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Lignin valorization is being intensely pursued via tandem catalytic depolymerization 
and biological funneling to produce single products. In many lignin depolymeriza-
tion processes, aromatic dimers and oligomers linked by carbon–carbon bonds remain 
intact, necessitating the development of enzymes capable of cleaving these compounds 
to monomers. Recently, the catabolism of erythro-1,2-diguaiacylpropane-1,3-diol (eryth-
ro-DGPD), a ring-opened lignin-derived β-1 dimer, was reported in Novosphingobium 
aromaticivorans. The first enzyme in this pathway, LdpA (formerly LsdE), is a member 
of the nuclear transport factor 2 (NTF-2)-like structural superfamily that converts 
erythro-DGPD to lignostilbene through a heretofore unknown mechanism. In this 
study, we performed biochemical, structural, and mechanistic characterization of the 
N. aromaticivorans LdpA and another homolog identified in Sphingobium sp. SYK-6, 
for which activity was confirmed in vivo. For both enzymes, we first demonstrated that 
formaldehyde is the C1 reaction product, and we further demonstrated that both enanti-
omers of erythro-DGPD were transformed simultaneously, suggesting that LdpA, while 
diastereomerically specific, lacks enantioselectivity. We also show that LdpA is subject to 
a severe competitive product inhibition by lignostilbene. Three-dimensional structures 
of LdpA were determined using X-ray crystallography, including substrate-bound com-
plexes, revealing several residues that were shown to be catalytically essential. We used 
density functional theory to validate a proposed mechanism that proceeds via dehy-
droxylation and formation of a quinone methide intermediate that serves as an electron 
sink for the ensuing deformylation. Overall, this study expands the range of chemistry 
catalyzed by the NTF-2-like protein family to a prevalent lignin dimer through a cofac-
torless deformylation reaction.

Novosphingobium aromaticivorans Sphingobium

Lignin valorization is integral to a viable lignocellulose-based bioeconomy (1). However, 
lignin remains a challenging substrate to convert into chemicals due to its recalcitrance 
and heterogeneity (2). To that end, bacterial biocatalysts enable convergent catabolism of 
mixtures of lignin-derived aromatic monomers into select value-added products, such as 
cis,cis-muconic acid, β-ketoadipic acid, and 2-pyrone-4,6-dicarboxylic acid through bio-
logical funneling processes (3–11). However, aromatic dimers and oligomers, often linked 
by carbon–carbon linkages, typically remain after many lignin deconstruction processes, 
prompting interest in the biological catabolism of aromatic dimers (5, 8). To date, 
Sphingobium sp. SYK-6 and Novosphingobium aromaticivorans DSM12444 (SYK-6 and 
N. aromaticivorans, hereafter) are among the best characterized strains capable of trans-
forming various lignin-derived aromatic dimers linked by β-O-4, β-1, β-5, β-β, and 5-5 
bonds (5, 12–15). While many of these dimers can be affected by peroxidases or laccases, 
it is becoming increasingly apparent that microbes have also evolved catabolic enzymes 
to enable their entry to the central metabolism without the sole reliance on diffusible 
radical species (11, 16).

The catabolism of the erythro diastereomer of the ring-opened β-1 dimer, 1,2-bis(4-hy-
droxy-3-methoxyphenyl)-1,3-propanediol (DGPD, also known as HMPPD), proceeds via 
the formation of lignostilbene (Scheme 1) and its subsequent oxidative cleavage to two molar 
equivalents of vanillin. This pathway was first described in Sphingomonas paucimobilis 
TMY1009 (TMY1009, hereafter) (17), but the gene sequence associated with the first step 
was not reported. Recently, the β-1 dimer catabolic pathway was rediscovered in N. aromat-
icivorans with a γ-formaldehyde lyase and the lignostilbene-α,β-dioxygenase (LSD, NOV2 
in N. aromaticivorans) as the enzymes responsible for these transformations (18). The threo-
DGPD diastereomer, conversely, is not converted by this enzyme pair and its catabolic 
pathway has not yet been reported to our knowledge. Here, we propose a renaming of the 
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γ-formaldehyde lyase to LdpA (lignin diarylpropane-associated 
catabolic enzyme), formerly known as LsdE, in the light of eight 
stilbene dioxygenases characterized in SYK-6, which are also referred 
to as Lsd enzymes (19, 20). The mechanism of the reaction catalyzed 
by LdpA was heretofore unknown, including the identity of the C1 
reaction product.

