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ABSTRACT: Biological funneling of lignin-derived aromatic compounds is a promising
approach for valorizing its catalytic depolymerization products. Industrial processes for
aromatic bioconversion will require efficient enzymes for key reactions, including demethylation
of O-methoxy-aryl groups, an essential and often rate-limiting step. The recently characterized
GcoAB cytochrome P450 system comprises a coupled monoxygenase (GcoA) and reductase
(GcoB) that catalyzes oxidative demethylation of the O-methoxy-aryl group in guaiacol. Here,
we evaluate a series of engineered GcoA variants for their ability to demethylate o-and p-
vanillin, which are abundant lignin depolymerization products. Two rationally designed, single
amino acid substitutions, F169S and T296S, are required to convert GcoA into an efficient
catalyst toward the o- and p-isomers of vanillin, respectively. Gain-of-function in each case is explained in light of an extensive series
of enzyme-ligand structures, kinetic data, and molecular dynamics simulations. Using strains of Pseudomonas putida KT2440 already
optimized for p-vanillin production from ferulate, we demonstrate demethylation by the T296S variant in vivo. This work expands
the known aromatic O-demethylation capacity of cytochrome P450 enzymes toward important lignin-derived aromatic monomers.

KEYWORDS: biological funneling, cytochrome P450, aromatic O-demethylation, protein engineering, lignin

Lignin is a primary structural polymer in plants that is
derived from radical coupling reactions of p-coumaryl

(H), coniferyl (G), and sinapyl (S) alcohols during cell wall
biosynthesis.1 In most plants, lignin is a heterogeneous
structure linked by C−O and C−C bonds, which in turn
leads to a heterogeneous slate of aromatic compounds upon
catalytic or thermal depolymerization.2−7 This inherent
heterogeneity is the primary challenge in valorization of lignin
to target chemicals. To overcome this challenge, the concept of
biological funneling has been proposed.5,8−16 Biological
funneling harnesses microbial aromatic-catabolic pathways to
convert diverse aromatic compounds into a minimal number of
central intermediates.8,17 The most common lignin funneling
strategy relies on the production of aromatic cis-diols such as
catechol or protocatechuate, which can undergo oxidative
aromatic ring-cleavage reactions via dioxygenases. Aromatic O-
demethylation is a critical reaction for biological funneling
because G- and S-type alcohols, which exhibit 1 or 2 methoxyl
groups adjacent to a phenolic hydroxyl group, respectively, are
the most prevalent monolignols in most plants. Further,
aromatic O-demethylation is a rate-limiting step in the
production of bioproducts from G- and S-type aromatic
compounds in engineered aromatic-catabolic strains.18,19

At least three enzyme classes, Rieske nonheme iron
monooxygenases, tetrahydrofolate-dependent O-demethylases,
and cytochrome P450 enzymes (hereafter P450s), are known

to catalyze aromatic O-demethylation.20−26 P450s are powerful
redox catalysts that have served as exceptionally useful scaffolds
for biological transformations.27 The P450 system at the heart
of the current study was first identified by Eltis and colleagues,
who demonstrated O-demethylation of guaiacol (2-methox-
yphenol) (Scheme 1A), the simplest compound with a G-type
substitution pattern on the aromatic ring, and reported the N-
terminal sequence of the P450 oxygenase.25,28 In 2018,
Tumen-Velasquez, Johnson, and coworkers reported the full
sequence, in vivo function, and an analysis of the evolution of
the enzyme system (which was termed GcoAB) from
Amycolatopsis sp. ATCC 39116.24

This work was followed closely by Mallinson et al. with a
detailed in vitro structural, biochemical, and computational
characterization.25 The GcoAB system represents a new
architectural class of P450 with a cytochrome P450
monooxygenase (GcoA) and a three domain reductase
(GcoB).24,25 This system oxidatively demethylates guaiacol
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as its preferred substrate with excellent coupling of NADH
oxidation to guaiacol turnover. It has been the subject of
theoretical investigation29 and has recently been successfully
deployed in an engineered E. coli strain for the production of
adipic acid.30

