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ABSTRACT: Lignin biosynthesis occurs via radical coupling of guaiacyl and syringyl hydroxycinnamyl alcohol monomers (i.e.,
“monolignols”) through chemical condensation with the growing lignin polymer. With each chain-extension step, monolignols
invariably couple at their S-positions, generating chiral centers. Here, we report on activities of bacterial glutathione-S-transferase
(GST) enzymes that cleave fS-aryl ether bonds in lignin dimers that are composed of different monomeric units. Our data reveal
that these sequence-related enzymes from Novosphingobium sp. strain PP1Y, Novosphingobium aromaticivorans strain DSM12444,
and Sphingobium sp. strain SYK-6 have conserved functions as f-etherases, catalyzing cleavage of each of the four dimeric a-keto-
f-aryl ether-linked substrates (i.e., guaiacyl-f-guaiacyl, guaiacyl-f-syringyl, syringyl-$-guaiacyl, and syringyl-f3-syringyl). Although
each f-etherase cleaves f-guaiacyl and fB-syringyl substrates, we have found that each is stereospecific for a given f-enantiomer in
a racemic substrate; LigE and LigP f3-etherase homologues exhibited stereospecificity toward (R)-enantiomers whereas LigF and
its homologues exhibited f3(S)-stereospecificity. Given the diversity of lignin’s monomeric units and the racemic nature of lignin
polymers, we propose that bacterial catabolic pathways have overcome the existence of diverse lignin-derived substrates in nature
by evolving multiple enzymes with broad substrate specificities. Thus, each bacterial S-etherase is able to cleave f-guaiacyl and f-
syringyl ether-linked compounds while retaining either S(R)- or 3(S)-stereospecificity.

Bl INTRODUCTION B(R)- and f(S)-ether bonds. Here, we report on enzyme activity
with a set of newly analyzed substrates for a group of sequence-

Lignin, a major component of plant cell walls, is a recalcitrant _ )
related bacterial S-etherases that are glutathione-S-transferase

polymer composed of monomeric units (i.e, components
derived from guaiacyl and syringyl monomers),'™ providing
plants with both pathogenic resistance and structural integrity. ">
The p-O-4'-ether (hereafter termed p-ether) is the most lignin polymers. Specifically, we reveal that each of these

(GST) superfamily member enzymes, each of which catalyzes
cleavage of f-ether bonds that are characteristically found in

prevalent type of intermolecular bond through which the enzymes has activity with guaiacyl- and syringyl-containing
guaiacyl (monomethoxylated) and syringyl (dimethoxylated) substrates and that each enzyme exhibits stereospecifity for
aromatic units are linked.® Thus, the development of method- cleavage of either A(R)- or 3(S)-ether-linked enantiomers.
ologies for f-ether cleavage and depolymerization of the lignin

backbone may reveal novel aspects of catalysis and lead to lignin- Received: August 8, 2014

derived products of high economic value.” " Revised:  September 16, 2014

The formation of lignin polymers by radical coupling of Accepted: September 18, 2014
monomeric units generates a racemic product containing both Published: September 18, 2014
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Figure 1. f-Etherase pathway-mediated conversion of -enantiomers of substrates GG, GfS, SPG, and SfS, in which vanillin and syringaldehyde are
formed from cleavage of f-guaiacyl (in panels A and C) and f-syringyl (in panels B and D) ether-linked compounds. Compound names are displayed
below each structure, and 3-methoxylated (i.e., guaiacyl) and 3,5-dimethoxylated (i.e., syringyl) units are shown in blue and red. Catabolism of (A)
GA(R)G and Gf(S)G, as well as (B) GA(R)S and GS(S)S, yields aromatic monomers GS(S)-SG, GS(R)-SG, and p-deoxy-a-(4-O-Me)-
guaiacylglycerone as metabolic intermediates. Catabolism of (C) SA(R)G and SB(S)G, as well as (D) SH(R)S and SA(S)S, yields aromatic monomers
SB(S)-SG, SP(R)-SG, and f-deoxy-a-(4-O-Me)-syringylglycerone as metabolic intermediates.