The erythro-DGPD γ-formaldehyde lyase, LdpA, belongs to 
the nuclear transport factor 2 (NTF-2)-like protein family that 
is exemplified by a twisted α + β barrel fold (21). Despite its 
name, some members of the NTF-2-like protein family are cat-
alytic in nature, typically performing dehydration, dehydrochlo-
rination, and more recently decarboxylation, as illustrated in 
Scheme 1. Characterized examples of NTF-2-like enzymes 
include: BaiE, a 3-oxo-Δ4-chenodeoxycholyl-CoA dehydratase 
(22), scytalone dehydratase (SD) (23), LinA, a γ-hexachlorocy-
clohexane dehydrochlorinase (24), and gallate/protocatechuate 
decarboxylases (GDC) (25). Comparison between these systems 
reveals a common catalytic theme involving a conserved His-Asp 
dyad that functions as an acid–base catalyst and typically an 
electron-rich intermediate that is stabilized by an oxyanion hole, 
often formed by the phenolic group of tyrosine residues. Unlike 
the aforementioned examples, LdpA catalyzes a more complex 
reaction, namely a simultaneous methyl–hydroxyl elimination 
and dehydroxylation of a substrate with no obvious built-in 
electron sink.

In this study, we combined kinetic, structural, and computational 
analyses to gain insight into the molecular mechanism of LdpA from 
both N. aromaticivorans and Sphingobium sp. SYK-6. The latter was 
identified by sequence homology, and its essentiality for 

erythro-DGPD transformation was confirmed in vivo. Formal-
dehyde, and not formate, was identified as the C1 reaction product, 
which mirrors the facile formaldehyde-eliminating lyase reaction of 
DGPD that occurs abiotically in alkaline conditions (26). LdpA 
was found to be subject to product inhibition by lignostilbene. The 
absolute diastereomeric specificity of LdpA for erythro-DGPD can 
be rationalized through an orchestrated hydrogen-bonding network 
between the substrate and key catalytic residues, revealed by the 
ligand-bound structures and consistent with a more thermodynam-
ically favored binding pose of erythro-DGPD, determined by density 
functional (DFT) calculations. Together, a reaction mechanism for 
the dehydroxylation and deformylation of erythro-DGPD to lignos-
tilbene was proposed that ultimately expands both the catalytic 
machinery of the NTF-2-like protein family and the repertoire of 
enzymes active on lignin-derived aromatic compounds for biological 
funneling.

Results

Sphingobium   
Following the identification of a Cγ-formaldehyde lyase in N. 
aromaticivorans (NaLdpA, hereafter) and a prior description in 
TMY1009, we identified ldpA homologs in SYK-6 (5, 17, 18) via a 
homology search of the SYK-6 genome using NaldpA (SARO_2805) 
as the search query. We identified SLG_12650 (SpldpA, hereafter), 
with 81% amino acid sequence identity, as the reciprocal best hit 
(SI Appendix, Fig. S1). Like NaLdpA, SpLdpA transforms erythro-
DGPD to lignostilbene (SI Appendix, Figs S2 and S3A). Further, 
the cell extract of ΔSpldpA lost the ability to turn over erythro-
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DGPD (Fig. 1A). Similarly, the deletion of SpldpA abrogated the 
ability of the strain to grow on erythro-DGPD as a sole carbon 
source, indicating that there is no substitute for LdpA for erythro-
DGPD utilization (Fig. 1B). Notably, both N. aromaticivorans and 
SYK-6 encode several NTF-2-like homologs with ≤40% protein 
sequence identity to LdpA (SI Appendix, Fig. S1); however, these 
homologs do not appear to affect either diastereomeric forms of 
DGPD (SI Appendix, Fig. S2 A and B).

 To investigate the catalytic properties of these 
enzymes, NaLdpA and SpLdpA were heterologously produced 
in Escherichia coli and purified to homogeneity. Purified LdpA 
appears colorless and lacks a spectroscopic signature in the visible 
range, reflecting the cofactorless nature of the enzyme. Like prior 
observations, both LdpA enzymes are specific to erythro-DGPD 
and not reactive toward threo-DGPD (SI  Appendix, Figs. S2 
and S3) (18). Additionally, we also investigated whether LdpA 
can transform other substrate analogs including 1-(4-hydroxy-
3-methoxyphenyl)-1,3-propanediol (GPD), guaiacylglycerol-β-
guaiacyl ether (GGE) – a β-O-4 dimer, and dehydrodiconiferyl 
alcohol (DCA) – a furan-type β-5 dimer (SI Appendix, Scheme S1). 
GPD was tested to evaluate the contribution of the Cβ-guaiacyl 
group for catalysis and substrate binding. GGE is isomeric to 
DGPD and differs only in how the Cβ-guaiacyl group is connected 
to the central propanediol moiety. DCA and DGPD share a 
stilbene-type downstream intermediate. None of the substrate 
analogs, however, were transformed by either LdpA.