Most selective lignin depolymerization processes, however,
yield products that exhibit additional ring functionality relative
to guaiacol, with aromatic aldehydes being among the most
abundant.7 As shown in Scheme 1B, β-O-4 bond cleavage, by
far the most well-studied reaction in lignin depolymerization
chemistry,2−4,6,7 can yield the p-vanillin aldehyde (4-hydroxy-
3-methoxybenzaldehyde, commonly referred to simply as
“vanillin”). Cleavage of ring-opened β-1 C−C linkages or
stilbene linkages can also yield two molar equivalents of p-
vanillin.31−34 β-5 linkages can conceptually yield one molar
equivalent of p-vanillin and o-vanillin (2-hydroxy-3-methox-
ybenzaldehyde) (Scheme 1B, C).35,36 The Amycolatopsis sp.
ATCC 39116 GcoAB cytochrome P450 system
(WP_020419855, WP_020419854) was therefore engineered
for efficient turnover of aromatic aldehydes, specifically
targeting p- and o-vanillin: substrates with which GcoAB has
little to no native activity. Building from our previous
work,25,28 we employed structure-guided protein engineering
in concert with detailed biochemical assays and molecular

dynamics (MD) simulations to identify and characterize the
appropriate GcoA active-site mutations (Figures 1, S1). To our

delight, only single point mutations, unique to each substrate,
were required to convert GcoAB into efficient biocatalysts for
the turnover of these two vanillin isomers. Catabolism of p-
vanillin was further demonstrated by heterologous expression
of a variant enzyme in Pseudomonas putida KT2440, where the
same variant was also able to efficiently demethylate the
reduction product of p-vanillin (p-vanillyl alcohol). This work
expands the known substrate specificity of P450s for lignin-
relevant compounds and further demonstrates the potential
applicability of this versatile demethylation system for
biological funneling of lignin-derived aromatic compounds.

■ RESULTS

Single GcoA Mutations at F169 or T296 Yield o- and
p-Vanillin Demethylation Biocatalysts, Respectively

Prior work on the GcoA-guaiacol costructure (Figure S1)
showed that F169 is a mobile active site residue that closely
approaches the bound ligand (Figure 1A).28 Substitution of
F169 for a smaller hydrophobic counterpart (alanine) permits
binding and demethylation of 2,6-dimethoxyphenol (syrin-
gol).28 We hypothesized that this or another GcoA-F169
variant with a small side chain (such as valine or the hydrogen-
bond donor, serine) might analogously accommodate an
aldehyde group at the position ortho to the aryl hydroxyl (o-
vanillin). These variants may therefore be capable of binding
and demethylating o-vanillin, which is nearly isosteric with
syringol. Examination of the WT GcoA structure with p-
vanillin bound25 (5NCB, 5OMR, respectively, Figure 1B)
suggested an analogous strategy for engineering GcoA to bind
and demethylate the p-vanillin isomer. Namely, the observed
deflection in the T296 side chain toward the heme propionate
in the p-vanillin versus the guaiacol complex indicated the need
for a less sterically encumbered hydrogen bond donor at this
position. We therefore examined the smaller hydrophobic
(glycine, alanine) and hydrogen-bonding (serine) residues at
this position (Figure 1B).
To address whether either o- or p-vanillin could serve as

substrates of an engineered GcoA, we first quantified turnover
of NADH in air within a fixed time (45 min) under different

Scheme 1. (A) Chemical Reaction Natively Catalyzed by the
GcoAB Enzyme System,a (B) Common Linkages between
Lignin Subunits and Conceptual Chemical Reactions That
Can Yield p-Vanillin (from β-O-4 and Ring-Opened β-1
Bond Cleavage) or o-Vanillin (from β-5 Bond Cleavage),b

and (C) Substrates Used in This Study

aThe characteristic Compound I intermediate of P450s hydroxylates
the substrate, forming an acetal which breaks down spontaneously to
yield the formaldehyde and catechol products. bChiral centers are
indicated by asterisks.

Figure 1. Structural comparisons of wild-type (WT) GcoA bound to
the substrate guaiacol, syringol, and p-vanillin. (A) GcoA in complex
with guaiacol (5NCB, tan) superimposed with GcoA-syringol
(5OMU, blue). (B) GcoA-guaiacol (5NCB, tan) superimposed with
GcoA-p-vanillin (5OMR, green). These structures provide a rationale
for engineering.25,28 Steric hindrance caused by the aromatic group of
F169 or the secondary alcohol of T296 is highlighted with a red
ellipse. Substitution with smaller hydrogen-bond donors may permit
reactions with substrates bearing aldehyde groups in place of the
methoxyl substituents indicated by the ellipses.
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conditions (Figure 2, Figure S3A). In the presence of WT
GcoAB but without an aromatic substrate, NADH con-
sumption was not observed. This result is consistent with
substrate-gating, a common feature of diverse P450 mecha-
nisms27 in which the oxidizable substrate/analog binds in the
vicinity of the ferric heme and displaces a heme-bound water.
This causes the spin state of iron to change from low (S = 1/2)
to high (S = 5/2), priming it for one-electron reduction by
NADH via the FAD-dependent reductase, GcoB. The
reduced/ferrous heme iron then binds and reductively
activates O2, leading to oxygenation of the substrate.
The majority of NADH was consumed in the presence of