The bacterium Sphingobium sp. strain SYK-6 possesses several
metabolic enzymes that mediate metabolism of lignin-derived
compounds.'' “Lig enzymes” that act in the proposed f-etherase
pathway enable this organism to derive monoaromatic growth
substrates from p-ether-linked a-keto diguaiacyl compounds
such as a-(4-O-Me)-guaiacylglycerone-f-(1'-formyl)-guaiacyl
ether (GBG). The B(R)- and B(S)-enantiomers of GSG
(GB(R)G and Gf(S)G, Figure 1A) arise as f-etherase pathway
intermediates from the activities of nicotinamide adenine
dinucleotide (NAD)-dependent Lig dehydrogenases, which
oxidize the corresponding benzylic alcohols to a-ketones.'>"
It has been shown that, using glutathione (GSH) and GfG as
cosubstrates, the f-etherases (LigE, LigP, and LigF1) cleave this
aromatic dimer,'*™"” producing vanillin and a GSH-conjugated
guaiacyl monomer (Gf-SG) as reaction products.'® GB-SG is
further degraded by LigG (and other enzymes that have not yet

been identified), yielding glutathione disulfide (GSSG) and the
monoaromatic compound f-deoxy-a-(4-O-Me)-guaiacylglycer-
one (Figure 1A)."°

The racemic nature of the lignin backbone!'®™?

and the
existence of both B(R)- and p(S)-configurations in lignin
necessitate the ability to degrade both G(R)G and Gf(S)G
enantiomers (Figure 1A). In Sphingobium sp. strain SYK-6, this is
accomplished via the activities of multiple S-etherases with
complementary stereochemical properties.'>'> Sphingobium sp.
strain SYK-6 LigE and LigP catalyze stereospecific cleavage of
GBA(R)G, and LigF1 exhibits stereospecificity for the GS(S)G
enantiomer. In this organism, f-ether cleavage is coupled to
GSH-conjugation, inversion of f-chirality, and stereoselective
formation of Gf(S)-SG (LigE and LigP) and Gp(R)-SG
(LigfF1).'®
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The existence of guaiacyl and syringyl units in the lignin
polymers of all land plants other than softwoods also necessitates
the existence of enzymes that will cleave fB-ether-linked units of
different subunit composition (i.e., guaiacyl-f-guaiacyl (GAG),
guaiacyl-f-syringyl (GpS), syringyl-f-guaiacyl (SPG), and
syringyl-f-syringyl (SfS); Figure 1). Although the activities of
Sphingobium sp. strain SYK-6 f-etherases have been shown to
contribute to the stereospecific and stereoselective degradation
of model compounds containing guaiacyl units, such as GB(R)G
and GA(S)G,™'®**** the role served by Lig enzymes in the
catabolism of native lignin-derived compounds is largely
unknown because (a) investigation of enzymes that might be
involved in this pathway has been limited to those encoded in the
genome of Sphingobium sp. strain SYK-6 and (b) the activities of
P-etherase pathway enzymes have not been tested with the range
of p-ether-containing oligomers composed of guaiacyl and
syringyl subunits that are typically found in lignin (Figure 1B—
D).

In this work, we reveal the ability of f-etherases from
Sphingobium sp. strain SYK-6 (SsLigE, SsLigP, and SsLigF1) to
cleave model dimeric lignin compounds containing GfS, SPG,
and SPS p-ether linkages, in addition to the previously reported
GpG substrate.''® Further, we identify several additional
sequence-related proteins with B-etherase activity from Novos-
phingobium aromaticivorans (N. aromaticivorans) DSM12444
(NaLigE, NaLigF1, and NaLigF2) and Novosphingobium sp.
strain PP1Y (NsLigE). We demonstrate that each enzyme
catalyzes cleavage of all four combinations of S-ether-linked
substrates, GSG (Figure 1A), GfS (Figure 1B), SPG (Figure
1C), and SpS (Figure 1D), where each LigE/LigP f-etherase
homologue has the conserved function of degrading B(R)-
enantiomers whereas each LigF1/LigF2 f-etherase homologue
exhibits stereospecificity for the B(S)-enantiomers. Thus, we
show that several bacteria possess f-etherases that have a
previously unreported ability to cleave lignin dimers containing
GpG, GBS, SBG, and SPS f-ether linkages. Our results also reveal
that each of these enzymes exhibits similar stereospecifity to that
previously described for the enzymes from Sphingobium sp. strain
SYK-6.">'%*® These observations reveal important features of a
conserved class of bacterial enzymes that have utility in the
conversion of lignin during either plant biomass processing or
the potential production of valuable compounds from this
abundant polymer.

B EXPERIMENTAL SECTION

Gene Cloning and Enzyme Purification. DNA manipu-
lation and transformation into Escherichia coli (E. coli) were
carried out according to standard methods*® and as previously
described (see Supporting Information (SI) for details).'® DNA
primers and restriction enzymes were obtained from Integrated
DNA Technologies (Coralville, IA, USA) and New England
Biolabs (Ipswich, MA, USA). Plasmids containing genes
encoding SsLigE (locus tag SLG_08660), SsLigP
(SLG_32600), and SsLigF1 (SLG_08650) from Sphingobium
sp. strain SYK-6, the gene encoding potential Lig enzyme NsLigE
(PP1Y_AT11664) from Novosphingobium sp. strain PP1Y, and
the Vibrio cholarae (V. cholarae) rtxA gene (Vch1786 10951)
were obtained from Invitrogen (Carlsbad, CA, USA) and were
codon-optimized for expression in E. coli. Genes encoding
potential Lig enzymes NaLigE (Saro_2405), NaLigFl
(Saro_2091), NaLigF2 (Saro_2865), and RpHypGST
(RPA4340) were cloned from genomic DNA from N.

aromaticivorans strain DSM 12444 or Rhodopseudomonas palustris
(R palustris) strain CGA009, respectively.

