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Lignin is a complex aromatic polymer found in plant cell walls that makes up 15 to 40% of plant biomass. The degradation of
lignin substructures by bacteria is of emerging interest because it could provide renewable alternative feedstocks and intermedi-
ates for chemical manufacturing industries. We have isolated a bacterium, strain SG61-1L, that rapidly degrades all of the stereo-
isomers of one lignin substructure, guaiacylglycerol-�-guaiacyl ether (GGE), which contains a key �-O-4 linkage found in most
intermonomer linkages in lignin. In an effort to understand the rapid degradation of GGE by this bacterium, we heterologously
expressed and kinetically characterized a suite of dehydrogenase candidates for the first known step of GGE degradation. We
identified a clade of active GGE dehydrogenases and also several other dehydrogenases outside this clade that were all able to
oxidize GGE. Several candidates exhibited stereoselectivity toward the GGE stereoisomers, while others had higher levels of cata-
lytic performance than previously described GGE dehydrogenases for all four stereoisomers, indicating a variety of potential
applications for these enzymes in the manufacture of lignin-derived commodities.

The lignin polymer, representing 15 to 40% of plant-derived
biomass, is a potential renewable alternative to petrochemical

feedstocks for chemical manufacturing industries, particularly
with regard to aromatic compounds (1). One of the major hurdles
for the utilization of lignin in this way is its recalcitrance; the
polymeric structure of lignin coupled with the nature of its chem-
ical bonds renders it highly resistant to chemical or biological
degradation. Chemical degradation of lignin has been utilized by
some industries, but it usually involves nonselective destruction of
lignin via burning or treatment under highly alkaline conditions,
which renders it less useful or of lower value to many downstream
applications (2). The biological depolymerization of lignin should
be a more selective and energy-efficient process and therefore po-
tentially a cost-effective and environmentally sustainable alterna-
tive to the chemical processes currently employed (2). However,
to date, the identification of suitable biocatalysts involved in lignin
depolymerization has proven difficult.

Lignin has a polyaromatic structure with more than five differ-
ent types of intermonomer linkages (3); the �-O-4 linkage (also
known as the �-aryl ether linkage) represents 45 to 70% of these
linkages (4, 5). The first step in the biological degradation of the
lignin polymer occurs nonspecifically through the action of lacca-
ses and extracellular peroxidase enzymes (manganese peroxidase,
versatile peroxidase, and lignin peroxidase) via radical ion mech-
anisms (5–7). While fungi are thought to be the main contributors
to lignin degradation, recent reports on bacteria and their en-
zymes suggest that certain bacterial strains may also play a role in
lignin polymer or kraft lignin degradation (8–23). While the early
steps involved in the biological degradation of the lignin polymer
are nonspecific, a few bacteria have shown potential in directly
and specifically degrading smaller units of the lignin polymer into
industrially useful chemicals (4, 24–31).

In the 1980s, bacterial dehydrogenases from Pseudomonas spp.
were isolated and found to catalyze C-alpha-alcohol oxidation of

�-aryl ether- or diarylpropane-linked lignin dimers (28, 32). In
this case, the proteins responsible were not identified and the deg-
radation pathways were not further explored. Subsequently, how-
ever, dehydrogenases catalyzing such reactions from another
bacterium, Sphingomonas paucimobilis SYK-6, have been charac-
terized. SYK-6 has been reported to degrade several different types
of model lignin dimers (5), including a molecule with a �-O-4
linkage known as guaiacylglycerol-�-guaiacyl ether (GGE). The
proposed pathway for the degradation of GGE in this organism
begins with the oxidation of GGE via one of several C-alpha-de-
hydrogenases (LigD, LigO, LigL, or LigN) (33), followed by ether
bond cleavage via one of several glutathione S-transferases (GSTs;
LigE, LigF, or LigP) (34, 35), and then glutathione removal via one
of several GSTs (LigG and probably others that have yet to be
identified) (34, 36) (Fig. 1A). These reactions generate the end
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FIG 1 Bacterial growth and degradation of GGE. (A) Pathway for the transformation of GGE to HPV in SYK-6 and SG61-1L. (B) Metabolite formation and
disappearance over the course of the GGE growth cell experiment in SG61-1L (red) and SYK-6 (blue). Each graph depicts a different metabolite (labeled in the
upper right corner). (C) GGE degradation (left y axis) and bacterial growth (right y axis) over time for SYK-6 (left) and SG61-1L (right) during growth cell
experiments with GGE as the sole carbon source compared with control experiments with no carbon source. The arrows indicate the time at which cultures of
SG61-1L were pelleted and resuspended in fresh MM supplemented with GGE as described in Materials and Methods.
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products guaiacol and �-hydroxypropiovanillone (HPV), the lat-
ter of which is eventually fed into the protocatechuate 4,5-cleavage
pathway (4, 5). In SYK-6, the biological conversion of GGE to
HPV and guaiacol is performed by a series of stereoselective en-
zymes (33, 36, 37); there are two stereocenters in the GGE mole-
cule and therefore four possible stereoisomers (Fig. 2A). Expres-
sion of the C-alpha-dehydrogenases LigD, LigO, LigL, and LigN in
Escherichia coli and gene disruption experiments with SYK-6
showed that these enzymes are responsible for the first step in the
pathway, collectively oxidizing all of the GGE stereoisomers but
individually exhibiting preference for one or two of them (33).

While bacteria are able to degrade intermonomer linkages of
lignin substructures, their reported degradation rates are either
not known or quite low (28, 31, 38, 39), and optimization of these
transformation pathways (and the enzymes involved) is para-
mount for their industrial utilization. Here we report the isolation
of a bacterium (SG61-1L) that is able to degrade a GGE model
lignin dimer at a significantly higher rate than SYK-6. These re-
sults led to our identification of several enzyme candidates with
robust activities for industrial transformation of a key intermedi-
ate in the biological breakdown of the lignin polymer.

MATERIALS AND METHODS
Materials. (�)/(�)-GGE [1-(4-hydroxy-3-methoxyphenyl)-2-(2-me-
thoxyphenoxy)propane-1,3-diol] was custom synthesized (�95% purity)
by Albany Molecular Research Inc. (Albany, NY, USA). The percent com-

position of each stereoisomer in GGE was as follows: 39.5% (�S,�R)-
GGE, 39.5% (�R,�S)-GGE, 10.5% (�S,�S)-GGE, and 10.5% (�R,�R)-
GGE (see Fig. S1 in the supplemental material). The four individual
stereoisomers (�R,�S)-, (�S,�R)-, (�S,�S)-, and (�R,�R)-GGE were a
gift from Eiji Masai (at 100, 88.8, 96, and 93% purity, respectively) (40).
Vanillin, vanillic acid, guaiacol, and all other analytical grade chemicals
were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless other-
wise specified. Sphingobium sp. strain SYK-6 was purchased separately
from the National Institute of Technology and Evaluation Biological Re-
source Center culture collection (Kisarazu, Chiba, Japan). Pseudomonas
putida KT2440 was purchased from DSMZ (Braunschweig, Germany).

