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Abstract 

The valorization of lignin is critical to establishing sustainable biorefineries as we transition away 

from petroleum-derived feedstocks. Advances in lignin fractionation and depolymerization are 

yielding new opportunities for the biocatalytic upgrading of lignin-derived aromatic compounds 

(LDACs) using microbial cell factories. Given their roles in lignin metabolism and their catalytic 

versatility, cytochromes P450 are attractive enzymes in engineering such biocatalysts. Here we 

highlight P450s that catalyze aromatic O-demethylation, a rate-limiting step in the conversion of 

LDACs to valuable chemicals, including efforts to engineer the specificity of these enzymes and to 

use them in developing biocatalysts. We also discuss broader opportunities at the intersection of 

biochemistry, structure-guided enzyme engineering, and metabolic engineering for application of 

P450s in the emerging area of microbial lignin valorization. 

Introduction 

Lignin valorization 

Lignin is a methoxylated aromatic polymer found in the cell wall of vascular plants, serving a variety 

of tissue-specific purposes including mechanical support, stress response, nutrient transport, and seed 

protection [1]. As the second most abundant polymer on earth after cellulose, lignin has tremendous 

potential to supply chemicals and materials currently derived predominantly from fossil fuel-based 
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feedstocks [2]. Currently, lignin is mainly utilized as a fuel to drive the pulping process. The long-

term sustainability of a lignocellulosic bioeconomy depends on the industrial conversion of lignin into 

value-added products [3]. However, lignin’s compositional heterogeneity and tight association with 

other cell wall components makes this polymer challenging to upgrade. Lignification occurs in the 

plant cell wall by radical polymerization of monolignols, predominantly p-coumaryl (H type), 

coniferyl (G type), and sinapyl (S type) alcohols, forming an irregular network of aromatics linked 

by C-O and C-C bonds (Figure 1A). Recent technological advances in lignin fractionation, 

depolymerization and conversion are yielding the first sustainable processes to valorize lignin [4●,5●]. 

Microbial cell factories that leverage the natural ability of bacteria to catabolize aromatic compounds 

are central to lignin valorization technologies. Emergent fractionation approaches result in mixtures 

of LDACs, which must then be converted to a defined product with high atom yield (Figure 1B). The 

aerobic catabolism of aromatic compounds is well-suited to this conversion as these pathways 

converge on a few shared intermediates and are amenable to engineering [6]. More specifically, 

“upper pathways” collectively catabolize a wide variety of aromatic compounds to a small number of 

shared intermediates. The latter, typically catechols such as protocatechuate and gallate, are 

subsequently channeled into the “lower pathways” to central metabolites. The potential of microbial 

cell factories is further illustrated by a recent study identifying 16 intermediates of aromatic 

catabolism that exhibit substantial chemical diversity and, in some cases, industrial utility as useful 

chemicals and materials with novel properties [7●].  

One step that is often rate-limiting in the biocatalytic upgrading of LDACs is aromatic O-

demethylation [8,9], reflecting in part the highly methoxylated nature of lignin. Efforts to overcome 

this bottleneck have resulted in the identification of three classes of aryl-O-demethylases: 

tetrahydrofolate (THF)-dependent enzymes, Rieske-type oxygenases (ROs) and cytochromes P450 

(P450s). As recently reviewed [10], in the THF-dependent enzymes, the methyl group is transferred 

from the aromatic substrate to the THF, feeding into C1 metabolism. ROs and P450s use O2 to cleave 

the ether bond, producing formaldehyde and a hydroxylated aromatic. Given their catalytic versatility, 

P450s are attractive scaffolds for protein engineering and directed evolution to enhance their utility 

for lignin valorization [11]. Developing this biocatalytic potential is critical as new methodologies 

for lignin fraction and depolymerization emerge [4●,5●]. 