Protein Expression and Purification. Each N-terminal
(encoded on vector pVP302 K) and C-terminal (encoded on
vector pVP202 K) octa-histidine affinity tagged (NHiss and
CHisg, respectively) enzyme was purified using nickel-nitrilotri-
acetic acid resin (Ni-NTA) affinity chromatography. NHisg tags
were cleaved using Tev protease,”’ and CHisg tags were cleaved
by induction of the fused V. cholarae RtxA protease.”®>° A
second round of Ni-NTA affinity chromatography removed
cleaved tags from enzyme preparations that were subsequently
purified by size-exclusion chromatography,'® and evaluated by
SDS-PAGE (Figure S1 of the Supporting Information).

NMR Spectroscopy. 'H and C NMR spectra were
recorded on a Bruker Biospin (Billerica, MA, USA) AVANCE
700 MHz spectrometer fitted with a cryogenically cooled 5 mm
TXI gradient probe with inverse geometry (proton coils closest
to the sample). See Supporting Information for additional details.

Syntheses of f-Ether-Linked Dimeric Model Com-
pounds. Syntheses of f(-Brominated Intermediates. f-
bromination of commercially available a-(4-O-Me)-guaiacyle-
thanone produced crystalline f-bromo-a-(4-O-Me)-guaiacyle-
thanone (for additional details, see SI and Figure S2). Similarly,
commercially available @-(4-O-Me)-syringylethanone was bro-
minated, yielding crystalline f-bromo-a-(4-O-Me)-syringyletha-
none.

Syntheses of Achiral p-Ether-Linked Intermediates. Four
achiral fB-ether-linked compounds were synthesized using the
preceding -bromides as starting materials. The phenolate ion of
vanillin was used for Sy2 displacement of the -bromo-a-(4-O-
Me)-guaiacylethanone bromide, yielding a-(4-O-Me)-guaiacyle-
thanone-f-(1'-formyl)-guaiacyl ether (Figure S2A of the
Supporting Information). Similarly, f-bromo-a-(4-O-Me)-
guaiacylethanone and syringaldehyde were used to synthesize
a-(4-O-Me)-guaiacylethanone-f-(1’-formyl)-syringyl ether (SI
Figure S2B). The vanillin phenolate ion was used to displace the
p-bromo-a-(4-O-Me)-syringylethanone bromide, yielding a-(4-
O-Me)-syringylethanone-f3-(1’-formyl)-guaiacyl ether (SI Figure
$2C). Using f-bromo-a-(4-O-Me)-syringylethanone and syrin-
galdehyde as starting materials under similar reaction conditions
yielded a-(4-O-Me)-syringylethanone-f-(1’-formyl)-syringyl
ether (SI Figure S2D).

Syntheses of Racemic fp-Etherase Substrates. In parallel,
each of the four racemic f-ether-linked intermediates was
condensed with formaldehyde,*"*” yielding racemic -aryl ether-
linked dimeric model compounds that served as substrates for f3-
etherase enzyme assays. Accordingly, a-(4-O-Me)-guaiacylgly-
cerone-f3-(1'-formyl)-guaiacyl ether (GSG) was derived from a-
(4-O-Me)-guaiacylethanone-f-(1’-formyl)-guaiacyl ether (SI
Figure S2A), GfS was derived from a-(4-O-Me)-guaiacyletha-
none-f-(1'-formyl)-syringyl ether (SI Figure S2B), a-(4-O-Me)-
syringylglycerone-f-(1'-formyl)-guaiacyl ether (SSG) was de-
rived from a-(4-O-Me)-syringylethanone-f-(1’-formyl)-guaiacyl
ether (SI Figure S2C), and SBG was derived from a-(4-O-Me)-
syringylethanone-f3-(1'-formyl)-syringyl ether (SIFigure S2D).
Additional details on the syntheses can be found in the
Supporting Information.

