) may be utilized for 
decarboxylation. 

FMOs and ROs catalyze oxidative decarboxylation of salicy-
lates (o-hydroxybenzoates) to produce catecholic com-
pounds (Figure 4A-D).105-107 As the outcome of these reac-
tions is essentially aromatic hydroxylation, the reaction 

mechanisms mirror processes described in the previous sec-
tion. Some RO-mediated reactions, however, produce cis-
dihydrodiols, which necessitate subsequent dehydrogena-
tion to generate the catechol (Figure 4E).108 For example, 
in the catabolism of benzoate, BenABC catalyzes the dihy-
droxylation of benzoate to (Z)-1,6-dihydroxycyclohexa-2,4-
diene-1-carboxylate, which is in turn oxidized by the dehy-
drogenase BenD to form catechol using NAD(P)+ as the 
electron acceptor (Figure 4F).90,109,110 FMO-type decarbox-
ylases can also catalyze the oxidative decarboxylation of p-
hydroxybenzoate to form hydroquinone, as well as the de-
carboxylation of gallate to form pyrogallol. However, p-hy-
droxylated compounds are more commonly transformed in 
fungal aromatic-catabolic pathways.111 

 
Figure 4. Oxidative and reductive strategies for aromatic decarboxylation. Three oxidative strategies are shown: the Rieske non-heme iron aromatic-
ring hydroxylating oxygenases (ROs) (A) generalized scheme and (B) representative BphA1cA2cA3A4 and PhnIIPhnA3A4 enzyme systems (class II); the 
flavin monooxygenase (FMO) (C) generalized scheme and (D) representative single-component NahG; and the cis-dihydrodiol dehydrogenase (E) gener-
alized scheme and (F) representative BenD. Two reductive strategies are shown: the amidohydrolase superfamily (AHS) system (G) generalized scheme 
and (H) representative LigW/LigW2 and γ-RSD; the UbiD-type system (I) generalized scheme and (J) representative enzyme AroY.

Decarboxylation of salicylates may also proceed by a reduc-
tive decarboxylation mechanism, mediated by AHS en-
zymes. Members of this superfamily typically catalyze the 

hydrolysis of an ester or amide bond at a carbonyl or phos-
phoryl center.112,113 However, a subfamily of AHS enzymes 
(COG2159) catalyzes decarboxylation (Figure 4G).114-116 
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This subfamily has the distorted TIM-barrel structure charac-
teristic of the superfamily and a metal ion in the active site. 
The AHS-type decarboxylases are exemplified by LigW from 
SYK-6, which catalyzes the decarboxylation of 5-carboxyva-
nillate to vanillate and CO2. LigW contains a catalytically es-
sential Mn2+, although other decarboxylases contain Zn2+. In 
AHS-type hydrolases, the metal ion coordinates water, acti-
vating it for nucleophilic attack. By contrast, in the carboxyl-
ases, the metal ion binds the substrate in a bidentate man-
ner via the hydroxyl and the carboxyl groups, promoting dis-
tortion of the aromatic ring and charge delocalization to fa-
cilitate C-C bond fission.112,115 The reaction proceeds by the 
protonation of the carbon adjacent to the carboxylate group 
which departs as CO2.115 Interestingly, SYK-6 harbors a sec-
ond copy of 5-carboxyvanillate decarboxylase, LigW2, but 
the function of this redundancy remains poorly under-
stood.117 Other examples of AHS-type decarboxylases in-
clude ro01859 from R. jostii RHA1 and ag00121 from an Ag-
robacterium species. These enzymes were recently pro-
posed to be involved in the production of 1,2,4-benzene-
triol, or hydroxyquinol, as part of an alternative pathway for 
b-ketoadipate production from protocatechuate, gentisate 
(2,5-dihyroxybenzoate), and 2,6-dihydroxybenzoate.118,119  