Structure and mechanism of P450s  

P450s are a superfamily of heme-thiolate enzymes found across all domains of life. These enzymes 

catalyze a wide variety of stereo- and regioselective oxidative chemistries, although they are best 

known for monooxygenation [12]. A short electron transport chain shuttles electrons from either 

NADH or NADPH to the oxygenase. In bacteria, these are usually two- or three-component systems 
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in which an FAD-containing reductase reduces the P450 either directly or indirectly via a ferredoxin 

(Figure 2) [13], although single component systems also occur [14]. As covered in detail elsewhere 

[15], the heme iron in the resting state enzyme is in a low spin, ferric state. Substrate binding near the 

open coordination position over the heme leads to a change in the spin state of the iron, permitting 

one-electron reduction. O2 binding and reductive activation to form a reactive ferryl-heme follow. In 

the case of O-demethylation, the ferryl species hydroxylates the reactive O-methyl group of the 

substrate, which rearranges to yield formaldehyde and the demethylated product. Electron or 

hydrogen atom transfer from the reactive C-H bond to the ferryl is often rate-limiting [16]. Some 

substrate analogs can lead to uncoupling instead of productive catalysis, a process in which O2 is 

reduced to either H2O2 or H2O at the expense of NAD(P)H [16].  

P450s have been classified into more than 2200 families based on amino acid sequence similarity 

[17]. Members of the same family share at least 40% sequence identity and biological function. P450s 

are involved in both the biosynthesis and degradation of lignin in Nature. In plants, CYP73A, 

CYP98A and CYP84A catalyze three phenyl ring hydroxylation steps in monolignol biosynthesis 

which modulate the H/G/S ratio of the monolignol pool [18]. In wood-rotting basidiomycetes, P450s 

of the CYP53D family catalyze the O-demethylation of resveratrol and related stilbenes [19]. The 

best characterized P450s relevant to the valorization of lignin are bacterial enzymes that fall into one 

of two families: CYP255A and CYP199A (Figure 1B). These enzymes, first characterized for their 

roles in pollutant degradation [20], initiate the catabolism of guaiacols and p-methoxybenzoates, 

respectively. Other bacterial P450s catalyze the O-demethylation of carbohydrates [21]. Although 

they share the same structural scaffold, eukaryotic P450s differ from their prokaryotic homologs in 

that they are anchored to the membrane via an N-terminal -helix [13].  

LDAC O-demethylases 

Lignin fractionation and depolymerization generate a variety of O-methylated LDACs that are 

potential substrates for P450s. Guaiacol and syringol derivatives, with various ring substituents are 

formed from G and S units of lignin, respectively. For example, reductive catalytic fractionation of 

hardwood lignin yields large amounts of 4-propylguaiacol (PG), 4-propylsyringol (PS), 4-

ethylguaiacol (EG) and 4-ethylsyringol (ES) [5●]. By contrast, oxidative cleavage of softwood lignin 

results in vanillin (V), vanillate (VA), guaiacol (G) and acetovanillone (AV) [22]. Syringate (S) and 

syringaldehyde (SA) are derived from depolymerization of syringyl-rich hardwood lignin [23]. Aryl-

O-methylation of lignin degradation intermediates has been explored to prevent lignin 

repolymerization and increase monomeric yield in reductive catalytic depolymerization of organosolv 
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polar lignin [24] and thermal cleavage of milled wood lignin [25]. Such techniques ultimately yield 

4-methoxylated aromatic compounds.  

Guaiacol and alkylguaiacol O-demethylases 

Two subfamilies of CYP255A enzymes have been identified based on amino acid sequence identity 

(Figure 1B). CYP255A2s, also referred to as GcoAs, share at least 65% amino acid sequence identity 

and have highest specificity for guaiacol [26,27●●]. The best characterized CYP255A2, GcoAAmyc 

from Amycolatopsis sp. ATCC 39116, is also active on several other LDACs, including 3-

methoxycatechol and anisole [26]. The O-demethylation of guaiacol yields catechol, which is 

transformed to central metabolites by the ortho-cleavage, β-ketoadipate pathway. CYP255A1, or 

AgcA, from R. jostii RHA1 and R. rhodochrous EP4 catalyzes the O-demethylation of 4-

alkylguaiacols with highest specificity for 4-propylguaiacol. However, the resulting alkylcatechols 

are further catabolized by a meta cleavage pathway. GcoA and AgcA function as two-component 

systems in which GcoB and AgcB are the respective redox partners. These homologous reductases 

have three domains which bind FAD, NADH, and a 2Fe2S cluster, respectively (Figure 2E) [26–29].  