p-Etherase Enzyme Assays. Parallel 5 mL pf-etherase
reactions were conducted (assay buffer: 10 mM HEPES, 60 mM
NaCl, 100 uM TCEP, 5% acetone, 2 mM GSH, pH 7.5) in which
individual proteins NaLigE, NsLigE, SsLigE, SsLigP, NaLigF1,
NaLigF2, or SsLigF1 (0.25 mg mL™') were individually
incubated with GSH and one of the racemic f-ethers GfG,
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GpS, SPG, or SPS (1.0 mM) as cosubstrates. Aliquots (2.5 mL)
were collected prior to protein addition (0 h sample), and again
after 1 h of incubation with each of the putative -etherases. Each
2.5 mL sample was extracted six times with ethyl acetate,
partitioning residual f-ether-linked enantiomers, and aromatic
aldehydes to the organic phase and glutathione-conjugated
products, GA-SG and SB-SG, to the aqueous layer. Ethyl acetate
was then dried in vacuo, yielding residues containing the
hydrophobic reaction products and residual substrate enan-
tiomers. Residues from each sample were dissolved in 0.1 mL
ethanol and analyzed by chiral chromatography.

Chiral Chromatography. Analytical Separation of GSG
and GpS Enantiomers. Analyses of GG- and GfS-derived f-
etherase reaction products and residual substrates were
conducted via chiral chromatographic separation using a Diacel
Chemical Industries CHIRALPAK AD-H column (4.6 mm X
250 mm). A mobile phase of 3/2 hexane/ethanol was used at a
flow rate of 1.0 mL min.™ Vanillin, GB(S)G, and GB(R)G were
detected in enzymatic reaction samples when racem-GfG was
used as the substrate, with each eluting after t; = 4.8, 16.6, and
20.2 min, respectively. Absolute configurations of GAG
enantiomers were determined previously.*®> Syringaldehyde,
GA(S)S, and GBA(R)S were detected in reaction samples when
racem-Gf3S was used as the substrate, eluting after t = 6.3, 16.0,
and 18.1 min.

Analytical Separation of SPG and SpS Enantiomers.
Analyses of SAG- and SfS-derived f-etherase reaction products
and residual substrate enantiomers were conducted via chiral
chromatographic separation using a Diacel Chemical Industries
CHIRALPAK AY-H column (10 mm X 250 mm). A mobile
phase of 1/1 hexane/ethanol was used at a flow rate of 2.5 mL
min.”! Vanillin, SB(S)G, and SB(R)G were detected in reaction
samples when racem-SfG was used as the substrate, eluting after
tg = 69, 16.7, and 19.5 min, respectively. Syringaldehyde,
SA(R)S, and SH(S)S were detected in reaction samples when
racem-SPS was used as the substrate, eluting after t; = 8.0, 18.4,
and 24.2 min, respectively.

B RESULTS

Identification of a Conserved Class of Putative f-
Etherases. Given what is known about the f-etherase pathway
in Sphingobium sp. strain SYK-6,">">'® we sought to investigate
whether or not this pathway could be utilized for p-ether
catabolism by other sphingomonads (bacteria from genera:
Novosphingobium, Sphingobium, Sphingomonas, and Sphingo-
pyxis),** organisms that are often associated with the
biodegradation of aromatic compounds in the environment.* >’

At the onset of this study, BLASTP searches®® querying the
amino acid sequences of Lig enzymes from Sphingobium sp.
strain SYK-6 revealed the existence of genes for putative LigE
and LigF enzymes in two additional organisms for which full
genome sequences were available: Novosphingobium sp. strain
PP1Y and N. aromaticivorans strain DSM12444.*° Further, two
homologues of each enzyme (LigE/LigP and LigF1/LigF2,
respectively) were identified in strain SYK-6. We also found that
both Novosphingobium strains encoded homologues of the NAD-
dependent dehydrogenases that are essential for forming the a-
ketones that undergo p-ether cleavage in strain SYK-6. In
addition to the characterized f-etherase Lig enzymes (SsLigE,
SsLigP, and SsLigF1), we expressed and purified homologous
proteins encoded in the genomes of Novosphingobium sp. strain
PP1Y (NsLigE) and N. aromaticivorans strain DSM12444
(NaLigE, NaLigF1, and NaLigFZ). In sum, seven Lig

homologues were tested for S-etherase activity with substrates
GpG, GBS, SPG, and SPBS; amino acid similarity to SsLigE or
SsLigF1 is given in parentheses: SsLigE (100%), SsLigP (62%),
NsLigE (78%), NaLigE (61%), SsLigFl (100%), NaLigF1
(60%), and NaLigF2 (40%).