Media and growth conditions. Minimal medium (MM) was prepared
by adding 1.36 g KH2PO4, 1.78 g Na2HPO4·2H2O, 0.50 g MgSO4·7H2O,
and 0.50 g NH4Cl to 900 ml of double-distilled water. The pH was ad-
justed to 7.2 with a 1 M NaOH solution and 1 ml of a trace element
solution [prepared as a 1:1,000 stock with 1 liter of distilled water contain-
ing 0.10 g Al(OH)3, 0.05 g SnCl2·2H2O, 0.05 g KI, 0.05 g LiCl, 0.08 g
MgSO4, 0.05 g H3BO3, 0.10 g ZnSO4·7H2O, 0.01 g CoCl2, 0.01 g
NiSO4·6H2O, 0.05 g BaCl2, and 0.05 g (NH4)6Mo7O24·4H2O] was added.
The solution was filter sterilized with 0.22-�m Fast Cap-60 filters (Pall
Life Sciences, Port Washington, NY) and diluted to a final volume of 1
liter. The nutrient agar, nutrient broth (NB), and Luria broth (LB) used as
rich media for bacterial growth were purchased from Becton, Dickinson
and Company (Franklin Lakes, NJ, USA).

Instrumentation and analytical methods. Samples from growth and
resting-cell experiments were analyzed with an Agilent 1200 Infinity Se-
ries time of flight (TOF) liquid chromatography-mass spectrometry (LC-
MS) instrument (Agilent Technologies, Santa Clara, CA). Metabolites

FIG 2 GGE stereoisomer preferences during growth experiments. (A) The four GGE stereoisomers grouped according to enantiomer pairs (erythro and threo).
(B) GGE stereoisomer degradation measured from growth cell experiments run on a chiral column (color coded by stereoisomer).
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analyzed by TOF LC-MS were quantified with a diode array detector
(DAD) over an extracted wavelength range of 275 to 280 nm with the
Applied Biosystems Analyst QS 1.1 software package (Life Technologies,
Carlsbad, CA). Standard curves were constructed for GGE, guaiacol, van-
illin, and vanillic acid, and the identities of these metabolites throughout
growth and resting-cell experiments were confirmed by comparison to
the retention time in LC and TOF MS spectral data (see Table S1 in the
supplemental material). A standard curve for �-(2-methoxyphenoxy)-�-
HPV (MPHPV) was constructed following its biosynthesis from GGE as
detailed in the supplemental material. The identity of HPV (for which a
standard was not available) was assigned on the basis of TOF MS spectral
data reported previously for the SYK-6 bacterium (41). Runs were per-
formed with either a Grace Alltima C18 column (4.6 by 250 mm; W. R.
Grace & Co, Columbia, MD) or a CHIRALPAK IE chiral column (4.6 by
250 mm; Daicel Corporation, Tokyo, Japan). An isocratic method was
developed for use with the C18 column with a mobile phase of acetonitrile-
water-formic acid (55:45:0.1) at a flow rate of 0.8 ml min�1 for 15 min. All
substrates and intermediates were monitored at 275 to 280 nm and quan-
tified by peak area. A separate isocratic method was developed for use with
the chiral column, involving a mobile phase of water-acetonitrile-ethyl
acetate (85:15:2) containing 0.1% formic acid at a flow rate of 0.8 ml
min�1 for 35 min. All stereoisomers were quantified by peak area from
DAD detection over an extracted wavelength range of 265 to 300 nm with
the Agilent TOF software (version A.01.00; Agilent Technologies).

Isolation of GGE-degrading bacteria. Bacteria were isolated from en-
vironmental samples that were provided by the Australian Paper
Maryvale Mill (Victoria, Australia). The samples were collected from sev-
eral sewage sludge waste sites and from the membrane bioreactor at the
paper mill. In the first round of enrichments, 1 g of the combined samples
was inoculated into 100 ml of MM containing 157.5 �M GGE as the sole
carbon source. Enrichments were incubated in 500-ml baffle flasks at
28°C on a shaker at 200 rpm and monitored for loss of substrate every 24
h by TOF LC-MS with the Grace Alltima C18 column by the isocratic
method as described above. Once the substrate was reduced to �63 �M,
1 ml of the culture was transferred to the next generation of enrichments
and the process described above was repeated 11 times. Finally, the en-
richments were plated onto quarter-strength NB agar plates and incu-
bated at 28°C. After 1 week, morphologically different bacteria were iso-
lated and individually tested for GGE-degrading activity by TOF LC-MS.
The GGE-degrading bacteria were identified from their full-length 16S
rRNA sequences, which were obtained by genome sequencing (described
below). The most promising bacterial degrader of GGE isolated from
these experiments was an alphaproteobacterium named SG61-1L.

Dye decolorization experiments. Isolated bacteria were streaked onto
NB agar plates containing either Azure B (Sigma-Aldrich) or Reactive
Black 5 (Sigma-Aldrich) at a final concentration of 0.4 mM. To prepare
the plates, an aqueous dye solution was sterile filtered and then added to
autoclaved quarter-strength NB agar. Plates were incubated at 28°C and
observed for clearing of the dye accompanied by bacterial growth.

Growth and resting-cell experiments. SG61-1L and SYK-6 were
grown in NB medium at 28°C and harvested at mid-log phase (at an
optical density at 600 nm [OD600] of 0.7) by centrifugation at 4,648 	 g
for 15 min at 20°C. The cells were washed twice with MM and resus-
pended (to a final OD600 of 0.7) in MM or 20 mM phosphate buffer (pH
7.2) for growth and resting-cell experiments, respectively. In the first set of
growth culture experiments, washed cells were inoculated at 1%, wt/vol,
into MM (pH 7.2) containing either 200 �M GGE or 330 �M vanillin as
the sole carbon source and shaken at 200 rpm at 28°C. In GGE growth
experiments, SG61-1L cells were pelleted following the disappearance of
GGE and resuspended in the same volume of fresh MM supplemented
with 200 �M GGE, and both degradation and growth were again moni-
tored over time at 28°C. Samples were collected at various time points,
filtered, and analyzed by TOF LC-MS with the Grace Alltima C18 column.

To determine the relative rates of bacterial degradation of each GGE
stereoisomer, a second set of growth culture experiments was carried out

with MM supplemented with 157.5 �M GGE as described above. The
relative level of each stereoisomer present in the culture was monitored
over time and analyzed via chiral separation of the four different GGE
stereoisomers with the chiral column as described above. The four stereo-
isomers were identified on the basis of the correlation with elution profiles
and mass spectral data from authentic standards (40). As a negative con-
trol, a third bacterium, P. putida KT2440 was separately tested in cell
growth experiments with GGE as the sole carbon source according to the
protocol described above.

In resting-cell experiments, a 35-ml volume of cells was grown at 28°C
and cells were harvested at log phase (OD600 values were 0.63 and 0.67 for
SG61-1L and SYK-6, respectively), washed twice with phosphate buffer,
and resuspended in 100 ml MM containing 157.5 �M GGE as the only
carbon source. Samples were collected and analyzed by TOF LC-MS with
the C18 column as described for the growth culture experiments. All ex-
periments were performed in triplicate.