A second class of enzymes that catalyzes the decarboxyla-
tion of LRCs is the UbiD-family enzymes (Figure 4I). These 

enzymes require a unique PrFMN cofactor, which is pro-
duced by UbiX, a prenyl transferase (Figure 5).120 Genes en-
coding this system typically occur in a ‘BCD’ cluster where 
enzyme B encodes the prenyl transferase, C encodes the 
UbiD-type decarboxylase, and D is an open reading frame 
of unknown function.121,122 Interestingly, the D element is 
not commonly found in clusters encoding the prototypical 
UbiX/UbiD ubiquinone pair.121 To form the PrFMN cofactor, 
UbiX first catalyzes the formation of a fourth, non-aromatic 
ring in the FMN isoalloxazine moiety using dimethylallyl 
phosphate (DMAP) or dimethylallyl pyrophosphate 
(DMAPP) as a prenyl donor.120,123 The newly synthesized co-
factor is then transferred to the decarboxylase and under-
goes an oxidative maturation step to the active PrFMNiminium 
form.123,124 The decarboxylase itself, UbiD, requires potas-
sium and divalent metal ions, such as manganese or iron, to 
properly bind the flavin cofactor.123 Importantly, FMN 
prenylation prevents the two-electron redox chemistry that 
commonly occurs in flavoenzymes.125 Two reaction mecha-
nisms have been proposed for this class of enzyme, involv-
ing 1,3-cyclodipolar addition and a quinoid intermediate for 
polarophile and non-polarophile substrates, respec-
tively.123,126 Notable examples of a UbiD-type decarboxylase 
include AroY enzymes from Klebsiella sp. and Enterobacter 
sp., which catalyze the conversion of protocatechuate to 
catechol (Figure 4J).127,128 

Table 3: Examples of lignin-relevant decarboxylation and deacetylation reactions. 

Enzyme(s) Organism of origin Enzymatic conversion Classification Coenzymes by component 
PDB 
ID 

Oxidative – FMO Single Component  

NahG (SALH) 
Pseudomonas  

putida S-1 
salicylate + NAD(P)H + O2 à 
catechol + NAD(P)+ + H2O 

FMO single 
component 

FAD, NAD(P)H 5EVY 

Oxidative – RO Reductase Ferredoxin Oxygenase  

PhnA3A4, 
PhnII 

Sphingomonas sp. 
CHY-1 

salicylate + NAD(P)H + O2 à 
catechol + NAD(P)+ + H2O RO Class IIIa 

FAD, 
NADH 

Rieske [2Fe-
2S] 

non-heme 
Fe, Rieske 
[2Fe-2S] 

N/A 

Oxidative - dihydrodioI dehydrogenase Single Component  

BenD 
Acenitobacter baylyi 

ADP1 

Z-1,6-dihydroxycyclohexa-2,4-
diene-1-carboxylate + NAD(P)+ 

à catechol + NAD(P)H 
 NAD(P)+ N/A 

Reductive – Amidohydrolase (AHS) superfamily Single Component  

LigW 

Sphingobium sp. SYK-
6; 

Novosphingomonas 
aromaticivorans 

DSM12444 

5-carboxyvanillate à  
vanillate + CO2 

Amidohydro-
lase 

Mn2+ 
4NG3, 
4QRN,  

γ-RSD 

Rhizobium sp. MTP-
10005; 

Polaromonas sp. 
JS666   

resorcylate Û 
resorcinol + CO2 

2,3-dihydroxybenzoate Û  
catechol + CO2 

Amidohydro-
lase 

Zn2+ / Mn2+ 
2DVT 
4QRO 

Reductive – UbiD-type Single Component  

AroY 
Enterobacter cloacae; 
Klebsiella pneumoniae 

protocatechuate Û  
catechol + CO2 

UbiD PrFMN 
5NY5, 
5O3N, 
5O3M 
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Figure 5. Forms and functions of flavin cofactors in the catabolism 
of LRCs. Flavin cofactors are derived from a riboflavin (vitamin B2) which 
comprises an isoalloxazine group with a ribityl group attached to the 
central ring. The ribityl group of riboflavin can be further functionalized 
with a phosphate or an adenine diphosphate to form FMN and FAD, 
respectively. The alloxazine ring may also be modified to form a prenyl-
ated FMN (PrFMN). Without prenylation, flavins are used to shuttle two 
electrons from NAD(P)H towards a substrate.125 This two-electron shut-
tle function is found in the reductase component of ROs and P450s. Al-
ternatively, fully reduced flavin can react with O2 to form a flavo-hydrox-
yperoxide adduct which is utilized as the hydroxylating moiety by FMO 
type hydroxylases.129,130 This redox cycling capacity, however, is lost 
upon prenylation; instead, the modified flavin cofactor gains a new func-
tionality in catalyzing decarboxylation in the UbiD-type system.131 

Because decarboxylation is such a ubiquitous reaction in 
Nature, myriad alternative decarboxylation chemistries exist 
that are not discussed here. For example, the bacterial ca-
tabolism of xenobiotic aromatic compounds includes en-
zymes that reductively decarboxylate dihydrophthalates 
and various cis-dihydrodiols produced during the aerobic 
catabolism of phthalates.132 The parallel decarboxylation 
strategies employed for the catabolism of LRCs and xeno-
biotics highlight how enzymes known to participate in xeno-
biotic catabolic processes could be recruited as biocatalysts 
for lignin valorization as well as bioremediation. 