WT GcoA and every GcoA amino acid monovariant (F169A/
V/S, T296A/V/S) screened herein, regardless of which
potential demethylation substrate (guaiacol, o-vanillin, or p-
vanillin) was used. This suggests that the active site is
sufficiently flexible to permit both aromatic substrate entry and
water displacement in every case. However, significant (≥40%)
coupling of NADH oxidation to vanillin demethylation was
detected only for o-vanillin and the F169A/V/S variants, and
separately, for p-vanillin/GcoA-T296S (Figure 2, Table S1).
Notably, these variants gained the ability to demethylate their
cognate aldehyde while maintaining substantial activity against
the native GcoA substrate, guaiacol.
Reaction efficiency may be due to the ability of GcoA-

F169A/V/S and -T296S to form productively oriented
complexes with o- and p-vanillin. To gain further information
about the efficiency of the enzymes investigated here, we
measured initial reaction rates (vi), equilibrium dissociation
constants (KD), and apparent steady-state kinetic (kcat, KM)
parameters for GcoA-F169S/o-vanillin and GcoA-T296S/p-
vanillin in air (Table S1, Figures S2−S5). These variants were
chosen for further analysis, even though multiple F169 variants
exhibited activity, because both exhibited ≥40% coupling of
NADH oxidation to vanillin demethylation after the
introduction of the same primary alcohol (serine) near to
the anticipated position of the aldehyde group of the substrate
(Figure 1).

We hypothesized that efficient coupling would depend on
multiple factors. First, a potential substrate must be able to
enter the active site of GcoA, displace an iron-bound water,
and bind above the porphyrin plane. To evaluate binding
efficiency, values for KD were measured by titrating the
aromatic aldehydes into solutions of the ferric GcoA variants
and directly observing formation of stable, equilibrium high
spin enzyme−substrate complex via UV/vis spectroscopy
(Figure S2). Though aldehyde binding to the WT GcoA was
observable, the affinity of the enzyme for the native substrate
(guaiacol) was 200- to 500-fold higher than for o- and p-
vanillin, respectively (Table S1). The F169S and T296S
variants like the WT exhibited an overall preference for binding
guaiacol, the least sterically encumbered ligand, albeit with a
30−100-fold reduction in absolute affinity relative to the WT
GcoA (Table S1). Each variant moreover exhibited a binding
preference for the expected vanillin isomer (F169S/o-vanillin
and T296S/p-vanillin) relative to the opposite isomer with an
affinity that was mostly unchanged relative to each vanillin/
WT-GcoA pair. We concluded that GcoA-F169S and -T296S
are capable of binding o- and p-vanillin, respectively, but that
subsequent catalysis cannot be attributed to gains in vanillin
equilibrium binding affinity by these variants.
We next evaluated how the set of aromatic substrates

influenced the initial rates of NADH oxidation and aromatic
product formation (saturating NADH, aromatic substrate,
Table S1). NADH consumption is expected to be stimulated
by substrate binding and water displacement from the heme,
regardless of whether the substrate is demethylated. It was
previously shown that the reducing equivalents spent in the
uncoupled reaction could be quantitatively accounted for via
the H2O2 produced without significant uncatalyzed oxidation
of the substrates or products under the reaction conditions
used.28 For WT GcoA, vi(NADH consumption) was highest in
the presence of excess guaiacol, followed closely by o-vanillin
and p-vanillin (approximately threefold decreases). The
similarity in the magnitude of vi(NADH) in the presence of
all three aromatics, compared to the much larger differences in

Figure 2. Coupling of substrate demethylation to NADH/O2 consumption is illustrated by comparing the amounts of NADH (pink bars) and
aromatic substrate consumed (light blue bars) or formaldehyde produced (dark blue bars) in an end point assay. Reaction mixtures contained
equimolar GcoA and GcoB (0.2−0.5 μM), 100 μg/mL catalase, and 250 μM NADH in room temperature, air-saturated buffer (25 mM HEPES,
100 mM NaCl, pH 7.5, 210 μM O2). Each reaction was initiated with a small volume (0.25−0.5 μL) of substrate stock (final concentrations: 250
μM guaiacol, o-vanillin, p-vanillyl alcohol; 100 μM p-vanillin). The consumption of NADH over time was monitored by UV/vis absorption
spectroscopy for 45 min. Reactions were quenched with concentrated H2SO4. Residual aromatic substrate concentrations were determined by
HPLC, and formaldehyde concentrations were determined by a tryptophan-based colorimetric assay, as described in the Supporting Information.37
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their equilibrium KD values, suggests that vi(NADH) largely
reflects the aromatic on-rates (kon) while KD could be more
strongly impacted by differences in their rates of departure
(koff, where KD = kon/koff). Consistent with that interpretation,
vi(product formation) decreased by a far larger amount (20−
30-fold) when the aldehydes were used, relative to the
preferred substrate guaiacol. Collectively, these results suggest
that the WT active site readily admits guaiacol and both
vanillin isomers but cannot retain or demethylate the latter.
By comparison, the F169S and T296S variants consumed