Genome sequencing and nucleotide sequences. Genomic DNA was
isolated from a pure culture of SG61-1L with Qiagen Genomic DNA buf-
fers and 500/G genomic tips (Qiagen, Hilden, Germany). Short (500-bp)-
and long (2,000-bp)-insert libraries were sequenced by MiSeq Illumina
technology at the Micromon DNA sequencing facility (Monash Univer-
sity, Melbourne, Australia). The raw reads were then assembled with the
SPAdes assembler version 3.5.0 (42), which performs error correction,
assembly, scaffolding, and mismatch correction. The final assembly was
3,771,711 bp long with a GC content of 63% and was composed of three
scaffolds 3.6 Mb, 94 kb, and 10 kb in length. Annotation of this assembly
was performed by the NCBI Prokaryotic Genome Annotation Pipeline
and identified 3,209 protein-coding sequences, 49 tRNA sequences, and
two rRNA clusters.

Cloning and overexpression of dehydrogenase genes. Thirteen can-
didate dehydrogenase genes were selected from SG61-1L on the basis of
two sets of criteria: (i) percent amino acid identity to the four SYK-6
dehydrogenases and (ii) genomic context, i.e., proximity to genes that
have the potential to function elsewhere in the GGE degradation pathway
(Table 1). Eleven of the 13 candidates from SG61-1L (Table 1), in addition
to the 4 genes originally characterized from SYK-6 (those for LigD, LigO,
LigL, and LigN) (33), were PCR amplified with Phusion High-Fidelity
DNA polymerase (New England BioLabs, Ipswich, MA) and Gateway
primers containing attB sites and an N-terminal six-histidine tag (Table
2). attB-flanked PCR products were subcloned into the pDNR201 vector
(Life Technologies) with BP Clonase II (Life Technologies) and subse-
quently cloned into the pDEST14 destination vector (Life Technologies)
with LR Clonase II according to the manufacturer’s protocol (Life Tech-
nologies). The remaining two gene candidates from SG61-1L, those for
724 and 3329, were PCR amplified (the primer sequences used are in
Table 2) and subsequently cloned into peTcc2, a pET14b-derived vector
(Novagen, Madison, WI) containing an N-terminal six-histidine tag and a
thrombin cleavage site. All 17 expression plasmids were subsequently
transformed into E. coli BL21(DE3)/pLysS cells (Life Technologies). One
colony of each was inoculated into LB medium and grown overnight at
37°C. This culture was then transferred into a 1-liter culture of LB me-
dium and grown at 37°C to an OD600 of 0.8 to 1.0, at which point 0.5 mM
isopropyl-�-D-thiogalactopyranoside was added for induction. The cul-
ture was then transferred to 28°C and shaken overnight. Induced cultures
were harvested by centrifugation at 6,000 	 g for 20 min at 4°C.

Protein purification. The harvested pellet from each induced culture
was resuspended in lysis buffer (10% glycerol, 50 mM Tris [pH 8], 100
mM NaCl, 20 mM imidazole) and disrupted at 15,000 lb/in2 on a Micro-
fluidics M-110P homogenizer (Microfluidics, Westwood, MA) at 4°C.
The lysate was then centrifuged at 18,000 	 g for 30 min at 4°C. The
supernatant was applied to a gravity column containing nickel-nitrilotri-
acetic acid resin (Qiagen), washed with lysis buffer, and eluted in elution
buffer (10% glycerol, 50 mM Tris [pH 8], 100 mM NaCl, 250 mM imida-
zole). The protein samples were dialyzed overnight at 4°C in dialysis buf-
fer (50 mM Tris [pH 8], 100 mM NaCl), and protein concentrations were
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measured with a NanoDrop ND-1000 UV-Vis spectrophotometer
(Thermo Scientific, Waltham, MA); NanoDrop values were corrected on
the basis of theoretical extinction coefficients. For the results of SDS-
PAGE analysis of all of the purified proteins, see Fig. S4 in the supplemen-
tal material.

Enzymatic transformation of GGE to MPHPV. LC-MS monitoring
of enzymatic transformation from GGE to MPHPV was performed under
the following reaction conditions: 50 �M purified enzyme SG61-1L 724,
20 mM Tris (pH 7.5), 5 mM NAD�, and 100 �M GGE in a final volume of
100 �l. The reaction mixture was incubated at 28°C for 12 h and quenched
by the addition of acetonitrile prior to LC-MS analysis. LC-MS was per-
formed as described above with the Grace Alltima C18 column.

Enzyme kinetics. All enzymes were assayed against each of the four
GGE stereoisomers on a SpectraMax M3 plate reader (Molecular Devices,
Sunnyvale, CA). Reactions were performed at 28°C in a final volume of 50
�l containing 2 mM NAD� or NADP�, 20 mM Tris (pH 7.5), and con-
centrations of substrate ranging from 0.1 �M to 2 mM. The concentration
of each enzyme was optimized for each reaction and ranged from 0.013 to
4.5 �M. All reactions were set up in a 384-well plate and monitored by the
increase in absorbance at 340 nm over time, consistent with reduction of
the cofactor NAD(P)� to NAD(P)H. Initial velocities at each substrate
concentration were corrected on the basis of standard curves constructed
for the two products, MPHPV and NADH (see the supplemental mate-
rial). All kinetic parameters were calculated with GraphPad Prism
(GraphPad Software, La Jolla, CA, USA).

Phylogenetic analysis. A phylogenetic tree was constructed from an
alignment of dehydrogenase protein sequences from SYK-6, SG61-1L,
one closely related bacterium that was unable to transform GGE (P.
putida KT2440; data not shown), and two other bacteria (Novosphin-
gobium aromaticivorans DSM12444 and Sphingobium chlorophenolicum
L-1) that may have the potential to degrade GGE on the basis of
NCBI-nr blastp hits to GGE dehydrogenases from SYK-6. Deduced
amino acid dehydrogenase sequences present in these five genomes
that shared �20% identity with any of the four previously character-
ized SYK-6 enzymes (LigD, LigO, LigL, LigN) or the seven most closely
related enzymes from SG61-1L (named 724, 2550, 2549, 2705, 2706,
1498, and 3329) were included in the alignment. Also in the alignment
were several functionally verified dehydrogenases from various organ-
isms that were included on the basis of the same criteria for percent
identity as described above (see Table S2 in the supplemental mate-
rial). The alignment was constructed with MAFFT by using the L-

INS-i algorithm (43) and consisted of a total of 166 sequences (see Fig.
S3 in the supplemental material). The program AliStat was used to
remove poorly aligned positions within the alignment with a mask
value of 98 (55). SymTest using Bowker’s matched-pair test for symmetry was
used to confirm that the amino acid sequences evolved under stationary,
reversible, and homogeneous conditions (55). A maximum-likelihood phy-
logenetic tree was then constructed with the IQ-TREE server by an ultrafast
bootstrap approximation approach with 10,000 replicates (44, 45).