The overall structure of GcoAAmyc is that of a typical P450 with a buried active site capped by what 

is commonly referred to as the F-G helix [26]. Molecular dynamics studies reveal the high plasticity 

of this region, paralleling studies with the well-described bacterial P450cam (CYP101), which 

demonstrate a critical role in substrate access and product eggress [30]. GcoAAmyc forms a stable 

complex with its reductase partner via a conserved basic surface patch. The active site pocket is highly 

hydrophobic and lined with triad of phenylalanine residues 75, 169, and 395. The position of the 

substrate relative to the flanking heme group has been shown to be critical for productive catalysis. 

In GcoAAmyc, this is achieved by threonine 296 and two residues on the I-helix, valine 241 and glycine 

245, as well as isoleucine 81 (Figure 3A) [32]. The variation in substrate specificity within the 

CYP255A family can be attributed to subtle changes in the active site geometry. For example, 

threonine 296 in GcoAAmyc is replaced with an alanine in AgcAs, accommodating the side chain of 

the 4-alkyl substrates [29–32]. 

4-Methoxybenzoate O-demethylases 

The two best characterized CYP199As, CYP199A2 from Rhodopseudomonas palustris CGA009 [31] 

and CYP199A4 from R. palustris HaA2 [32], have strongest preference for 4-methoxybenzate as 

substrate, but also turnover veratrate efficiently and selectively oxidize the 4-substituent of 

chemically diverse benzoates [33–35]. CYP199A25, identified in a papaverine-degrading 

Arthrobacter sp., also catalyzes the O-demethylation of 4-methoxybenzoate and has high affinity for 

veratrate [36], while CYP199A3 is predicted to be responsible for growth on 4-methoxybenzoate in 
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RHA1 (Wolf and Eltis, unpublished). CYP199A2 and CYP199A4 are part of three-component 

systems, with a ferredoxin and a two-domain reductase (Figure 2) [32]. 

While the structures of CYP199As are similar to that of GcoAAmyc, there are key differences. The 

hydrophobic binding pocket is again lined by three phenylalanines: 185, 188 and 301 in CYP199A2; 

and 182, 185 and 298 in CYP199A4. However, the volume of the active site cavities is very different: 

in CYP119A4, the pocket accommodates the heme and the ligand, while in CYP255A, the pocket 

forms an extended cavity distal to the ligand binding site. The relative position of the substates also 

differs significantly between each family, with serines 97 and 247 in CYP199A2 (95 and 244 in 

CYP199A4) helping to orientate the benzoate moiety of the substrate and arginine 94 and 246 (92 

and 243 in CYP199A4) involved in substrate access (Figure 3B and C) [33,37]. There is a slight 

change in the I-helix between the two systems which contributes to the changes seen in the 

hydrophobic pocket. Like GcoAAmyc, the distance between the substrate’s methoxy group and the 

heme plays a critical role in substrate turnover, highlighting the importance of these residues 

[32,38●●,39].  

Enzyme and metabolic engineering 

Structure-guided Enzyme Engineering 

As noted above, the substrate specificity and activity of diverse P450s have been modified through 

both structure-guided engineering and laboratory-directed evolution [40]. Given the conserved 

structures of these enzymes, which can extend even to their active sites, some aspects of structure-

guided engineering can be translated between systems. However, the structure-function relationships 

are often beyond single residue changes, and variants that can bind alternative substrates are not 

always catalytically active or can lead to uncoupling, noted above. Given the sensitivity of the redox 

partners to the relative positions of the substrate to the heme, even sub-Angstrom deviations from 

optimum geometries can result in severe uncoupling [38●●]. As such, future P450 engineering will 

benefit from a holistic approach that integrates dynamic structural approaches together with 

biochemistry, biophysics and in vivo studies. 

Using structure-guided engineering, the specificity of GcoAAmyc has been altered to broaden its utility 

for the upgrading of lignin. GcoAAmyc was designed to O-demethylate the underutilized LDAC 

syringol. High resolution crystal structures revealed the steric hindrance of the phenylalanine in 

position 169 blocking the productive binding of this substrate. The F169A variant (Figure 3D and E) 

catalyzed the O-demethylation of syringol with high specificity and coupling and without activity 

loss for guaiacol, GcoAAmyc’s native substrate [38●●]. Substitutions of residues 169 and 296 of 

GcoAAmyc generated new and higher activity on p- and o-vanillin (Figure 3F and G) [39]. In 
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CYP199As, active site variants modified the regioselectivity and substrate specificity in catalytic 

oxidation reactions [34,41].  