The LdpA-catalyzed reaction with erythro-DGPD does not 
consume oxygen, suggesting that this process is nonoxidative in 
nature. Additionally, the pH-dependent activity profiles reveal 
that both LdpA enzymes are most active near pH 7.0 with SpLdpA 
relatively more active at acidic pH, while the opposite is true for 
NaLdpA (SI Appendix, Fig. S4 and Table S1). Thus, all subsequent 

enzyme assays were performed in air-saturated MOPS [ionic 
strength (I) = 0.1 M, pH 7.0].

Formaldehyde, and not formate, was identified as the C1 reac-
tion product as determined using formaldehyde- and formate-spe-
cific dehydrogenases (SI Appendix, Fig. S5), and 1.3 ± 0.1 mol 
formaldehyde for every mol of O2 was consumed in an 
NaLdpA·NOV2-coupled reaction. This reaction stoichiometry is 
consistent with the purported activity of NaLdpA and NOV2 with 
1.0 ± 0.1 mol O2 consumed, with 2.3 ± 0.1 mol vanillin produced 
per mol erythro-DGPD supplied.

DGPD contains two stereocenters along its propanediol moiety 
(Cα and Cβ) and therefore, each diastereomer may exist as four 
distinct enantiomeric forms: (αR, βR) and (αS, βS) for threo-
DGPD and (αR, βS) and (αS, βR) for erythro-DGPD. The DGPD 
preparations used in our studies were not synthesized using chiral 
auxiliary or precursors compounds, and thus are racemic for each 
diastereomeric form. While LdpA and NOV2 have been shown 
to completely turn over racemic erythro-DGPD in vivo (18), we 
sought to determine whether LdpA prefers one enantiomer over 
another by monitoring their depletion using chiral chromatogra-
phy. While we were unable to assign the absolute stereochemistry 
of these peaks, the amount of erythro-DGPD consumed in a 
NaLdpA·NOV2 coupled reaction was commensurate with the 
amount of oxygen consumed, and both enantiomers were depleted 
simultaneously (Fig. 2). Together, the data show that NaLdpA 
lacks enantioselectivity. We subsequently determined the steady-
state kinetic parameters of NaLdpA using oxygraphy to couple 
the production of lignostilbene to the activity of NOV2 due to 
product inhibition kinetics (vide infra). Both LdpA efficiently 
catalyze the elimination of formaldehyde from racemic eryth-
ro-DGPD with comparable kinetic parameters (Table 1 and 
SI Appendix, Fig. S6).

 The activity of LdpA 
rapidly diminished to a negligible rate prior to the complete 
depletion of erythro-DGPD, which is indicative of some form(s) 
of inhibition (SI Appendix, Fig. S7). The initial velocity of the 
LdpA-catalyzed reaction was not affected in the presence of threo-
DGPD, vanillin, or formaldehyde; however, the rate decreased 
by ~90% in the presence of 20 μM lignostilbene (SI Appendix, 
Fig. S8 and Table S5), consistent with product inhibition of LdpA 
by lignostilbene. Additional evidence for product inhibition 
was obtained from isothermal titration calorimetry (ITC). An 
endothermic reaction was observed when erythro-DGPD was 
injected into a solution of LdpA (ΔHapp of 9.70 kcal/mol at 25 
°C; SI Appendix, Fig. S9), demonstrating that the conversion is 
entropically driven. In a dual-injection experiment, in which 
substrate is twice injected to a concentration of approximately 
70 μM, the second injection of substrate elicits a much slower 
uptake of heat, indicating that the reaction is indeed susceptible 
to product inhibition.