Nucleotide sequence accession numbers. This whole-genome shot-
gun project has been deposited at DDBJ/EMBL/GenBank under accession
no. JXQC00000000. The version used in this paper is the first version,
JXQC01000000.

RESULTS
Isolation of a novel GGE-degrading bacterium. GGE-degrading
bacteria from a paper mill waste site were identified through a
series of enrichments as described in Materials and Methods. After
12 generations of enrichment, cultures were plated and individual
colonies were isolated and tested for the ability to degrade GGE.
Of the 55 bacterial colonies tested, only 2 were able to degrade
GGE as a sole carbon source. One of these strains degraded GGE at
a very low rate; after 800 h, 7% of the GGE remained in the growth
cultures (data not shown). The other strain, named SG61-1L, was
pursued further because of its ability to completely degrade 200
�M GGE in 75 h (Fig. 1C). The sequences of two identical full-
length copies of 16S rRNA genes (1,481 bp) identified from the
assembled genome (locus tags SZ64_16285 and SZ64_16315) of
SG61-1L revealed that this alphaproteobacterium belongs to the
family Erythrobacteraceae, in the same order as lignin-degrading
Sphingobium sp. strain SYK-6 (Sphingomonadales). The full-
length 16S rRNA genes from SG61-1L and SYK-6 are 94% identi-
cal. The 16S rRNA genes of SG61-1L are also 97 to 98% identical to
those of several type strains, including Altererythrobacter troitsen-
sis KMM 6042T, Croceicoccus marinus E4A9T, Altererythrobacter
dongtanensis JM27T, Altererythrobacter epoxidivorans JCS350T,
and Altererythrobacter xinjiangensis S3-63T.

Dye decolorization screening. Dye decolorization is widely
used as a preliminary screen for the identification of microbes

TABLE 1 Criteria for selection of GGE dehydrogenase candidates in SG-61-1L

Gene product Locus tag % identity to SYK-6 GGE dehydrogenasesa Genomic context

474 SZ64_16365 15–20 (LigD) Immediately downstream of two 2,4=-dihydroxyacetophenone
dioxygenase genes and upstream of one benzyl alcohol dehydrogenase
gene

3726 SZ64_14315 16–20 (LigO) 3.2 kb upstream of 3730
3191 SZ64_15940 18–21 (LigN) 3.2 kb upstream of vanillate demethylase oxygenase gene (on opposite

strand)
3730 SZ64_14335 17–22 (LigL) 3.2 kb downstream of 3726
3344 SZ64_12435 17–22 (LigO) Downstream of two GST genes (6 kb) and upstream of an alcohol

dehydrogenase gene (1 kb) and ligM (5 kb)b

3175 SZ64_16025 19–22 (LigL) 2.6 kb downstream of vanillate demethylase oxygenase gene
3329 SZ64_12360 28–31 (LigO) 3.5 kb downstream of genes in the protocatechuate 4,5-cleavage pathway
2549 SZ64_00035 27–34 (LigO) Immediately downstream of 2550
2706 SZ64_01650 30–37 (LigL) Immediately downstream of 2705
724 SZ64_15290 30–39 (LigO) None
2705 SZ64_01645 34–42 (LigN) Immediately upstream of 2706
2550 SZ64_00030 30–47 (LigL) Immediately upstream of 2549
1498 SZ64_05225 30–67 (LigN) 1.1 kb downstream of an aldehyde dehydrogenase gene
a Percent amino acid identities to all four SYK-6 dehydrogenases (LigD, LigO, LigL, LigN) are written as ranges. The SYK-6 dehydrogenase with the highest percent amino acid
identity to the candidate dehydrogenase is in parentheses.
b LigM, tetrahydrofolate-dependent O-demethylase, is an enzyme responsible for degradation of vanillate and syringate in SYK-6 (54).
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and/or enzymes that can degrade lignin via radical ion mecha-
nisms (9, 11, 46–48). The 55 bacteria isolated in this work, along
with SYK-6, were tested for the ability to decolorize two dyes,
Azure B and Reactive Black 5. Fourteen of these bacteria could
decolorize Azure B, while two others could decolorize Reactive
Black 5 (data not shown). Neither of the two GGE-degrading bac-
teria (SG61-1L and SYK-6) could decolorize either of the two
dyes. These results indicate that dye screening may not necessarily
be a reliable method for identifying bacteria that are able to de-
grade certain lignin substructures, especially those employing
degradation routes that do not generate radical ions.

Comparison of the GGE degradation rates of SG61-1L and
SYK-6. The growth and GGE degradation rates of SG61-1L and
SYK-6 were measured by growing the cells in MM supplemented
with the GGE stereoisomer mixture as the sole carbon source.
Both SG61-1L and SYK-6 showed an increase in OD600 and a
progressive loss of GGE over time (Fig. 1C), but SG61-1L grew on
GGE much faster than SYK-6 (Fig. 1). At 74 h, when the GGE was
completely degraded by SG61-1L, the cells (OD600 of 0.05) were
removed by centrifugation and resuspended in a fresh lot of GGE

containing MM. The second lot of GGE was completely degraded
in the next 60 h while the OD600 of the culture rose to 0.09. The
negative controls with no added carbon showed no detectable
growth of either bacterium (Fig. 1C). Bacterial growth under con-
ditions where vanillin (a catabolic intermediate of GGE in both
strains) was used as the sole carbon source were comparable (per
mole of carbon) to those observed for growth on GGE as the sole
carbon source (Fig. S2 in the supplemental material), indicating
that bacterial growth rates with GGE were real and not an artifact
of growth from cellular reserves. With the exception of HPV
(which did not appear in SYK-6 growth cultures over the mea-
surement time period), the same metabolites were identified in
both bacteria and correlated well with the mass spectral data,
which were also consistent with previously published spectra for
the metabolites produced by SYK-6 (41) (see Table S1 in the sup-
plemental material).

Consistent with their respective growth and GGE degradation
rates, the metabolites also appeared earlier in the SG61-1L culture
supernatant than in the SYK-6 culture supernatant. Complete
transformation of GGE to its oxidized product, MPHPV, oc-