Metabolic Engineering 

The exceptional range of stereo- and regioselective chemistries catalyzed by P450s and their 

suitability for protein engineering make them ideal systems to use in developing microbial cell 

factories. This is illustrated by the use of the plant CYP71AV1 in engineering yeast to produce the 

antimalarial drug artemisinin [42] and the development of P450-based biocatalysts for the asymmetric 

amination of primary, secondary and tertiary C(sp3)-H bonds [43●●]. In designing microbial cell 

factories for lignin valorization, wild-type and engineered P450s may be used to expand the LDAC-

transforming capabilities of host strains as well as to functionalize pathway metabolites to generate 

chemicals from biomass that are otherwise difficult to access. For example, both GcoABJ3 from 

Rhodococcus rhodochrous J3 and GcoABAmyc have been produced in Pseudomonas putida to confer 

growth on guaiacol, a compound that this platform organism does not naturally catabolize [28][29]. 

The F169A variant of GcoAAmyc expressed in P. putida KT244 partially demethylated syringol to 3-

methylcatechol and pyrogallol [38●●]. Building on this, GcoABAmyc was used in engineering E. coli 

to convert guaiacol to the platform chemical adipic acid at 61% yield [44]. Similarly, E. coli producing 

CYP199A2 and CYP199A4 together with the cognate reductase and ferredoxin of CYP199A4 

efficiently demethylated veratrate to vanillate with a yield of 1.2 g L-1 [32]. In a related study, E. coli 

expressing the CYP199A2 F185L variant generated 2.8 g L-1 of caffeate from p-coumarate [41]. 

Another application that merits investigation is the engineering of a P450 to catalyze the O-

demethylation of vanillate. Vanillate is O-demethylated by VanAB, a RO, but this step is rate-limiting 

in the production of muconate from LDACs [9]. P450s aren’t known to turnover vanillate, but an 

engineered P450 may outperform VanAB. By analogy, P450s from the plant monolignol biosynthetic 

pathways could be engineered for bacterial conversion of phenol or 4-hydroxybenzoate to catechol 

or protocatechuate, respectively [19]. These would offer alternatives to flavin-dependent 

monooxygenases that are known to catalyze these reactions.   

Optimizing the performance of P450-containing biocatalysts raises a number of design 

considerations. As electron transfer between the multiple components of the P450 system can be rate-

limiting [16][45], the level of each component required for optimal growth of the host organism may 

not be the same as those required for optimal biocatalyst performance. Recent studies highlight that 

flexible combinations of P450 components may have important implications for function and 

specificity [46]. Indeed, efficient turnover of 4-methoxybenzoate by CYP199A4 in E. coli required 

additional ferredoxin, which was achieved by doubling the copy number of the ferredoxin gene [32]. 

Intriguingly, modulating the ratio of components in a myxobacterial CYP260A1 system affected the 
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product profiles of the P450 [47]. Related to this, engineering of P450-redox partner fusions, 

analogous to Class VII systems, may enable more efficient biocatalytic conversion [14]. For example, 

the P450BM3 fusion protein has been employed in a synthetic peroxygenase system to regio-selectively 

O-demethylate several aromatic ethers [48]. Additional studies are required to assess the merits of 

expressing one larger enzyme versus two or more smaller enzymes.  

Another important consideration in engineering microbial cell factories is the cytotoxicity of 

substrates and products. P450-mediated O-demethylation generates formaldehyde, a toxic compound 

that microorganisms detoxify via several pathways [49]. Engineering enhanced formaldehyde 

detoxification may be critical to improving the utility of P450-based biocatalysts. Alternative 

approaches to mitigating the toxicity of intermediates include dynamic metabolic control [50] and 

tolerance adaptive laboratory evolution (TALE), which leverages natural selection to identify targets 

for improving growth in the presence of toxic compounds [51,52]. Regardless, as P450s are used in 

developing whole cell biocatalysts it will be important to investigate the reasons for improved strain 

performance as this could provide insight into why a particular biocatalytic mechanism is optimal for 

a given system in a holistic context, as opposed to understanding the performance of the enzyme in 

isolation. 