NADH nearly as rapidly as WT GcoA in the presence of either
guaiacol or their preferred vanillin isomers. However, strong
deficits in vi(NADH) were observed for F169S/p-vanillin and
T296S/o-vanillin; similarly, vi(product formation) for either
F169S/p-vanillin or T296S/o-vanillin was effectively zero.
Together, these results show that GcoA-F169S and GcoA-
T296S exhibit strong selectivity for either guaiacol or their
preferred vanillin isomers for both substrate entry and
demethylation. These kinetic results are consistent with the
high percent coupling of product formation to NADH
consumption for F169S and T296S (Figure 2; for HPLC
data illustrating product formation, see Figure S4).
Steady state kinetic parameters determined as a function of

variable aromatic substrate (Figure S5) mirrored the trends in
vi and KD. Namely, the turnover number (kcat) remained high
for WT/guaiacol and both variants, with the exception of
F169S/p-vanillin and T296S/o-vanillin. These combinations
exhibited sharply impaired kcat, in addition to vi and KD. The
most telling patterns were observed in values measured for KM
(Table S1). In P450s, the Michaelis complex is presumed to
contain Compound I, the ferryl-porphyrin cation radical that is
poised to transfer an oxygen atom to the substrate. For WT
GcoA, the values of KM depended dramatically on the aromatic
substrate choice, with KM[o-vanillin] ≈ KM[p-vanillin] ≫
KM[guaiacol]. For F169S, KM[o-vanillin] ≈ KM[guaiacol], and
the reaction with p-vanillin did not occur sufficiently to
measure a value for KM. Similarly, for T296S, KM[p-vanillin] ≈
KM[guaiacol]. No reaction was observed for o-vanillin. We
could conclude that the F169S and T296S mutations therefore
specifically stabilize the Michaelis complex with the cognate
vanillin or the less encumbered substrate, guaiacol, thereby
supporting catalysis.

Structural Studies Suggest a Mechanism for Substrate
Binding and Turnover

To rationalize the observed biochemical results from a
structural perspective, we employed a combination of X-ray
crystallography and molecular dynamics simulations. The
GcoA active site has been described as a tight-fitting
hydrophobic pocket with a series of hydrophobic amino
acids responsible for positioning the substrate’s aromatic
ring.26 Binding of several different aromatic molecules with
various ring substituents have shown accommodation with
only subtle reorganization of the surrounding enzyme side
chains, with varying results on turnover by GcoA.26 Here,
multiple crystal structures were successfully solved for
engineered complexes of T296A/G/S:guaiacol (Table S2),
T296A/G/S:p-vanillin (Table S3), and F169A/S/V:o-vanillin
(Table S4). The resolution of these nine structures, ranging
from 1.60 to 1.88 Å, allowed robust refinement of the bound
ligand orientations and surrounding active site residue
positions (Figure S6). Structures of T296A/G/S with the
preferred substrate guaiacol revealed that this mutation was

tolerated with minimal disruption to the active site (Figure
S7). The structure of o-vanillin bound to GcoA-F169S
indicates why this is a functionally productive complex, with
the substrate aromatic ring adopting both the plane and
relative rotation observed for guaiacol in the WT enzyme, thus
providing the optimal presentation of the reactive methoxyl
group toward the heme for catalysis. In parallel with the
previously reported productive binding mode of syringol
afforded by F169 mutations,28 this larger cavity in the active
site accommodates the aldehyde group of o-vanillin in an
analogous mode to that previously observed with the
additional methoxyl group of syringol (Figure 3, Figure 1A).