TABLE 2 Primers used to clone SYK-6 and SG61-1L dehydrogenase genes

Primer Sequence (5=-3=)
SG61_474_N6	H_for CCATGCATCACCATCACCATCACATGAAGACACTCGACCAGTTCGACATTC
SG61_474_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAATCGTTGAGCGGCTTGATCGG
SG61-724_xho1_rev TATTCTCGAGTCACTGCACTGCATCGGCG
SG61-724_ndeI_for ATTACATATGAAGGATTTTGCGGGCCGC
SG61_1498_N6	H_for CCATGCATCACCATCACCATCACATGAAGGAAGTTCGCGGGAAGACCGCATTC
SG61_1498_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGTCGAGCGGCGGCCCGTC
SG61_2549_N6	H_for CCATGCATCACCATCACCATCACATGCAGGAACTGACAGGCAAGGTG
SG61_2549_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGTTCTGCTCGCTGGAGCTGAATTC
SG61_2550_N6	H_for CCATGCATCACCATCACCATCACATGCCGATCGGAAGTTTCGAAGGAAAAG
SG61_2550_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTATTCGCCTTCTTCCCGGTAGTTGC
SG61_2705_N6	H_for CCATGCATCACCATCACCATCACATGCAGGACGTAGCCGGAAAAGGCG
SG61_2705_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGGGTGCCTCGCGATAGATGGGGCTG
SG61_2706_N6	H_for CCATGCATCACCATCACCATCACATGCGTGAGTTTCGCGGCAAGACG
SG61_2706_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGCCCGCCTGGCCCAGAG
SG61_3175_N6	H_for CCATGCATCACCATCACCATCACATGGATCCGGCAGGCAAGATCGCCATTG
SG61_3175_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGCCGGCGGCCCATTTGGTG
SG61_3191_N6	H_for CCATGCATCACCATCACCATCACATGCGTTTCAAGGACAAGGTCGTCCTCGTG
SG61_3191_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGCGCAGCTCCAGCATGCCG
SG61-3329_ndeI_for ATTACATATGAGCACTGCTGATCGGCCCTGG
SG61-3329_bamhI_rev TATTGGATCCTCAGGTCAGATCGTCAAGGCTGATGACCAG
SG61_3344_N6	H_for CCATGCATCACCATCACCATCACATGCACTTCAAGGGAATGCACATCGTC
SG61_3344_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGACCTCGATGCTCTCCAGCAC
SG61_3726_N6	H_for CCATGCATCACCATCACCATCACATGAAGTTCGCAGGCCGTCCCATCC
SG61_3726_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTACCCCGCCGCGATGATGCCG
SG61_3730_N6	H_for CCATGCATCACCATCACCATCACATGACCAAGCGCCACGAAGGCAAG
SG61_3730_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGATGTCGTTGCGGATCGTCGCCAG
ligO-syk6_N6	H_for CCATGCATCACCATCACCATCACATGCAGGATCTGGAAGGGAAAGTC
ligO-syk6_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAATCGCTACCCGGCATGTCC
ligN-syk6_N6	H_for CCATGCATCACCATCACCATCACATGTTGGACGTAAGCGGCAAGACCGCCTTC
ligN-syk6_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGAGCGGCTCGTCGAGCGGCTG
ligD-syk6_N6	H_for CCATGCATCACCATCACCATCACATGAAGGATTTCCAGGATCAGGTCGCGTTC
ligD-syk6_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGGCGCCTTTCTTGTCGCCCTC
ligL-syk6_N6	H_for CCATGCATCACCATCACCATCACATGGACATCGCAGGGACCAC
ligL-syk6_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGGCCTCTTCCTTCGGCAC
ligO-syk6_N6	H_for CCATGCATCACCATCACCATCACATGCAGGATCTGGAAGGGAAAGTC
ligO-syk6_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAATCGCTACCCGGCATGTCC
ligN-syk6_N6	H_for CCATGCATCACCATCACCATCACATGTTGGACGTAAGCGGCAAGACCGCCTTC
ligN-syk6_N6	H_rev CACTTTGTACAAGAAAGCTGGGTCCTAGAGCGGCTCGTCGAGCGGCTG

Characterization of GGE Dehydrogenases

December 2015 Volume 81 Number 23 aem.asm.org 8169Applied and Environmental Microbiology

http://aem.asm.org


curred within 75 h in SG61-1L but required over 160 h in SYK-6
(Fig. 1C). MPHPV did not build up in the SG61-1L growth culture
supernatant and was continuously transformed to downstream
metabolites, consistent with the appearance of guaiacol (a product
of the MPHPV etherase reaction) after only a few hours of growth
(Fig. 1). In contrast, MPHPV accumulated in the SYK-6 growth
culture supernatant to levels well above that observed with
SG61-1L and detectable levels of guaiacol did not appear until
approximately 135 h (Fig. 1B).

A second set of growth experiments was then carried out with
both bacteria and the same GGE mixture, but this time it was
analyzed on the chiral column to determine the rates at which
individual stereoisomers were degraded in the presence of a mix-
ture of GGE stereoisomers (Fig. 2). Consistent with the first set of
experiments discussed above, these experiments also demon-
strated that the GGE substrate disappears more slowly in SYK-6
than in SG61-1L (Fig. 2B) (the absolute rates of GGE disappear-
ance analyzed via the chiral column were performed separately
and found to be slightly different from the rates obtained in the
first set of growth experiments, for reasons that could not be de-
termined). Both bacteria degraded the pair of erythro enantiomers
[(�R,�S)-GGE and (�S,�R)-GGE] at an overall higher rate
than the threo enantiomers [(�R,�R)-GGE and (�S,�S)-GGE]
(Fig. 2). However, the rates of the two members of each enan-
tiomer pair differed in SG61-1L but could not be distinguished in
SYK-6. In SG61-1L, the erythro isomer (�R,�S)-GGE disap-
peared slightly earlier than its enantiomer, (�S,�R)-GGE, and the
threo isomer (�S,�S)-GGE also disappeared slightly earlier than
its enantiomer, (�R,�R)-GGE (Fig. 2). The relative stereoisomer
concentrations in the mixture were calculated by TOF LC-MS
with a chiral column through the quantification of peak areas by
using standard curves generated with authentic standards of all
four stereoisomers.

Resting-cell experiments were performed in order to more rig-
orously decipher differences in degradation rates independent of
cell growth for the two bacteria. The same metabolites appeared in
these studies, which further validates that the same functional
catabolic pathway is operating in both strains (data not shown).
Because of limited cell growth, metabolites derived from HPV
degradation (not observed during growth experiments) were
transiently observed here and included vanillic acid and vanillin
(see Table S1 in the supplemental material). With SG61-1L, vanil-
lic acid and vanillin were observed as early as 10 min, while with
SYK-6, these metabolites were observed only after 200 h (data not
shown). Furthermore, GGE disappeared more quickly in SG61-1L
(0.5 h) than in SYK-6 (30 h) (data not shown). Collectively, the
resting-cell and growth results demonstrate that SG61-1L trans-
forms and degrades GGE and subsequent metabolites at a signif-
icantly higher rate than SYK-6 does.

Identification and characterization of GGE dehydrogenase
candidates. Thirteen candidate GGE dehydrogenase genes iden-
tified from the assembled SG61-1L genome were selected for ex-
pression and further characterization. These 13 genes were chosen
from �100 putative dehydrogenase genes identified in the ge-
nome on the basis of their relatively high percentages of amino
acid identity to those for LigD, LigO, LigL, or LigN in SYK-6
and/or proximity to other genes in the genome that may be in-
volved in lignin degradation (Table 1). The 13 sequences selected
showed 20 to 67% amino acid identity with the SYK-6 dehydro-
genases and demonstrated various levels of genomic context. For

example, the SG61-1L gene for 724 was not surrounded by genes
with annotated roles in lignin degradation but showed high iden-
tity with the gene for LigO (39%), while the SG61-1L gene for 3344
was adjacent to two glutathione transferase genes and other genes
potentially involved in lignin degradation but showed only 17 to
22% percent identity to the four SYK-6 GGE dehydrogenase
genes.