Subsequently, kinetic assays using varying concentrations of 
lignostilbene and erythro-DGPD were performed to investigate 
the nature of this inhibition. The kinetic parameters obtained 
using the spectrophotometric method are consistent with prior 
oxygraphy measurements. Lignostilbene functions as a potent 
competitive inhibitor of LdpA (Fig. 3 and Table 1). As these Kic 
values are approximately ~50-fold lower than the KM for eryth-
ro-DGPD, a significant product inhibition is expected when LdpA 
functions in isolation. Furthermore, if Kic values are used to 
approximate the Kd and the lignostilbene association rate (kon) is 
diffusion controlled, the estimated lignostilbene dissociation rate 
(koff) is only an order magnitude higher than the observed kcat, 
suggesting that the product release may be rate limiting.
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erythro
 To gain further insights into the catalytic machinery 

of LdpA, we solved several X-ray crystal structures, including 
ligand-bound complexes (Fig. 4 and SI Appendix, Table S6). 
We obtained well-diffracting crystals with resveratrol, a product 
analog (1.39 Å resolution, SI Appendix, Fig. S10). The NaLdpA 
structure was solved via single-wavelength anomalous diffraction 
of sulfur atom (S-SAD) phasing (27). In parallel, we obtained 
diffraction data of SpLdpA in complex with erythro- and  
threo-DGPD at a resolution of 1.68 and 1.71 Å, respectively, 
and solved the structures by molecular replacement using  
the resveratrol-bound NaLdpA structure (81% sequence 
identity).

SpLdpA and NaLdpA belong to the NTF2-like structural super-
family and form a cone-shaped barrel consisting of a twisted 
β-sheet and three α-helices (Fig. 4A and SI Appendix, Fig. S11). 
The overall fold of both structures is almost identical with a rmsd 
of 0.4 Å. The closest structural homolog according to the DALI 
server (28) is γ-hexachlorocyclohexane dehydrochlorinase, LinA 
(PDB 3A76) with an rmsd of 1.8 Å (139 aligned residues), despite 
only sharing 18% primary sequence identity (24). LdpA forms a 
homotrimer that is stabilized by the extended C-terminal arm of 
one monomer making extensive contacts with an adjacent mon-
omer (Fig. 4 B and C).

A trimeric assembly for LdpA was also confirmed in solution 
as determined by tandem size-exclusion chromatography and 
small-angle X-ray scattering (SEC-SAXS) (SI Appendix, Fig. S13). 
The thermostability of the LdpA trimer was assessed by differential 
scanning calorimetry (DSC). A single melting transition for the 
enzyme was observed at 49.9 ± 0.4 °C, which we interpret as the 
simultaneous breakdown of both the trimeric assembly with con-
comitant denaturation of the component monomer domains 
(SI Appendix, Fig. S14). This stability profile (for a mesophilic 

enzyme) suggests that the trimeric biological assembly is a stable 
entity at the temperature used for functional assays (25 °C).

Cocrystallization of wild-type (WT) NaLdpA with DGPD was 
unsuccessful, but we obtained a complex structure with the cata-
lytically inactive mutant enzyme His97Gln (vide infra) with (αS, 
βR)-erythro-DGPD (SI Appendix, Fig. S15). The substrate-binding 
mode is equivalent in the NaLdpA-His97Gln variant and WT 
SpLdpA (SI Appendix, Fig. S15), suggesting that this crystal struc-
ture is representative of the productive substrate-binding mode. 
The electron density of SpLdpA suggests binding of both enanti-
omers, which were each built with half occupancy (Fig. 4E and 
SI Appendix, Fig. S12).

The central propanediol component of DGPD resides between 
two strongly coordinated protein motifs in SpLdpA (Fig. 4 D–F). 
The first (Motif I) is the His93-Asp36 dyad, which coordinates 
the Cγ-hydroxyl group of the substrate. This is conserved in other 
NTF-2-like enzymes and functions as the key acid–base catalyst 
(22, 29). The second (Motif II) is a triad formed by residues 
Glu139-Tyr161-Gln166 triad, which coordinates the Cα-hydroxyl 
group of the substrate. This is an exclusive motif to LdpA and 
appears to contribute to the substrate-binding preference (along 
the perpendicular to the propanediol axis), where the specific 
interactions of the Cα- and Cγ-hydroxyl group confer orientational 
preference.