The substrate orientation and ligand-heme distances are
conserved between all three variants. The only significant
difference with the WT is the relative rotation of residue F75,
by 29° in F169V, 48° in F169A, and 53° in F169S (Figure 3B).
Notably, all of these variants successfully demonstrated NADH
oxidation coupled to demethylation of o-vanillin (Figure 2,
Table S1).
While o-vanillin is isosteric with and parallels syringol

binding, the p-isomer has an alternative set of spatial
constraints that results in a steric clash with residue T296,
generating an unproductive complex (5OMR, previously
described, Figure 1B).26 However, the T296S structure
revealed that a small modification at this site not only created
enough space to accommodate the aldehyde of p-vanillin
unimpeded, but it also mitigates the shift observed in the heme
propionate group closest to residue at 296 (Figure 4A, B). In
the WT enzyme in complex with p-vanillin, the steric
hindrance caused by the aldehyde group altered the propionate
group orientation with a 35° torsional angle rotation moving
the terminal oxygen by 1.5 Å, serving to disrupt the hydrogen
bonding network with the arginine at position 298 and

Figure 3. Binding mode of o-vanillin in comparison to guaiacol and
syringol. (A) F169S in complex with o-vanillin (6YCO) superimposed
with F169A-syringol (6HQQ). (B) F169A/S/V in complex with o-
vanillin (6YCN, 6YCO, 6YCP) superimposed with WT GcoA-
guaiacol (5NCB). The stepwise rotation of F75 is shown with the
most divergent in the F169S variant, followed by F169A and F169V.
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surrounding waters (Figures 4A−C, S8). Additionally, this shift
caused a loss in the hydrogen bond between the arginine
nitrogen and the propionate oxygen.
The cocrystal structures showed that all three residue 296

variants (A/G/S) positively affected the productive binding
orientation of the p-vanillin substrate. The T296S variant was

observed to be the most similar to that of the WT guaiacol
complex, restoring both the water environment and the 3.0 Å
distance between the R298 nitrogen and heme propionate
oxygen (Figures 4A, C and S8), with the caveat that static
crystallographic models offer rather limited insights toward
such a dynamic system.

Figure 4. Binding mode of aromatic ligands in WT and variant GcoA in crystal structures and molecular simulations. (A) Crystal structure of
guaiacol bound at the active site of WT GcoA (5NCB).25 (B) WT GcoA structure in complex with p-vanillin (5OMR).25 (C) GcoA T296S variant
in complex with p-vanillin (6CYM). Also shown is the dual occupancy of the serine residue in position 296. Binding mode from MD for WT GcoA
bound with guaiacol (D), WT bound with p-vanillin (E), and T296S bound with p-vanillin (F). In D−F, the position of the side chain of T296 or
S296 (as well as R298) is shown every 2 ns over the course of a 240 ns MD simulation. The probability distributions of the hydrogen bond distance
between T296 and the heme propionate group in WT/guaiacol system (G), between T296 and heme or vanillin in WT/vanillin system (H), and
between S296 and heme or vanillin in T296S/vanillin system (I) reveal that T296 in WT stabilizes either heme when guaiacol is bound (A, D, G)
or ligand when p-vanillin is bound (B, E, H), whereas the T296S residue stabilizes both heme and p-vanillin (C, F, I).
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MD simulations were thus performed for (1) WT GcoA
with guaiacol bound at the active site (PDB ID 5NCB), (2)
WT GcoA with p-vanillin bound at the active site (PDB ID
5OMR), and (3) T296S with p-vanillin bound at the active site
(Figure S9), revealing highly dynamic hydrogen bond patterns
(Figure 4D−F, S10). The steric clash of the aldehyde group at
the ortho position in o-vanillin with F169 is likely analogous to
that of the syringol methoxy group studied in detail
previously;29 given the similarities in not only molecular
structure but also structural and biochemical results, o-vanillin
was not examined here via MD. In each case, heme was
modeled in the catalytically activated Compound I state, and
240 ns of dynamics were conducted.
The dual occupancy in the position of the S296 side chain

observed in the crystal structure of GcoA-T296S bound with p-
vanillin (Figure 4C) is observed to correlate with an alternating
hydrogen bond with the nearer propionate and with the
aldehyde group of the substrate (Figure 4F). A time trace of
this behavior showed nearly 20 changes of S296 hydrogen
bonding partners over the 240 ns simulation (Figure S10). As a
result of this hydrogen bonding pattern, the crystal structure
evidence indicated that the propionate positioning is restored
to the position occupied in the WT GcoA bound with guaiacol
(Figure 4A). The aldehyde orientation was also flipped from
the orientation seen in the WT as a result of the T296S

mutation both structurally (Figure 4, compare panels B and C)
and computationally (Figure 4, compare panels E and F,
though the aldehyde orientation was dynamic in the WT case;
see Figure S11). Consistent with the crystal structure,
simulations indicated that stable hydrogen bonding inter-
actions between R298 and the propionate group in WT GcoA
with guaiacol bound were disrupted when p-vanillin is bound
and then dynamically restored when T296 is mutated to serine
(Figure S12). The shift in distance was subtle (approximately
0.1−0.2 Å), but this is on par with the shift observed in
structures (Figure 4B), wherein the hydrogen bonding
interactions between R298 and propionate were weakened in
the WT/vanillin case and restored in the T296S variant.
Comparison of the three simulations indicated that the