All 13 dehydrogenase genes from SG61-1L, along with the four
originally characterized GGE dehydrogenase genes from SYK-6,
were cloned and overexpressed in E. coli, and the corresponding
enzymes were purified. Three of the SG61-1L enzymes were insol-
uble (those for 2549, 3191, and 2706) and therefore unable to be
assayed, while three others from this bacterium (those for 3730,
3175, and 3726) were soluble but did not demonstrate any detect-
able dehydrogenase activity with the GGE substrate. The kinetic
constants for the remaining seven SG61-1L enzymes and the four
from SYK-6 are reported in Table 3. The enzymatic reaction was
verified by LC-MS to confirm the in vitro transformation of GGE
to MPHPV (Fig. 3).

All four SYK-6 GGE dehydrogenases were able to degrade all
four GGE stereoisomers. In general, LigN and LigL displayed
higher turnover rates than LigD and LigO for all four stereoiso-
mers (Table 3). Our kcat values for LigD and LigN correlate with
previous data in that they demonstrate the fastest turnover of
(�R,�R)-/(�R,�S)-GGE and (�S,�S)-GGE, respectively; how-
ever, aspects of our experimental results do not correlate well with
previous data from SYK-6. For example, according to our kcat

values, LigO displays the highest turnover rate for (�S,�S)-GGE
and not (�R,�R)- or (�R,�S)-GGE, as reported previously (33).
Additionally, the majority of the Km and kcat/Km values for each
enzyme do not correlate with the previously reported stereoiso-
mer preferences, assuming that the preferred stereoisomer would
generate a lower Km value and a higher kcat/Km value than other
stereoisomers for a given enzyme. These discrepancies can be ex-
plained by the fact that very different methods of analysis were
employed in the two sets of experiments. While the previous re-
port determined enzyme stereoselectivity through genetic knock-
outs (for LigD) or enzyme performance in crude cell extracts in
the presence of two stereoisomers (for LigD, LigN, and LigL), all of
our experiments were performed in vitro with purified enzymes in
the presence of a single stereoisomer. Thus, differences in enzyme
concentrations, for example, would have influenced the earlier
results but not ours.

Two of the SG61-1L enzymes, 724 and 2550, turned over all
four stereoisomers very efficiently, with kcat values up to 550-fold
higher than those of the SYK-6 enzymes (Table 3). SG61-1L 724
had the highest kcat values for all of the stereoisomers and the
highest specificity constant estimates for two stereoisomers [360
and 368 �M�1 s�1 for (�R,�S)-GGE and (�R,�R)-GGE, respec-
tively]. SG61-1L 2550 had significantly lower Km values (3.6 and
0.8 �M, respectively) for the other two stereoisomers, (�S,�R)-
GGE and (�S,�S)-GGE, yielding specificity constant estimates of
12.9 and 95.1 �M�1 s�1, respectively. SG61-1L 724 and 2550 both
showed relatively high sequence identity to the SYK-6 GGE dehy-
drogenases (30 to 39% and 30 to 47%, respectively). Three other
SG61-1L enzymes, 3329, 2705, and 1498, also show high sequence
identity with SYK-6 enzymes (28 to 31%, 34 to 42%, and 30 to
67%, respectively) but performed relatively poorly in kinetic as-
says. Interestingly, the two remaining enzymes, 3344 and 474, per-
formed similarly to or better than the latter three enzymes despite
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their low levels of sequence identity to the SYK-6 enzymes (17 to
22% and 15 to 19%, respectively) (Table 1). Aside from SG61-1L
3344 and 3329, which used the cofactor NADP�, all of the other
SG61-1L enzymes functioned with the cofactor NAD�. The four
SYK-6 enzymes also preferred the cofactor NAD�, as determined
in previous experiments (33).

There was no obvious relationship between the kinetic param-
eters of any individual SG61-1L enzyme for the different stereo-
isomers and the relative degradation rates of those isomers in the
growth experiments. This is perhaps unsurprising, given that (i)
several of the enzymes have relatively good kinetics for one or
more of the isomers, (ii) we do not know the relative importance
of kcat and Km to degradation rates under the conditions of the
growth experiment, (iii) we do not know the relative abundances
of the enzymes in vivo, and (iv) there may be other dehydroge-
nases in the organism that are uncharacterized but also contribute
to GGE oxidation.

Phylogenic relationships between dehydrogenases from re-
lated organisms. A phylogenetic tree was constructed in an at-
tempt to articulate relationships among sequence, function, and

stereoselectivity among the dehydrogenases characterized in this
study (Fig. 4). For contextual purposes, 136 additional sequences
showing �20% amino acid identity to at least one of the charac-
terized SYK-6 and SG61-1L dehydrogenases were included in the
phylogeny. These sequences were from three bacteria, one that
was tested (along with SYK-6 and SG61-1L) and unable to degrade
GGE (P. putida KT2440) and two that were not known to degrade
GGE (N. aromaticivorans DSM12444 and S. chlorophenolicum
L-1). Notably, N. aromaticivorans DSM12444 may have the ability
to degrade GGE, given that it encodes active MPHPV �-etherase
GSTs (37), as well as several putative C-alpha-dehydrogenases
with relatively high sequence identity (37 to 76%) to one or more
of the SYK-6 enzymes. Nineteen sequences from other bacteria
that produce enzymes with experimentally verified activities were
also included in the tree; all of these sequences showed �20%
amino acid identity to characterized SYK-6 and SG61-1L dehy-
drogenases, as described in Materials and Methods. As shown in
Fig. 4, the 4 SYK-6 GGE dehydrogenases and 7 of the 13 SG61-1L
dehydrogenases chosen in this study cluster together in the same
clade. Moreover, this clade does not include any amino acid se-

TABLE 3 Kinetic constants for short-chain dehydrogenases from SG61-1L and SYK-6 on all GGE stereoisomers

Constant and name (�S,�R)-GGE (�R,�S)-GGE (�R,�R)-GGE (�S,�S)-GGE

Km, GGE (�M)
LigD 0.39 
 0.08 15 
 13 25 
 10 12.2 
 2.3
LigL 1.6 
 0.3 39 
 5 3.0 
 0.5 61 
 16
LigN 51 
 14 15.3 
 2.8 1.7 
 0.3 35.0 
 7.2
LigO 118 
 29 1.2 
 0.4 51 
 12 40.3 
 9.6
2550 3.6 
 0.6 53 
 9 2.2 
 0.8 0.8 
 0.2
1498 88 
 15 NDa ND 57 
 12
2705 357 
 47 235 
 41 ND 354 
 44
3329 ND ND 49 
 16 35 
 10
3344 66 
 12 202 
 16 19.0 
 3.0 162 
 24
474 109 
 18 ND ND 163 
 22
724 77 
 18 2.0 
 0.4 4.2 
 0.8 33.7 
 8.8