In contrast to the erythro-DGPD propanediol binding interac-
tions, the bound threo-DGPD enantiomers [(αS, βS) and (αR, 
βR)] exhibit either extended distances or generally less favorable 
interactions between the hydrogen-bond donors and acceptors 
(Fig. 4 F and G and SI Appendix, Fig. S12 C and D), although the 
overall interactions between DGPD and SpLdpA remain similar. 
The hydroxyl and methoxy groups of the α-guaiacyl DGPD res-
idue form hydrogen bonds with multiple tyrosine side chains 
(Tyr31, Tyr70, and Tyr143) (Fig. 4 D–F and SI Appendix, 
Fig. S12), and Tyr161 forms a π-stacking interaction to the α-guai-
acyl aromatic ring. The β-guaiacyl phenolic group forms hydrogen 
bonds to Arg77 and His179. Notably, these interactions were not 
observed in the NaLdpA structure, due to the loop bearing these 
two residues being less ordered and the arginine residue substituted 
by a leucine. Overall, the β-guaiacyl group is not as extensively 
coordinated as the α-guaiacyl residue. This may reflect the flexi-
bility of LdpA to accept β-1 dimers derived from p-coumaryl (H) 
or syringyl (S)-type precursors and may be useful in future engi-
neering studies (18).

 
Following the determination of substrate-bound structures and the 
homology to other NTF-2-like structures, seven NaLdpA active 
site residues (Tyr35, Asp40, Tyr74, His97, Glu143, Tyr147, and 
His183) were selected for mutational analysis based on the ligand-
bound crystal structures. Each of the variants was produced at 
equivalent yields to their WT counterpart, allowing us to assess 
their comparative contributions to catalysis (Fig. 5). As predicted 
from the structural analysis, the Motif I dyad formed by His97 
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and Asp40 is functionally important and substitutions of His97 
to either glutamine or alanine and Asp40 to alanine abrogated the 
enzymatic activity. A more conservative substitution of Asp40 to 
asparagine was tolerated, but still lowered the catalytic activity 
by approximately fivefold. In terms of Motif II, removal of the 
Glu143 carboxylate group by substitution to glutamine and 
alanine rendered the enzyme completely inactive. Mutations of 
neighboring tyrosine residues (Tyr35 and Tyr147) that interact 
with the phenolic hydroxyl group of the substrate resulted in 
inactive enzymes, while the substitution of a tyrosine (Tyr74) that 
interacts with the methoxy group only lowered the enzyme activity 
by 30%. Finally, His183, whose equivalent was found to interact 
with the phenolic hydroxyl group of the Cβ-guaiacyl group in the 
substrate of SpLdpA, was modified to glutamine and alanine, both 
of which lowered the catalytic activity by approximately fivefold. 
Overall, these results are consistent with His97 and Glu143 as 
putative acid–base residues and Tyr35 and Tyr147 as the putative 
oxyanion hole.

erythro
 Based on the precedent of 

NTF-2-like dehydratase (22, 29) and the data presented in this 
study, we propose a mechanism for LdpA that proceeds via a 
dehydroxylation step to form a quinone-methide intermediate, 
followed by a deformylation step. This mechanism is related to 
the facile elimination of formaldehyde from a DGPD-derived 
quinone methide under abiotic alkaline conditions (26). The 
proposed mechanism is summarized in Fig. 6A. The reaction is 
initiated by the deprotonation of the Cα phenol group by Glu143 
(NaLdpA numbering) as erythro-DGPD enters the LdpA active 
site. Considering its considerable distance, Glu143 is unlikely 
to abstract the Cα  phenolic proton of erythro-DGPD directly, 

and this process may proceed through a proton-relay process as 
aided by Tyr165 and Tyr147, perhaps in a concerted manner. The 
substrate Cα phenolate anion is stabilized by hydrogen bonding 
by Tyr35 and Tyr147, which together serve as an oxyanion hole. 
Electron delocalization from the phenolate ion leads to the 
dehydroxylation at the Cα site, catalyzed by Glu143 acting as an 
acid catalyst to protonate the leaving hydroxyl group. The resulting 
quinone methide intermediate provides the requisite electron sink 
necessary for C–C fission. His97 abstracts the Cγ-hydroxyl group, 
leading to the fragmentation of the Cβ–Cγ bond (thus liberating 
formaldehyde), the formation of the trans Cα–Cβ bond, and the 
regeneration of the phenolate ion. Ultimately, lignostilbene leaves 
the active site and is reprotonated by His97, thereby returning the 
redox state of the enzyme into its resting state.

erythro
threo  The 

feasibility of the proposed mechanism and the rationale for the 
enantioselectivity were established by DFT performed at the level 
of B3LYP-D3(BJ)/6-31G(d,p), SCRF = (CPCM, Solvent = water) 
(Fig. 6A, SI Appendix, Figs. S16–S19 and Tables S8 and S9). To 
mimic the enzyme environment, several simplified cluster models 
derived from the crystal structures were used to support the model 
used for the calculations (SI Appendix, Fig. S18). The different 
reaction coordinates are denoted as IN and TS for intermediates 
and transition states, respectively, which are followed by a 
numerical notation, Arabic for the intermediates and Roman for 
the transition states, to denote their order of appearance.