Translating biochemical insights for improved in vivo 
function 
O-Demethylation, hydroxylation, and decarboxylation are 
often rate-limiting steps in microorganisms engineered to 
convert LRC mixtures to single products.13,27,29,31-33 Despite 
robust characterization in vitro, the relative advantages and 
disadvantages of each biochemical paradigm when imple-
mented in vivo remain largely unknown. Here, we highlight 
selected challenges and opportunities for translating bio-
chemical insights to tailored microbes for lignin valorization.  

Many of the enzymes discussed here rely on reducing equiv-
alents, suggesting that equipping strains for LRC conversion 
with systems for maintaining redox balance will be critical 

for successful application. For example, it was recently 
shown that the PHBH analog PobA138 introduces a bottle-
neck leading to 4-HBA accumulation in KT2440 due to an 
unfavorable NADP/NADPH ratio.133 By replacing PobA with 
the exogenous PraI, which has a broader nicotinamide co-
factor preference,133 the 4-HBA bottleneck was overcome. 
In another approach, the addition of formate to KT2440 fer-
mentations activated endogenous NAD+-dependent for-
mate dehydrogenases, thereby increasing the rate of NADH 
regeneration.134 As more enzymes catalyzing redox chemis-
tries are engineered into a single chassis, cofactor engineer-
ing will be essential to maintain cell viability and efficient 
biocatalytic function.52,135 

Similarly, metabolic engineering strategies should consider 
production of required coenzyme(s) in tandem with expres-
sion of the cognate enzyme. For example, a bottleneck in 
protocatechuate decarboxylation to form catechol by the 
UbiD-like decarboxylase AroY has been reported.31,32 Re-
cent efforts improved strain performance by increasing 
availability of PrFMN, the coenzyme for AroY, via overex-
pression of an additional prenyl transferase30 or enzymes in-
volved in production of the precursor DMAP.124 This exam-
ple indicates the importance of engineering robust produc-
tion of coenzyme, especially when the exogenous enzyme 
system requires non-native or low abundance coenzymes.  

In the case of multi-component enzyme systems, balanced 
expression of each component is often required to optimize 
activity in engineered hosts. For example, adequate turno-
ver of p-methoxybenzoate by the R. palustris CYP199A4 de-
methylase system in E. coli required additional ferredoxin, 
HaPux, which was achieved by expressing two copies of the 
associated gene.136 Similarly, modulating the ratio of part-
ner redox proteins in a myxobacterial CYP260A1 system af-
fected the P450 catalytic activity as well as product pro-
files.137 In cases where analogous single- and multi-compo-
nent systems are available, the metabolic burden of ex-
pressing a larger enzyme versus two smaller enzymes should 
also be considered.  

The potential flexibility of partner interactions in multi-com-
ponent systems presents an interesting opportunity to en-
gineer increased turnover and expanded substrate specific-
ity. Electron transfer between the substrate and heme-ferryl 
in P450s,54 or the reductase in ROs,138 can be rate-limiting. 
Detailed characterization of cofactors, including redox po-
tentials, electron transport pathways, component com-
plexes, and the active site features that facilitate efficient 
electron delivery and catalysis, offer multiple routes to en-
gineer faster turnover and thereby improve flux. With regard 
to substrate specificity, recent studies highlight that flexible 
redox partner combinations for bacterial P450s may have 
important implications for function and specificity.139 The 
use of electron transport chains as scaffolds for engineering 
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new substrate specificities to access additional LRCs, or re-
direct flux in a desirable way, is a compelling opportunity 
for future work.  