kcat (s�1)
LigD 4.9 
 0.2 17.0 
 3.7 22.7 
 2.9 8.4 
 0.4
LigL 83.4 
 0.1 76.5 
 3.8 33.9 
 1.0 381 
 0.6
LigN 50.6 
 5.1 65.2 
 3.1 25.4 
 1.0 67.4 
 5.6
LigO 7.0 
 0.7 2.8 
 0.2 3.0 
 0.3 15.6 
 1.5
2550 46.1 
 2.3 117 
 6 15.9 
 1.5 74.2 
 2.7
1498 3.9 
 0.3 ND ND 2.6 
 0.2
2705 50.8 
 3.0 2.8 
 0.2 ND 66.1 
 4.0
3329 ND ND 0.6 
 0.1 0.1 
 0.01
3344 2.3 
 0.2 2.3 
 0.1 0.3 
 0.01 197 
 10
474 1.5 
 0.1 ND ND 12.5 
 0.8
724 942 
 83 701 
 27 1534 
 62 722 
 66

kcat/Km, GGE (�M�1 s�1)
LigD 12.5 
 2.7 1.14 
 1.06 0.92 
 0.4 0.68 
 0.13
LigL 53.3 
 9.0 1.9 
 0.3 11.3 
 2.1 6.3 
 1.7
LigN 1.0 
 0.3 4.2 
 0.8 15.1 
 2.9 2.0 
 0.4
LigO 0.06 
 0.01 2.4 
 0.8 0.06 
 0.01 0.39 
 0.10
2550 12.9 
 2.4 2.2 
 0.4 7.4 
 2.7 95.1 
 20
1498 0.04 
 0.01 ND ND 0.05 
 0.01
2705 0.14 
 0.02 0.012 
 0.002 ND 0.18 
 0.03
3329 ND ND 0.012 
 0.004 0.003 
 0.001
3344 0.03 
 0.01 0.011 
 0.001 0.015 
 0.003 1.2 
 0.2
474 0.013 
 0.002 ND ND 0.08 
 0.01
724 12.4 
 3.1 360 
 74 368 
 69 21.4 
 6.0

a ND, no detectable activity.
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quences from the non-GGE-degrading bacterium P. putida but
does include five amino acid sequences from N. aromaticivorans
and one from S. chlorophenolicum. With the exception of SG61-1L
2706 and 2549, which were completely insoluble, all of the re-
maining SG61-1L dehydrogenases in this clade displayed activity
on the GGE stereoisomers, and this clade was therefore named the

“GGE-dehydrogenase clade” (Fig. 4). SG61-1L 3344 and 474 lay
outside the GGE-dehydrogenase clade, despite the fact that they
displayed measurable activities on two or more GGE stereoiso-
mers (Table 3; Fig. 4).

DISCUSSION

Here we report the isolation of SG61-1L, a bacterium that is able to
degrade the GGE model lignin dimer at a much higher rate than
the previously characterized GGE-degrading bacterium SYK-6. In
order to understand the molecular basis for its activity and inves-
tigate the biotechnological potential of the enzymes involved, we
have proceeded to characterize a suite of its dehydrogenases that
are prime candidates for the first step in �-aryl ether degradation,
the NAD(P)�-dependent oxidation of GGE to MPHPV.

Our analyses suggest that the four SYK-6 enzymes are kineti-
cally inferior to two of the SG61-1L enzymes, 724 and 2550, as
catalysts for all four stereoisomers. This result may, in part, ex-
plain the higher rate of GGE transformation observed in SG61-1L.
C-alpha-dehydrogenases that were previously purified from Pseu-
domonas spp. have Km values for GGE (represented by a mixture
of stereoisomers) as low as 11 to 12 �M (kcat values were not
reported) (28, 32), but the genes encoding these proteins were not
identified; interestingly, the monomeric molar mass of the C-al-
pha-dehydrogenase from Pseudomonas sp. strain GU5 was esti-
mated to be approximately 52,000 kDa (28), which is quite differ-
ent from the average monomeric molar mass range of all of the
characterized proteins in this work (approximately 30,000 kDa),
suggesting that perhaps another, as-yet-unidentified, type of C-al-
pha-dehydrogenase in this organism can oxidize GGE.

Most of the enzymes with GGE dehydrogenase activity charac-
terized herein fall into a single clade, and it is likely that this clade
in general is a good predictor of GGE dehydrogenase activity. It is
also apparent that the sequences of GGE dehydrogenases in this
clade have diverged significantly from other functionally anno-
tated dehydrogenases (Fig. 4). Three additional uncharacterized
SYK-6 genes are also present in the GGE dehydrogenase clade, but
it seems unlikely that they play a larger role in GGE oxidation than
those already characterized. This notion is based on a previous
experiment with a mutant SYK-6 bacterium containing knock-
outs of three GGE dehydrogenase genes (those for LigD, LigN, and
LigL) that result in nearly complete loss of the ability to oxidize
GGE compared to that of the wild type (33).

Under the selection pressures imposed on bacteria in an envi-
ronment that is rich in lignin-derived substructures, it is possible
that dehydrogenases outside the GGE dehydrogenase clade and
native to other metabolic pathways (such as 3344 and 474) have
evolved some ability to contribute to GGE oxidation. For exam-
ple, 3344 and 3730 localize to a larger clade of the phylogenetic tree
that contains a functionally verified levodione reductase from
Corynebacterium aquaticum M-13; 3344 and 3730 show 38 and 43%
amino acid identity to this levodione reductase, respectively, indi-
cating that 3344 may have evolved from a levodione reductase
(perhaps 3730) encoded in the SG61-1L genome. This idea that
biological degradation occurs through multiple unrelated dehy-
drogenases native to different pathways is reminiscent of a recent
report on the oxidation of dehydrodiconiferyl aldehyde in SYK-6,
which is proposed to occur through the action of several aldehyde
dehydrogenases (49). SYK-6 and SG61-1L were both isolated
from pulp and paper mill waste sites (50), but unlike SYK-6,
SG61-1L was specifically selected through rounds of enrichment