The calculated free energy profiles for various stereoisomeric sub-
strates are summarized in Fig. 6B. First, we calculated the energy 
level for the enzyme–substrate complex for (αR, βS)-erythro-DGPD 
and use (αR, βS)-IN0 as the reference point for the subsequent 
energy states. For (αR, βS)-erythro-DGPD, the deprotonation of 
the Cα phenol group forms a metastable intermediate (αR, βS)-eryth-
ro-IN1. The dehydroxylation at the Cα site through (αR, βS)-erythro-
TSI is more facile, with a free energy of 10.6 kcal/mol and forming 
a 1.6 kcal/mol less stable quinone methide intermediate. The release 
of the formaldehyde through (αR, βS)-erythro-TSII is 14.5 kcal/
mol. The energetics for another erythro-enantiomer and the threo-di-
astereomers were also analyzed. As shown in Fig. 6B, the route for 
(αR, βS)-erythro-DGPD is comparable to that of its enantiomer, 
passing through (αS, βR)-erythro-TSI with a free energy barrier of 
11.0 kcal/mol and (αS, βR)-erythro-TSII with a free energy barrier 
of 14.1 kcal/mol; this is consistent with the observation where the 
two erythro enantiomers are consumed simultaneously. The anti-
periplanar alignment of the hydroxymethyl group with the benzylic 
hydroxy group facilitates the antielimination in the erythro config-
uration; whereas the gauche alignment of those two groups in the 
threo configuration requires more geometric changes to generate the 
olefin product, thereby more distortion is involved in the transition 
state. As shown in Fig. 6B, the energy profile of threo-DGPD path-
ways is always higher than that of the erythro-DGPD pathway along 
the reaction coordinate with an energy barrier of 33.1 kcal/mol and 
42.9 kcal/mol, respectively, and agrees with the observation that 
threo-DGPD is not transformed by LdpA. Similarly, the free energy 
for IN0 of threo-DGPD is at least 8.3 kcal/mol higher than that of 
erythro-DGPD or lignostilbene, indicating that this diastereomer 
would not act as an inhibitor (SI Appendix, Fig. S8). By contrast, 
the energy of IN3 (lignostilbene) is equivalent to that of IN0 (eryth-
ro-DGPD), which corroborates the aforementioned product inhi-
bition (Fig. 3). Further, a theoretical study with a 180° flipped 
binding orientation (αR, βS)-erythro-DGPD, where (αR, βS)-eryth-
ro-TSI binding mode is flipped such that the role of catalytic histi-
dine and glutamate is swapped, was investigated. This pathway (Path 
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B), however, has a much higher barrier of 25.4 kcal/mol from 
(αR, βS)-erythro-IN1′ to (αR, βS)-erythro-TSII′ as shown in 
SI Appendix, Fig. S20. Other possible mechanisms, including one 
that invokes the formation of a carbocation upon water release, were 
also evaluated. In this pathway (carbocation pathway), the catalytic 
glutamate is protonated without the concomitant deprotonation of 
the Cα phenolic proton of erythro-DGPD; nonetheless, this process 
is quite unfavorable even with acetic acid as the proton donor with 
a free energy barrier of 11.7 kcal/mol, SI Appendix, Fig. S21. 
Furthermore, the free energy barrier in the cationic mechanism goes 
as high as 29.3 kcal/mol (SI Appendix, Fig. S22) which is signifi-
cantly higher than the free energy barrier of 14.5 kcal/mol in the 
proposed pathway (Fig. 6B). Together, these results are in line with 
the reported biochemical observations and offer mechanistic insights 
into the enantioselectivity of LdpA.