Cleavage of GSG Aromatic f-Ethers. Previously, it was
reported that SsLigE-, SsLigP-, and SsLigF1-catalyzed stereo-
specific cleavage of a racemic diguaiacyl f-ether-linked substrate
having a similar structure to that of GfG,"® but which contained
an a'-H (rather than an a’-aldehyde) and a 4-OH (rather than a
4-OMe) (Figure 1A). We hypothesized that the Lig fS-etherase
homologues from each strain would catalyze the same reactions.
In addition, we thought that it was likely, based on previously
published data with diguaiacyl substrates,">"® that neither the o’-
aldehyde, nor the 4-O-Me moieties of GG would inhibit f-
etherase activity. Also, if each LigE/LigP enzyme had activity
similar to that of the enzymes from Sphingobium sp. strain SYK-6,
then they would each catalyze stereospecific degradation of
GpS(R)G whereas the GA(S)G enantiomer would be cleaved
stereospecifically by the LigF1/LigF2 homologues. To test these
predictions, we synthesized racem-GSG (Figure S2A) and
performed f-etherase assays with each of the seven recombinant
putative Lig enzymes using GSH and racem-GfG as cosubstrates.
In comparing the chiral chromatogram of a sample containing
substrates without protein (Figure 2A) with those representing
materials from enzymatic assays that had been incubated with a
homologue of LigE (Figure 2B—E), we found that, in each case,
the LigE homologues released the expected product vanillin (t; =
4.8 min) and degraded the high-t; enantiomer (20.2 min) of
GpG. Conversely, we found that each LigF homologue (Figure
2F—H) yielded vanillin as a reaction product while degrading the
low-ty enantiomer (16.6 min). Given that previous work has
shown that SsLigE and SsLigP, when incubated with substrate
analogues of GG, show (R)-stereospecificity whereas SsLigF1
exhibits f3(S)-stereospecificity,">** we propose that the high-t,
compound degraded by the LigE homologues (Figure 2B—E)
was GA(R)G and the low-t; compound degraded by the LigF
homologues (Figure 2F—H) was Gf(S)G. Further, analysis of
the aqueous layers from these reactions'® confirmed that SsLigE-
and SsLigP-catalyzed formation of Gf(S)-SG whereas GS(R)-
SG was formed as a product of SsLigF-catalyzed reactions,
demonstrating that f-etherase catalysis involves formation of -
thioether compounds (Figure 1A). We therefore conclude that
LigE homologues have the conserved function of (R)-etherase
activity with substrate GG and, similarly, that LigF homologues
in the sphingomonads each have the conserved function of
catalyzing f3(S)-ether cleavage.

Cleavage of GAS Aromatic #-Ethers. To date, diguaiacyl
compounds have been the only type of S-ether-linked lignin
compound tested as a substrate of the Sphingobium sp. SYK-6 f3-
etherase pathway enzymes.'>*>*®> We hypothesized that f-ether
cleavage would occur with substrates containing additional
methoxy groups on the aromatic rings, i.e., syringyl units. To test
this hypothesis, we conducted additional }-etherase assays with
each putative Lig enzyme using model f-ether compounds that
contained either one or two syringyl units (Figure 1B—D) as
substrates. The resulting data from assays in which GSH and
racem-Gf3S (Figure 1B) were used as cosubstrates revealed that
each f-etherase homologue catalyzed cleavage. Chiral chroma-
tography of the reaction samples (Figure 3) indicated that each of
the seven putative Lig enzymes produced the expected product
(Figure 1B) syringaldehyde (t; = 6.3 min), with each LigE
homologue (Figure 3B—E) degrading only the high-t;
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Figure 2. HPLC chromatographic traces (CHIRALPAK AD-H column,
A = 280 nm) of B-etherase enzyme assay samples from cosubstrates
racem-GBG and glutathione. Chromatographic regions for vanillin
(gray), GB(S)G (green), and G(R)G (orange) peak elution times are
highlighted by shading. (A) No enzyme added, 0 h sample, where the
ratio of peak area integrals of GA(S)G to GB(R)G was ~1:1. After 1 h
incubation with either enzymatic catalyst: (B) NaLigE, (C) NsLigE, (D)
SsLigE, (E) SsLigP, (F) NaLigFl, (G) NaLigF2, or (H) SsLigF1.
Structures of vanillin, GA(S)G, and GB(R)G are shown in Figure 1A.
Abbreviations: Na, N. aromaticivorans strain DSM12444; Ns,
Novosphingobium sp. strain PP1Y; Ss, Sphingobium sp. strain SYK-6.
See Experimental Section for details.
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Figure 3. HPLC chromatographic traces (CHIRALPAK AD-H column,
A = 280 nm) of B-etherase enzyme assay samples from cosubstrates
racem-GfS and glutathione. Chromatographic regions for syringalde-
hyde (gray), GA(S)S (green), and GB(R)S (orange) peak elution times
are highlighted by shading. (A) No enzyme added, 0 h sample, where the
ratio of peak area integrals of GA(S)S to GS(R)S was ~1:1. After 1 h
incubation with either enzymatic catalyst: (B) NaLigE, (C) NsLigE, (D)
SsLigE, (E) SsLigP, (F) NaLigFl, (G) NaLigF2, or (H) SsLigF1.
Structures of syringaldehyde, GB(S)S, and GS(R)S are shown in Figure
1B. Abbreviations: Na, N. aromaticivorans strain DSM12444; N,
Novosphingobium sp. strain PP1Y; Ss, Sphingobium sp. strain SYK-6. See
Experimental Section for details.