Concluding Remarks 

The work done to date on optimizing and engineering aryl-O-demethylase specificity and activity 

illustrates the potential of P450s in overcoming critical bottlenecks in lignin valorization as 

biocatalysts are engineered to upgrade mixtures of LDACs yielded by powerful new methodologies 

for lignin fraction and depolymerization. Clearly, opportunities remain to exploit the exceptional 

range of chemistries catalyzed by these enzymes and to optimize their performance in microbial cell 

factories. Ultimately, the most exciting applications for P450s in lignin valorization may lie in 

functionalizing pathway metabolites to generate bioprivileged compounds from biomass which are 

difficult to access from petroleum feedstocks and can be used to develop novel materials. 
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Figure 1. Lignin valorization scheme and relevant P450-catalyzed reactions. A. Monolignols 

are joined by radical coupling to form lignin, a polymer of methoxylated aromatics linked by C-O 

and C-C bonds. The depicted structure is designed to highlight different intersubunit linkages. 

Fractionation of lignin-containing biomass yields a mixture of LDACs. Depending on the 

conditions used, LDACs may include 4-methoxybenzoate (MBA), 4-propylguaiacol (PG), guaiacol 

(G), veratrate (VER), syringol (S) and 4-propylsyringol (PS). Microbial cell factories convert 

LDAC mixtures to value-added products through biological funneling, catabolizing them through 

convergent pathways. B. P450s involved in monolignol biosynthesis include CYP84A, which 

catalyzes the 5-hydroxylation of sinapyl alcohol precursors in angiosperms. CYP73A and CYP98A 

(not shown) catalyze the hydroxylation of cinnamate and 4-coumaroyl shikimate, respectively. C. 

P450s involved in the bacterial catabolism of LDACs include CYP255A and CYP199A. 

CYP255A1 (AgcA) and CYP255A2 (GcoA) catalyze the O-demethylation of 4-alkylguaiacols and 

guaiacol, respectively, with electron transfer from AgcB and GcoB, respectively. CYP199A 

catalyzes the O-demethylation of 4-methoxybenzoate with ferredoxin and reductase components. In 

B. and C., electron transfer components are not explicitly shown. 



 14 

 

Figure 2. Domain organisation in Cyp255As and Cyp199A2. A. Cyp255A (GcoAB/AgcAB) are 

two-component systems with the heme-containing P450 domain (5NCB) and the ferredoxin, FAD 

binding and NADH binding domain (5OGX) on two individual proteins [26] B. Cyp199As have 

different domain organisation. A three-component system with a P450 domain (4DNJ) [33] a single 

ferredoxin domain (3HUI) [53] and the FAD-binding and NADH-binding domains (3FG2) [54]. 

Despite the differences in organisation, the role of each domain is conserved, and the overall function 

of the system is retained. Each domain is coloured according to their function. Cofactors and 

heteroatoms include heme and FAD (carbon-magenta), Fe (orange), sulphide (yellow), sodium 

(green), and potassium (purple). 
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Figure 3. Demethylase active site comparison and engineering. Comparison of active site volumes 

and substrate orientations in A. CYP255A (GcoAAmyc 5NCB) with B. CYP199A4 (4DO1). The 

crystals structures have been aligned on the heme, and the respective substrates, guaiacol and 4-

methoxybenzoate, respectively, are coloured magenta. Key phenylalanine residues that contribute to 

the hydrophobic pocket are highlighted in each structure. C. A superposition of the heme group from 

both CYP255A (red) and CYP199A4 (cyan) and their substrates, highlighting the different binding 

modes of the substrates, guaiacol and 4-methoxybenzoate caused by the variance in hydrophobic 

pockets. D. A superposition of wild-type structures of GcoAAmyc with guaiacol (5NCB, red) and 

syringol (5OMU, grey). Steric hinderance from F169 prevents a catalytically productive orientation 

of syringol and results in severe uncoupling. E. Substitution to F169A accommodates syringol 

(6HQQ, teal) in the same orientation as guaiacol and is catalytically competent [38●●] F. 

Superposition of wild-type GcoAAmyc with guaiacol (red) and p-vanillin (5OMR, green). Steric 

hinderance between T296 and the aldehyde group of p-vanillin prevents productive orientation of p-

vanillin. G. Engineering to T296A allows p-vanillin (6YCM, purple) to bind in a productive 

orientation leading to the desired demethylation reaction [39]. 

 