Discussion

 The reaction catalyzed by LdpA expands the range of chemistries 
of the enzymes belonging to the NTF-2 protein family. Despite 
catalyzing a more complex reaction, LdpA retains key features from 
the NTF-2 dehydratase and decarboxylase, including the use of the 
His-Asp dyad as an acid–base catalyst and tyrosines that function 
as an oxyanion hole. Typical substrates for enzymes from the NTF-
2-like protein family including dehydratases contain an electron 
sink in the form of a β-keto group or equivalent structures as well 

as additional conjugated system (22, 23) or a good leaving group 
such as a β-chloro group in the case of dehydrochlorinase (29). Such 
a feature is missing in DGPD, and thus necessitates the recruitment 
of an additional Motif II, an Glu-Tyr-Gln triad, to facilitate the 
dehydroxylation step and the formation of the quinone methide 
electron sink. It is conceivable that the recently discovered gallate/
protocatechuate decarboxylation may also employ the same form 
of intermediate (25). Notably, the free energies of the two transition 
states in the LdpA-catalyzed transformation of erythro-DGPD, as 
shown by DFT calculations, are remarkably similar, despite the 
latter being associated with a highly energetic C–C bond fragmen-
tation reaction. This relatively low free energy barrier provides 
insight into how the abiotic formaldehyde elimination route under 
a highly alkaline condition is favored over an addition route (26). 
Further experiments will fully substantiate the current proposed 
mechanism. Specifically, single-turnover transient-state kinetic stud-
ies could help establish the true nature of the rate-limiting step, 
identify the putative quinone methide intermediate by its spectral 
properties, and discern the order of the product release.

Product inhibition of LdpA by lignostilbene may be an in vitro 
artifact that is not relevant in vivo as both N. aromaticivorans and 
SYK-6 encode multiple copies of lsd, many possessing cross-reac-
tivities to different 4-hydroxystilbenes (19, 20, 30–33). The 
observed competitive product inhibition can readily be rational-
ized by the DFT calculation where the energy level associated with 
the erythro-DGPD and lignostilbene binding is comparable 
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(Fig. 6B). Additionally, there might be a second nonproductive 
stilbene binding site as indicated by the NaLdpA·resveratrol com-
plex structure (SI Appendix, Fig. S10). The second site overlaps 
significantly with the first productive DGPD binding site and 
thus would still elicit competitive inhibition. Regardless, the 

inhibition is likely to be mitigated in vivo as lignostilbene is 
quickly consumed by the LSD to form vanillin. Multiple LSD 
homologs for both SYK-6 and N. aromaticivorans likely evolved 
to ensure the forward flux of the metabolite, thereby preventing 
product inhibition. However, a specific LSD may be more strongly 
tied to a dimer-specific catabolism through some form of regula-
tion, as shown in the catabolism of DCA (19). Moreover, it is not 
known whether the erythro-DGPD γ-formaldehyde lyase from 
TMY1009 is homologous to the LdpA described in this study. 
Indeed, both enzymes are functionally analogous, catalyzing a 
cofactorless nonoxidative deformylation of erythro-DGPD to pro-
duce lignostilbene and function maximally within the same pH 
range (17). However, their molecular weight and quaternary struc-
tures appear to be different: namely a dimer for the TMY1009 
lyase and a trimer for LdpA. These observations may suggest  
yet another enzyme system for the deformylation of 
erythro-DGPD.

Comparison between the reactions catalyzed by LdpA to 
other enzymatic systems suggests an evolutionary and chemi-
cally divergent nonoxidative alcohol decarboxylation paradigm. 
Primary alcohols are typically oxidized to either an aldehyde or 
a carboxylate prior to its removal. For example, the catabolism 
of DCA requires the successive oxidation of the nonphenolic 
alcohols to carboxylates (34). The central furan carboxylate of 
5-(2-carboxyvinyl)-2-(4-hydroxy-3-methoxyphenyl)-7-meth-
oxy-2,3-dihydrobenzofuran-3-carboxylic acid (DCA-CC) is 
then removed by the stereospecific DUF3237 decarboxylases 
(PhcF and PhcG) to produce 3-[4-hydroxy-3-(4-hy-
droxy-3-methoxystyryl)-5-methoxyphenyl] acrylic acid (DCA-
S), a stilbene (34–36). An alternative paradigm for nonoxidative 
C–C bond fragmentation producing formaldehyde as a product 
can be found in aldolases – these enzymes catalyze reversible 
addition between a carbonyl and an alcohol to produce a 
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β-hydroxy carbonyl. For example, 3-hexulose-6-phosphate syn-
thetase catalyzes the reversible aldol reaction between formal-
dehyde and D-5-ribulose 5-phosphate, which may work in 
tandem with 6-phospho-3-hexuloisomerase to shift the reaction 
equilibrium (37, 38). While most bacterial aldolases are divalent 
metal dependent, eukaryotic aldolases represent a cofactorless 
system that utilizes a catalytic lysine to form a covalent Schiff-
base conjugate (39). Nonetheless, the catalytic principles and 
enzyme architecture of examples described differ from those of 
LdpA.