enantiomer (18.1 min) and each LigF homologue (Figure 3F—
H) degrading the low-t; enantiomer (16.0 min). We propose
that the GAG cleavage stereospecificity exhibited by each enzyme
is also observed with the degradation of the GfS enantiomers.
From this, we conclude that the LigE/LigP homologues
exhibited J(R)-etherase activity, degrading GA(R)S (tz = 18.1
min), whereas each LigF-catalyzed f(S)-ether cleavage of GA(S)
S (tg = 16.0 min).

Cleavage of SfG Aromatic f-Ethers. To test whether Lig
P-etherases catalyze cleavage of the geometric isomer containing
its syringyl and guaiacyl units in the opposite bonding orientation

of GfS, we assayed f-etherase activity of each putative Lig
enzyme using GSH and racem-SPG as cosubstrates and found
that each catalyzed cleavage. An alignment of the chiral
chromatograms (Figure 4) reveals that each of the seven
enzymes cleaved a single SAG enantiomer, yielding the expected
product (Figure 1C), vanillin (t; = 6.9 min). We also found that
each putative LigE/LigP enzyme (Figure 4B—E) catalyzed
stereospecific cleavage of S#(R)G (t = 19.5 min), whereas the
LigF homologues (Figure 4F—H) exhibited stereospecificity
toward SB(S)G (tg = 16.7 min).
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Figure 4. HPLC chromatographic traces (CHIRALPAK AY-H column,
A = 280 nm) of B-etherase enzyme assay samples from cosubstrates
racem-SPG and glutathione. Chromatographic regions for vanillin
(gray), SP(S)G (green), and SP(R)G (orange) peak elution times are
highlighted by shading. (A) No enzyme added, 0 h sample, where the
ratio of peak area integrals of S#(S)G to SH(R)G was ~1:1. After 1 h
incubation with either enzymatic catalyst: (B) NaLigE, (C) NsLigE, (D)
SsLigE, (E) SsLigP, (F) NaLigFl, (G) NaLigF2, or (H) SsLigF1.
Structures of vanillin, S#(S)G, and SH(R)G are shown in Figure 1C.
Abbreviations: Na, N. aromaticivorans strain DSM12444; Ns,
Novosphingobium sp. strain PP1Y; Ss, Sphingobium sp. strain SYK-6.
See Experimental Section for details.

Cleavage of SfS Aromatic f-Ethers. To test for activity
with a lignin compound composed of two syringyl units, we
assayed for f-etherase activity with each putative Lig enzyme
using GSH and racem-SpS as cosubstrates. Chiral chromatog-
raphy (Figure 5) revealed that each enzyme degraded a single
SPS enantiomer, resulting in the release of the expected product
(Figure 1D), syringaldehyde (#; = 8.0 min). In contrast with
chromatogram alignments from GSG (Figure 2), GfS (Figure
3), and SPG assay samples (Figure 4), where LigE/LigP
homologues degraded the high-t; isomer and LigF homologues
cleaved the low-t; enantiomer, we found that the putative LigE/
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Figure 5. HPLC chromatographic traces (CHIRALPAK AY-H column,
A = 280 nm) of B-etherase enzyme assay samples from cosubstrates
racem-SfS and glutathione. Chromatographic regions for syringalde-
hyde (gray), SB(R)S (orange), and Sf(S)S (green). peak elution times
are highlighted by shading. (A) No enzyme added, 0 h sample, where the
ratio of peak area integrals of SB(R)S to SP(S)S was ~1:1. After 1 h
incubation with either enzymatic catalyst: (B) NaLigE, (C) NsLigE, (D)
SsLigE, (E) SsLigP, (F) NaLigF1, (G) NaLigF2, or (H) SsLigF1.
Structures of syringaldehyde, S#(R)S, and SB(S)S are shown in Figure
1D. Abbreviations: Na, N. aromaticivorans strain DSM12444; N,
Novosphingobium sp. strain PP1Y; Ss, Sphingobium sp. strain SYK-6. See
Experimental Section for details.