ligand was significantly more mobile in the active site when p-
vanillin is bound in WT GcoA, as compared to guaiacol
(Figure S11). The T296S mutation facilitated stable position-
ing of p-vanillin in the same geometric range exhibited by
guaiacol in WT GcoA (Figure S11D). The structure and
dynamics of water molecules surrounding R298 also exhibited
clear disruption in WT GcoA when p-vanillin was substituted
for guaiacol (Figure S13). The restoration in the T296S
variant, while not complete, was also clear, especially in the
first peak of the radial distribution function (RDF) but also in
the second and third peaks. If it can be reasonably assumed

Figure 5. Expression of GcoA-T296S in P. putida KT2440 generates demethylated products from p-vanillin. (A) Proposed route for the catabolism
of ferulate in P. putida KT2440 WT and strains ACB059, ACB086, and ACB087. Compounds quantified by HPLC are indicated by the colored
boxes, and the concentration of each compound in culture filtrates is plotted with respect to time for (B) ACB059, (C) ACB086, and (D) ACB087.
In all three engineered strains, vdh and other aldehyde dehydrogenase genes (Table S5) were deleted to enhance accumulation of vanillin, and the
vanAB genes were deleted to prevent formation of protocatechuate, which undergoes ring-opening for assimilation into central metabolism. The
accumulated vanillin is converted to demethylated compounds PCAldehyde and 3,4-DHBA by GcoAB in ACB086 and GcoA[T296S]B in
ACB087. The alternative “shunt” pathway, which routes HMBP-CoA through vanillyl-CoA to produce vanillate,39 is also active in all three
engineered strains. (Abbreviations: HMBP-CoA, 4-hydroxy-3-methoxyphenyl-β-ketopropionyl-CoA; Vanillyl−OH, vanillyl alcohol; PCAldehyde,
protocatechuic aldehyde; 3,4-DHBA, 3,4-dihydroxybenzyl alcohol. An asterisk (*) indicates GcoA is either WT or GcoA-T296S. Error bars indicate
the standard deviation from the mean of three replicates.)
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that the mechanism of substrate accommodation for o-vanillin
in the F169S variant is analogous to that of syringol in F169A
(as argued above), the static and dynamic information revealed
here by crystal structures and MD simulations, respectively,
suggest the additional importance of restoring disrupted
hydrogen bonding patterns at the active site for the
accommodation of p-vanillin by GcoA T296S.
By analogy, the aldehyde group at the ortho position in o-

vanillin is likely to have the same effect, given the similarities
not only in molecular structure but also structural and
biochemical results, and thus this was not studied further
here. In contrast to the single site variants, crystallization of
ligand-bound structures with substitutions at both sites
(F169S/T296S) was largely unsuccessful, possibly indicating
a reduction in either the stability or homogeneity of these
enzyme preparations. One structure, of the F169A-T296S
double variant complex with p-vanillin, was obtained, albeit at a
lower resolution of 2.39 Å (Figures S6 and S7). Interestingly,
p-vanillin also selectively stimulated NADH consumption by
this variant (Table S1), suggesting that, in contrast to o-
vanillin, this aldehyde was able to enter the active site and
displace water. However, a stable equilibrium complex could
not be observed via titrimetric methods, suggesting a high
value for KD (= koff/kon) potentially indicating an elevated koff.

In Vivo Measurements in P. putida Demonstrate Improved
Turnover of p-Vanillin by GcoA-T296S

Recent advances in metabolic engineering and systems biology
have established P. putida KT2440 as a versatile cell factory for
conversion of lignin-derived arompati compounds to valuable
commodity chemicals.5,16,38 This organism does not natively
catabolize or produce o-vanillin (Figure S14), so we chose to
fous on the GcoA-T296S variant and its p-vanillin substrate in
the in vivo context. Typically, p-vanillin is produced as an
intermediatemetabolite of ferulate metabolism in P. putida, by
feruloyl-CoA synthetase (Fcs) and enoyl-CoA hydratase/
aldolase (Ech) (Figure 5A).39 In wild-type P. putida
KT2440, p-vanillin is converted to vanillate and protocatech-
uate by vanillin dehydrogenase (Vdh) and vanillate O-
demethylase (VanAB), respectively. However, deletion of the
vdh gene and related aldehyde dehydrogenases, along with
strong expression of fcs-ech, enables high p-vanillin yields from
ferulate, as shown previously by Graf and Altenbuchner in P.
putida strain GN442.40 Here, we leveraged GN442 as a chassis
to assess the efficacy of GcoA-T296S as a p-vanillin
demethylase in vivo. First, the vanAB gene was deleted from
GN442 to produce strain ACB059, which precludes the
“shunt” catabolic route through protocatechuate (Figure 5;
Supporting Information methods and Table S5). Two variants
were then constructed to express gcoAB under the strong Ptac
promoter41 in an ACB059 background: ACB086 expresses WT
GcoA, while ACB087 expresses the variant GcoA-T296S
(Supporting Information methods and Table S5). In both
ACB086 and ACB087, gcoA was transcribed as a fusion with
catechol 1,2-dioxygenase, catAI, as described previously,24