Cytotoxicity of substrates, intermediates, and byproducts 
should be considered and mitigated where possible. In-
deed, accumulation of cytotoxic intermediates or byprod-
ucts may be a differentiating feature toward achieving in 
vivo success. For example, RO- and P450-mediated O-de-
methylation generates formaldehyde, whereas THF-de-
pendent systems generate 5-methyl-THF. Formaldehyde is 
an acutely toxic compound for which microorganisms have 
a variety of detoxification pathways.140 Thus, it is plausible 
that engineering-enhanced formaldehyde detoxification will 
improve the utility of RO- or P450-based biocatalysts, espe-
cially in heterologous hosts. Tolerance adaptive laboratory 
evolution (TALE) leverages natural selection to identify non-
intuitive genetic targets for improving growth in the pres-
ence of toxic compounds141,142 and could be useful towards 
mitigating formaldehyde toxicity in vivo. Alternatively, spa-
tial partitioning of reactions that generate toxic byproducts 
to outer membrane vesicles, which natively contribute to ar-
omatic catabolism in KT2440143 and can be engineered to 
carry active enzymes,144 holds promise to decrease intracel-
lular toxicity. Lastly, utilization of dynamic metabolic control 
to mitigate toxicity is another compelling and proven strat-
egy for metabolic engineering.145 

Given the systems-level complexity that ultimately governs 
the efficiency and success of microbial cell factories, direct 
comparisons between multiple paradigms may guide selec-
tion for a given application. For example, vanillate O-de-
methylation by the RO VanAB represents a rate-limiting 
step in the production of muconate from LRCs.33 Replacing 
VanAB with a P450 system or a THF-dependent O-deme-
thylase and directly comparing muconate production would 
reveal if a heterologous system outperforms the native 
VanAB. Further investigation to uncover the underlying rea-
son for improved strain performance could provide insight 
into why a particular biocatalytic mechanism is optimal for a 
given system in a holistic context, in comparison to evaluat-
ing the in vitro performance of an enzyme for a given sub-
strate in isolation. Furthermore, these comparisons can pro-
vide targets for continued in vivo optimization. 

Evaluation of combinatorial enzyme:chassis systems will re-
quire development of robust in vivo screening methods. A 
fluorescent biosensor paired with fluorescence activated 
cell sorting146 or high-throughput selection assays coupled 
to growth147 are options that have been successfully imple-
mented in microbial chassis for the optimization of LRC ca-
tabolism.148 Metabolic flux analysis for the quantification of 
intracellular fluxes within a network,149 both at the node of 
interest as well as central carbon metabolic pathways, can 
provide insight into the broader cellular demands of one 
strategy versus another.  

As bottlenecks in metabolite turnover are overcome, effi-
cient uptake of LRCs may become limiting. Aromatic car-
boxylates are not predicted to passively permeate the bac-
terial membrane,150 suggesting the requirement of a trans-
porter system for many of the LRCs discussed here. Identifi-
cation and characterization of import mechanisms for LRCs 
of interest in model chassis, as was recently done in 
KT2440,151 is an important first step toward engineering up-
take systems for high productivities. Colocalization of en-
zymes within a pathway by engineered protein scaffolds and 
metabolons is an established strategy for increasing flux 
through diverse pathways152,153 that could be potentially tar-
geted to membranes for localized activity upon substrate 
import.  

Summary and Outlook 
Aromatic O-demethylation, hydroxylation, and decarboxy-
lation are catalyzed by multiple enzymatic paradigms that 
differ in cofactor utilization and enzyme class. Often, the 
critical enzymes performing these reactions vary in rate, sta-
bility, and in vivo activity, all details which factor into their 
use in biotechnological applications. Comparisons of similar 
chemistries mediated by different enzyme classes will ulti-
mately inform rational metabolic engineering, synthetic bi-
ology, and cell-free conversion technologies. When bring-
ing together pathway components from diverse microbes 
into engineered systems, optimization becomes a non-triv-
ial, multi-variable problem. Among these variables, cofactor 
and coenzyme availability and utilization can play a large 
role in mediating flux through the pathway, but other factors 
intrinsic to the native system may also play a critical role in 
successful biocatalysis, and these factors may be harder to 
control. While many enzymes that conduct important bio-
chemical reactions in aromatic-catabolic pathways have 
been extensively characterized, exciting opportunities in bi-
ological lignin valorization should encourage renewed focus 
on these pathways and their potential application in indus-
trial bioprocessing. 
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