LigP enzymes (Figure SB—E) catalyzed degradation of the low-tg
SBS isomer (t = 18.4 min) and the LigF homologues (Figure
SF—H) cleaved the high-ty SfS isomer (t; = 24.2 min). Because
this result was in contrast to our findings with substrates GG
(Figure 2), GfS (Figure 3), and SPG (Figure 4), preparative
chiral chromatography was used for the isolation of each isomer
(for additional details, see Supporting Information and Figure
S3) and the resulting enantiopure compounds were used to
derive MTPA(R) esters that aided in the assignment of absolute
configurations to the low-t; (SA(R)S) and high-ty (SB(S)S)
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Figure 6. Phylogenetic tree of aligned ff-etherase amino acid sequences (10,000 bootstrap trials, 111 seeds). The 31 aligned sequences depicted were
from the 15 most similar sequences to each SsLigE and SsLigF1 found in the BLASTP database, in addition to the sequence encoding RpHypGST. Gene
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isomers by 'H NMR spectroscopy (for additional details, see
Supporting Information and Figure S4). As was the case with
racemic substrates GG, GfS, and SPG, we again conclude that
each LigE/LigP homologue exhibits J(R)-stereospecificity
whereas each LigF homologue catalyzes f3(S)-ether cleavage of
SPS enantiomers and that the isomers simply elute in reverse
order in this case.

P-Etherase Assays with RopHypGST. In seeking to identify
other potential #-etherases with the ability to cleave lignin model
substrates, we constructed a phylogenetic tree from an alignment
of closely related LigE/LigP and LigF homologues (Figure 6). R.
palustris strain CGA009 is a bacterium previously shown to
metabolize aromatic monomers likely to be derived from native
1ignin.41 Thus, we cloned an R palustris gene that encodes a
hypothetical Lig f-etherase (RpHypGST, having 36% amino
acid sequence similarity to SsLigE) and purified recombinant
protein to be tested for activity in the same f-etherase assays.

12460

Recombinant RpHypGST was expressed and purified as either
N-terminally tagged (affording N-RpHypGST) and C-terminally
tagged (affording C-RpHypGST) Hisg fusions (see Experimental
Section). N-RpHypGST and C-RpHypGST were each assayed
using GSH and racem-GpG as cosubstrates. Under conditions
identical to those where the sphingomonad Lig f-etherases
exhibited f-etherase activity, neither substrate degradation nor
release of the expected product (vanillin, Figure 1A) was
detected (data not shown). We conclude that neither
recombinant RpHypGST protein is a catalyst of f-etherase
activity with these substrates.

Although the putative GSH binding domain was conserved
across all sequences in both the LigE cluster and the HypGST
cluster A (Figure 6), sequence analysis revealed several
dissimilarities between the two clades. We found that each of
the amino acid sequences in the HypGST cluster A, including
RpHypGST, were significantly shorter (230 amino acids) than
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those in the LigE cluster (264—280 amino acids), which includes
the four LigE homologues with confirmed f-etherase activity.
Further, the putative GST superfamily substrate binding
domains (residues 95—132) were conserved within a clade but
dissimilar across the two clusters,** suggesting that they bind
different substrates. While this work was being reviewed, another
member of HypGST cluster A encoded in Sorangium cellulosum
(Figure 6) was also reported to be inactive with f-ether-linked
substrates.”> Given these findings, we propose that the shorter
sequences in HypGST cluster A from nonsphingomonad strains
have an alternative glutathione-dependent function and do not
encode active ff-etherase enzymes.

B DISCUSSION

Recently, it has been shown that GST superfamily enzymes from
Sphingobium sp. strain SYK-6 have the ability to act as
stereospecific f-etherases using lignin model compounds as
substrates.">'® These so-called Lig f-etherases have been shown
to cleave lignin dimers composed of guaiacyl monomers. In this
study, we investigated whether Lig f-etherases from Sphingobium
sp. strain SYK-6 also exhibit enzyme activity with substrates that
contain syringyl units, the other major monomeric constituent of
lignin. Further, we investigated whether other bacteria possess
sequence-related proteins with similar or different substrate or
stereospecificities as those reported for the Sphingobium sp. strain
SYK-6 enzymes.

This study reveals for the first time that (a) several species of
sphingomonads encode glutathione-dependent enzymes that
catalyze cleavage of f-ether linkages that are found in lignin, (b)
each Lig homologue cleaves guaiacyl-B-guaiacyl, guaiacyl-$-
syringyl, syringyl-p-guaiacyl, and syringyl-B-syringyl p-ether-
linked substrates, and (c) with each substrate, LigE/LigP and
their homologues exhibit f(R)-stereospecificity whereas LigF
and its homologues have f(S)-ether stereospecificity. These
results show that methoxy group ring substitutions on the
aromatic monomeric units are not inhibitory to the function of
these f-etherase enzymes. Rather, sphingomonads use enzymes
with active sites that are receptive to variably methoxylated rings.
Also, these findings give insight into how a set of f-etherase
pathway enzymes from different species accommodate substrates
containing the multiple chiral centers (i.e., at carbons & and j3)
that exist in the -ether-linked structures found in lignin.*"** The
NAD-dependent dehydrogenases oxidize and eliminate the
chiral center at carbon @, forming a-keto-#(R)- and a-keto-
B(S)-enantiomers. Further, the existence of both S(R)- and 3(S)-
ether enantiomers in nature is overcome by the evolution of
separate glutathione-dependent enzymes with either S(R)- or
P(S)-ether-cleaving reaction mechanisms.