because the chimeric protein (CatA, missing 4 C-terminal
amino acids and linked to the full GcoA protein) catalyzes O-
demethylation more rapidly than the individual proteins in
vivo.
The three engineered strains and the KT2440 WT control

were cultivated in shake flasks in minimal medium with 4 mM
ferulate and 10 mM glucose to support growth (Supporting
Information Methods). The growth rates of ACB059, ACB086,

and ACB087 were nearly identical (Figure S14), but analysis of
culture filtrates revealed distinct differences in the distribution
of six key metabolites (Figure 5B−D). As expected, the
KT2440 WT control consumed all ferulate within 13.5 h and
none of the other five metabolites were detected (Figure S15).
Conversely, the three engineered strains converted ferulate to a
mixture of p-vanillin and vanillate (Figure 5A). Vanillate
concentrations eventually plateaued, presumably as a result of
the vanAB deletion, and protocatechuate was not detected in
any sample. In all three engineered strains, the accumulated p-
vanillin was depleted over time, and p-vanillin consumption
was accompanied by production of vanillyl alcohol (vanillyl−
OH; Figure 5B−D), likely due to activity of the recently
described vanillin reductase, AreA (encoded by PP_2426).42

In ACB086 and ACB087, consumption of p-vanillin
coincided with an increase in its demethylated product,
protocatechuic aldehyde (PCAldehyde). Demethylated prod-
uct yields in ACB086 remained relatively modest (0.04 mM
PCAldehyde; maximum concentration), but ACB087 pro-
duced 0.10 mM PCAldehyde (maximum concentration) from
4 mM ferulate. The improved conversion of vanillin to
PCAldehyde in strain ACB087 is in agreement with the in vitro
observations, wherein the GcoA-T296S variant enzyme
displayed substantially enhanced demethylation activity
compared to native GcoA. Interestingly, concentrations of
PCAldehyde decreased nearly to zero after 120 h (Figure S16)
while levels of 3,4-DHBA continued to increase, indicating
reduction of PCAldehyde, perhaps by AreA (Figure 5A)..
In both strains, particularly ACB087, accumulation of 3,4-

DHBA was accompanied by consumption of vanillyl−OH,
suggesting demethylase activity on both the aldehyde and
alcohol forms of p-vanillin. Indeed, WT GcoA displayed 4 ±
4% coupling of vanillyl−OH demethylation to NADH/O2
consumption in vitro while the GcoA-T296S variant displayed
43 ± 2% coupling (Figure 2), suggesting that the increased
accumulation of 3,4-DHBA in strain ACB087 was in fact due
to the superior activity of GcoA-T296S on both p-vanillin and
vanillyl−OH. Additionally, in a separate experiment, strain
ACB087 tolerated the addition of >1 mM exogenous H2O2
before exhibiting substantial growth defects (Figure S17), so it
is unlikely that peroxides formed by uncoupling in vivo
introduced an additional metabolic burden.

■ DISCUSSION
Biological funneling as a means of valorizing lignin will require
the concerted action of multiple enzymes to reduce the
complexity of deconstructed lignin streams to generate value-
added products. This study describes two new cytochrome-
P450 enzymes that catalyze the oxidative demethylation of o-
and p-vanillin, which are aldehydes produced from the catalytic
deconstruction of lignin. The resulting product catechol
aldehydes can be further oxidized via central metabolic
pathways common to many bacteria or harvested as valuable
products. Notably, the new enzyme functions were generated
via rational engineering based on high-resolution structures
and the biocatalytic and dynamic properties of their natural
precursor, GcoAB, a two-enzyme oxidoreductase system that
specifically demethylates guaiacol and has only minimal
demethylase activity toward the vanillins.25,28

Here, we observed that two single amino acid substitutions,
each of which minimized steric clashes with and introduced
hydrogen bond donors to the aldehyde groups, were sufficient
to render GcoAB an effective catalyst toward the vanillin
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isomers. As expected, the o-vanillin binding mode with the
F169S variant closely resembled that of the isosteric substrate
syringol. This variant moreover efficiently catalyzed demethy-
lation of o-vanillin as well as the less encumbered native
substrate, guaiacol. Prior MD simulations suggested that the
F169 side chain is highly mobile and may be important for
maintaining guaiacol in its productive orientation.25,28