Both enantiomers of erythro-DGPD have been previously 
isolated from plant materials and primarily studied for their 
therapeutic use as antioxidants (40–42). This suggests the prev-
alence of the β-1 linkages in nature and their presence is not 
solely from the inadvertent transformation during biomass pro-
cessing or lignin extraction (43). Indeed, β-1 linkages have also 
been reported from prior NMR measurements of milled wood 
lignin, constituting from less than 3% or up to 10%, depending 
on the plant origin (44–48). Several variants of the β-1 dimer 
have been reported in the literature with different extents of 
aromatic methoxylation, likely stemming from their monolignol 
precursors (41). Other derivatives of erythro-DGPD contain 
modifications at the Cα position including Cα-carbonyl,  
Cα-methoxy, and Cα-O-glucoside, suggesting an added diversity 
within β-1 dimers (41, 42).

The diastereomer specificity displayed by LdpA contrasts with 
the enantioselectivity of the enzymes involved in the catabolism 
of β-O-4 and β-5 dimers (34, 49–51). Unfortunately, none of 
the LdpA homologs tested in this study affected the threo-
DGPD. Currently, the catabolic pathway for threo-DGPD has 
not been reported to our knowledge and its conversion may 
require cometabolism of related aromatics, as SYK-6 cannot 
grow on threo-DGPD as a sole carbon and energy source 
(SI Appendix, Fig. S23). The characterization of this hitherto 
unknown pathway would be imperative for more complete 
lignin valorization, especially as both diastereomers of β-1 exist 
in nature, often at near-equal proportions (52).

Overall, the identification of LdpA associates the NTF-2-like 
enzyme family with the transformation of lignin-derived aromatic 
dimers, thus expanding the catabolic repertoire for engineering 
microbial biocatalysts with wider catabolic capabilities for biolog-
ical funneling of lignin (5). Additionally, the characterization of 
LdpA activity expands the range of reactions catalyzed by the 
NTF-2-like protein family to include a formaldehyde-eliminating 
lyase reaction.

Materials and Methods

 Commercially procured chemical and reagents were of analytical 
grade and used without further purification. DGPD and GPD were synthesized 
as described in SI Appendix. Lignostilbene was a kind gift from Prof. Lindsay 
D. Eltis.

 Bacterial strains used in this study 
are listed in the SI Appendix and grown in lysogeny broth (LB) or Wx media as 
described in SI Appendix.

 DNA was purified, manipu-
lated, and propagated following standard protocols. The gene deletion mutant 
in SYK-6 was generated by allelic exchange as described in the SI Appendix.

 Depletion and transformation of DGPD by cell extracts 
were analyzed by HPLC as described in the SI Appendix.

 NaLdpA, SpLdpA, and NOV2 were 
produced heterologously as polyHis-tagged protein fusions and purified using 

chromatography as described in the SI Appendix. Purified proteins were flash-fro-
zen in liquid N2 bath and stored at −80 °C until further use.

 The product 
from the LdpA-catalyzed reaction was analyzed using HPLC. Formaldehyde was 
detected by using a dehydrogenase and a chromogenic assay. Kinetic parame-
ters for NaLdpA and SpLdpA were determined spectrophotometrically and by 
oxygraphy by coupling the reaction using NOV2. Detailed protocols are provided 
in the SI Appendix.

 
The atomic structures, the oligomeric state in solution, the apparent melting 
temperature, and thermodynamic of the reaction were determined using X-ray 
crystallography, HPLC-SAXS, DSC, and ITC, respectively, with detailed protocols 
provided in SI Appendix.

 Calculations are performed using the Gaussian 16 package (53) and 
described in the SI Appendix.

 All relevant data are provided 
in the manuscript or in the SI Appendix. The atomic coordinates and structure 
factors have been deposited in the Protein Data Bank (PDB ID codes: 8ABT, 8ABU, 
8ABV, and 8ABW).
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