FIG 3 Enzymatic conversion of GGE to MPHPV. (A) LC-MS chromatogram
of an enzymatic reaction with the SG-61-1L 724 enzyme and the GGE substrate
showing conversion of GGE to MPHPV. (B) The mass spectrum for the peak at
a retention time of 5.12 min (GGE). (C) The mass spectrum for the peak at a
retention time of 6.82 min (MPHPV).
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FIG 4 Phylogenetic tree of GGE dehydrogenase proteins and their closest relatives from five different organisms, including SG61-1L (SG61), SKY-6 (SLG), P.
putida KT2440 (PP), N. aromaticivorans DSM12444 (Naro), and S. chlorophenolicum L-1 (Sphch). Also included in the alignment were amino acid sequences
deduced from genes from a variety of bacteria whose annotations have been experimentally verified (names are highlighted in various colors, and abbreviations
are defined below; for the references, see Table S2 in the supplemental material). The clades most closely related to each verified amino acid sequence are colored
in the same shade. The purple clade represents the GGE dehydrogenase clade identified in this work. The names of the SG61-1L and SYK-6 enzymes characterized
here are shaded and outlined if they exhibited GGE dehydrogenase activity and are otherwise outlined (insoluble enzymes are indicated by a question mark, while
enzymes that displayed no activity are indicated by the letter X). See Table S2 in the supplemental material for the accession numbers of all of the genes
(corresponding to the representative amino acid sequences) in the tree that are not represented by gene identification (gi) numbers (Naro and Sphch) or locus
IDs (SLG and PP). Abbreviations: ydfG_Ecoli, 3-hydroxy acid dehydrogenase from E. coli (light pink); ADH_Syanoikuyae, “bulky-bulky” ketone dehydrogenase
from Sphingobium yanoikuyae DSM6900 (magenta); kduD_Ecoli, 2-dehydro-3-deoxy-D-gluconate dehydrogenase from E. coli (fuchsia); (S)-PED_Aaro, (S)-
1-phenylethanol dehydrogenase from Aromatoleum aromaticum EbN1 (plum); phaB_Burkholderia, acetoacetyl coenzyme A reductase from Burkholderia sp.
strain RPE75 (brown); phaB_Synechocystis, acetoacetyl coenzyme A reductase from Synechocystis sp. strain PCC6803 (brown); fabG_Ecoli, �-ketoacyl-[acyl
carrier protein] reductase from E. coli (maroon); badH_Rpalustris, 2-hydroxycyclohexanecarboxyl-coenzyme A dehydrogenase from Rhodopseudomonas palus-
tris CGA009 (red); Ga5DH_Ssuis, gluconate 5-dehydrogenase from Streptococcus suis (red); ADH_Ralstonia, “bulky-bulky” alcohol dehydrogenase from
Ralstonia sp. strain DSM6428 (orange); 2,5-DDOL_Spaucimobilis, 2,5-dicholoro-2,5-cyclohexadiene-1,4-diol dehydrogenase from Sphingomonas paucimobilis
UT26 (yellow); (R)-ADH_Lkefiri, (R)-specific alcohol dehydrogenase from Lactobacillus kefiri (yellow); CPNA_Comamonas, cyclopentanol dehydrogenase
from Comamonas sp. strain NCIMB 9872 (light green); steA_Ctestosteroni, 7�,12�-dihydroxyandrosta-1,4-diene-3,17-dione dehydrogenase from Comamonas
testosteroni TA441 (dark green); Gluc-DH_Bsubtilis, glucose 1-dehydrogenase from Bacillus subtilis (turquoise); LVR_Caquaticum, levodione reductase from
Corynebacterium aquaticum M-13 (light blue); bdh_Pputida, 3-hydroxybutyrate dehydrogenase from P. putida ZIMET 10947 (dark blue); bdh1_ and
bdh2_Rpickettii, 3-hydroxybutyrate dehydrogenase from Ralstonia pickettii T1 (dark blue).
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culturing for the ability to utilize GGE as a sole carbon source. This
difference is perhaps reflected in the poorer kinetic parameters of
the SYK-6 GGE dehydrogenases than the two highest-performing
SG61-1L GGE dehydrogenases.

There is no obvious correlation between phylogeny and stereo-
selectivity within the GGE dehydrogenase clade. For example,
1498 from SG61-1L and LigN from SYK-6 show the highest se-
quence identity (67%) of any pair in the GGE dehydrogenase
clade, yet 1498 was able to oxidize only the (�S,�R)- and (�S,�S)-
GGE stereoisomers while LigN could oxidize all four. Similarly,
2550 from SG61-1L and LigL from SYK-6 also cluster together in
this clade (Fig. 4) and were both able to oxidize all four GGE
stereoisomers, but each enzyme displayed a different pattern of
stereospecificity (Table 3). We suspect that empirical structural
data will be necessary to identify the sequence motifs guiding ste-
reoselectivity preferences among these GGE dehydrogenases.

To the best of our knowledge, SG61-1L is one of the fastest
known bacterial degraders of a lignin substructure; previously re-
ported rates of bacterial degradation for model lignin dimers are
quite low (38, 39), albeit various conditions were used and the
results may therefore not be directly comparable. We report here
that SG61-1L can degrade GGE much faster than SYK-6 can under
the same experimental conditions and that in SYK-6, transforma-
tion of MPHPV to �-glutathionyl-�-HPV (GS-HPV) appears to
be a rate-limiting step.

Following GGE oxidation to MPHPV, the enzymes that per-
form the next two reactions (the �-etherase reaction to generate
GS-HPV, followed by glutathione removal to generate achiral
HPV) are GSTs. They have been identified as LigF-LigE-LigP and
LigG, respectively, in SYK-6, and homologs have been function-
ally verified in closely related sphingomonads (34–37), including
N. aromaticivorans DSM12444, which also contains genes present
in the GGE dehydrogenase clade. There are several uncharacter-
ized GSTs in the SG61-1L genome, two of which have the highest
sequence identity to LigP (63 to 79%) and five of which have the
highest sequence identity to LigF (34 to 59%). Curiously, none of
the SG61-1L-encoded GSTs have high sequence identity to LigG
(�17%). Thus, there are several candidates in SG61-1L for the
first GST step, but the second apparently involves an enzyme not
closely related to LigG. Given that the LigG reaction in SYK-6 is
specific to only one of the two GS-HPV stereoisomers (36), it has
also been suggested that there is at least one other, as-yet-unchar-
acterized, GST with activity for the other GS-HPV stereoisomer in
SYK-6. Future work will involve the characterization of these later
steps in the pathway in order to articulate mechanisms by which
SG61-1L proceeds through GGE degradation at a relatively high
rate.

There is an emerging interest in the development of lignin-
degrading enzymes for industrial purposes, especially for integra-
tion into processes generating replacements for petroleum-based
commodities. Selective depolymerization of lignin or lignin com-
ponents could generate high-value, complex aromatics, including
catechols, resorcinols, keto acids, and polyhydroxy aromatics (2,
51). Vanillin, for example, has been produced from lignocellulo-
ses in a Rhodococcus jostii RHA-1 mutant (52). Vanillin also has
potential to be produced on a large scale via the biodegradation of
lignin substructures (such as �-aryl ether-linked lignin dimers) by
engineered versions of bacteria such as SG61-1L and SYK-6 or by
free enzymes driving the relevant reactions derived from them (5,
53). Thus far, we have characterized a group of dehydrogenases

from SG61-1L that are involved in the first step of a lignin degra-
dation pathway and could be used to produce a high-value chem-
ical such as vanillin. The priorities of a high kcat versus a low Km

and broad versus narrow stereoselectivity for a given enzyme will
vary, depending on the process, but the suite of dehydrogenases
from SG61-1L that we have characterized provides a wide range of
options across these criteria. Any further protein engineering re-
quired to make promising enzymes more fit for a purpose can also
now be guided by our findings on the phylogenetic distribution of
GGE dehydrogenase activity. SG61-1L is also a very promising
source of catalysts for downstream steps in the GGE degradation
pathway, particularly the �-etherase step, which results in cleav-
age of the highly stable aryl-aryl ether bond of MPHPV to produce
GS-HPV.
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