Substitution of smaller residues at this position is required
for ring-substituted guaiacol analogues, like syringol and o-
vanillin, to stably achieve analogous productive binding modes.
Here, as with syringol,25,28 we observed only small shifts in

the crystallographic position of p-vanillin relative to the native
substrate (guaiacol) bound to WT GcoA (Figure 4A−C);
however, the stability of the ligand in that position in MD
simulations is significantly affected. Substitution of the
secondary alcohol (T296) for the primary (S296) was
sufficient for restoring a WT-like hydrogen bonding pattern
in the vicinity of the vanillin aldehyde group and, in turn, a
dynamically stable binding mode that ultimately permits
catalysis. The dynamic interaction between the substrate,
heme propionate, R298, and a triad of crystallographically
observed water molecules is apparently flexible enough to
permit substitution of the sp3-hybridized carbon of vanillyl
alcohol, as this biological reduction product of p-vanillin was
also efficiently demethylated by the T296S variant both in vitro
(Figure 2, Table S1) and in vivo (Figure 5). Interestingly,
catalysis by the engineered enzyme variants is not due to
enhancements in the efficiency of water displacement from the
active site by the aldehydes (represented by vi(NADH)), nor
to increases in equilibrium binding affinity (KD) (Table S1).
Rather, catalysis correlates with a lowering of KM for the
successful enzyme variant/substrate pairs, indicating an
increased probability of forming the productive enzyme−
substrate near-attack conformation. Structurally, this corre-
sponds to precise orientation of the reactive methoxyl group
and the adjoining aromatic ring into a productive configuration
defined by the binding mode for the native substrate, guaiacol.
Computationally, we see that retention of the demethylation
substrate in the near attack conformation is likely mediated by
hydrophobic interactions in the case of o-vanillin, and by a
network of second-sphere hydrogen bonds linking the
substrate and heme to the protein environment for p-vanillin
and its cognate alcohol.

■ CONCLUSIONS
We have demonstrated that GcoAB and its single amino acid
variants can catalyze a wide range of aromatic O-
demethylations that previously constituted critical bottlenecks
to biological funneling of lignin. These novel catalysts are
robust both in vitro and in synthetic biology/in vivo systems,
bringing this longstanding holy grail of renewable carbon
capture ever closer to actualization. This work further
highlights the extraordinary catalytic flexibility of bacterial
cytochrome P450 systems, their amenability to structure-
guided engineering approaches, and their particular applic-
ability to the lignin funneling problem. Our efforts have
resulted in a set of P450s interacting with a common reductase
(GcoB) that now permit demethylation of all of the canonical
aromatic lignin subunits. Acquisition of the full set of catalytic
functions required for lignin funneling, through a combination
of enzyme discovery and engineering, serves as the necessary
starting point from which directed evolution and practical
synthetic strain development can follow.

■ EXPERIMENTAL METHODS

Protein Expression and Purification
Mutagenesis was performed using primers listed in the Supporting
Information, with the Q5 polymerase and KLD enzyme mix (New
England BioLabs) according to the manufacturer’s protocol. Proteins
were expressed as described previously.

Ligand Binding and Activity Assays
Enzyme/ligand dissociation constants were measured via changes in
the UV/vis spectrum of the GcoA-bound heme. Enzyme activity was
monitored continuously via the UV/vis absorbance of NADH, and
discontinuously by HPLC, as described previously.

Crystallization and Structure Determination
Crystallization, diffraction experiments, and structure solution were
carried out as described previously.

Molecular Dynamics Simulations
MD simulations were performed with an approach similar to our
previous work.25,28 Models were constructed from ligand bound
crystal structures of GcoA and simulated using the Generalized Amber
Force Field (GAFF)43 in the NAMD molecular simulation program.44

Further details can be found in the Supporting Information.

Strain Construction, Cultivation, and Metabolite Analysis
A detailed description of the construction and cultivation of P. putida
strains ACB059, ACB086, and ACB087 is provided in the SI
Appendix and Tables S4−S6, along with analytical methods for
metabolite quantification by HPLC.

Data Deposition
The atomic coordinates and structure factors have been deposited in
the Protein Data Bank, https://www.pdb.org (PDB ID codes 6CYH,
6CYI, 6CYJ, 6CYK, 6CYL, 6CYM, 6CYN, 6CYO, 6CYP, and 6CYT).

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.0c00103.

Detailed experimental methods; Figures S1−S13; Tables
S1−S7 (PDF)
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