Our results predict that a single organism may contain multiple
P(R)-etherases (e.g, SsLigE and SsLigP) or numerous f(S)-
etherases (e.g, NsLigF1 and NsLigF2), each of which is capable
of catalyzing cleavage of GAG, GfS, SBG, and SfS enantiomers.
In sphingomonads Sphingobium sp. SYK-6, Novosphingobium sp.
strain PP1Y, N. aromaticivorans strain DSM12444, and another
Novosphingobium strain with sequence-related homologues to
Lig enzymes, strain B-7 (Figure 6), it appears that metabolism of
a-keto-f-ether-linked compounds is achieved via catalysis by
multiple Lig S-etherases with overlapping function. However, it
is possible that variations of the pathway may exist in closely
related bacteria. For example, a phylogenetic tree constructed
from an alignment of LigE/LigP and LigF homologues (Figure
6) reveals that five LigE/LigP homologues belonging to four
sphingomonad strains (Figure 6, LigE cluster) were more closely

related to each other than the next 11 sequences identified in the
SsLigE BLASTP search (Figure 6, HypGST cluster A). The
genome of each sphingomonad encodes multiple LigF
homologues. Five such sphingomonad strains encode closely
related putative LigF enzymes (Figure 6, LigF cluster) that
exhibited sequence dissimilarity with the three nonsphingomo-
nad LigF homologues (Figure 6, HypGST cluster B), perhaps
because the HypGST sequences encode different functions.

Overall, BLASTP analysis predicts that six sphingomonads (a-
Proteobacteria of the order Sphingomonadales) encoded Lig
homologues that were aligned in the phylogenetic tree (Figure
6). Additional BLASTP searches within the genomes of
Sphingobium sp. strain SYK-6 and Novosphingobium strains B-7,
PP1Y, and DSM12444, each of which had multiple sequences in
the phylogenetic tree, revealed that each organism encoded both
the LigE homologue needed for f(R)-enantiomer degradation,
and the LigF homologue required for catabolism of fS(S)-
enantiomers. Of these, only Sphingobium sp. strain SYK-6
encoded multiple S(R)-specific (SsLigE and SsLigP) and
multiple S(S)-specific enzymes (SsLigFl and SsLigF2).
However, Novosphingobium sp. strain PP1Y, Novosphingobium
sp. strain B-7, and N. aromaticivorans strain DSM12444 were
each found to encode a single LigE homologue and multiple
sequences with LigF homology. Also, all four sphingomonad
strains additionally encode multiple NAD-dependent dehydro-
genases that catalyze the formation of the a-ketones required for
f-ether cleavage activity.

The fifth sphingomonad that encodes putative S-etherases,
Sphingomonas wittichii (Sm. wittichii) strain RW1, had a single
LigE homologue (Figure 6, HypGST cluster A) that, based on
sequence analysis, is more similar to RpHypGST (which had a
shorter sequence and did not exhibit f-etherase activity) than to
the confirmed f-etherases in the LigE cluster. Further, the Sm.
wittichii genome did not encode a protein related to those that
have f(S)-etherase activity or putative NAD-dependent Lig
dehydrogenase activity, suggesting that the LigE homologue in
Sm. wittichii does not encode a function related to f-ether
catabolism. Another sphingomonad, Sphingobium xenophagum
(Sb. xenophagum), encoded three homologues with potential
B(S)-specific activity (SxLigF1, SxLigF2, and SxLigF3), but did
not encode a LigE homologue. Given the high sequence
similarity to enzymes with demonstrated (S)-etherase activity,
it is possible that Sb. xenophagum carries out f(S)-enantiomer
catabolism with its various LigF homologues but uses alternative
metabolic pathways for the degradation of (R)-enantiomers.

Thirteen of the thirty-one sequences in the phylogenetic tree
(Figure 6) are derived from nonsphingomonads, one from each
of a- (of the order Rhodospirillales), -, y-, and 5-Proteobacteria,
and nine from a-Proteobacteria (of the order Rhizobiales).
Amorphus coralii (A. coralii) was the only nonsphingomonad that
encoded both a LigE- and a LigF-like protein. However, unlike in
Novosphingobium sp. strains B-7 and PP1Y, N. aromaticivorans
strain DSM12444, and Sphingobium sp. strain SYK-6, the A.
coralii genome encoded no sequences with homology to the
NAD-dependent Lig dehydrogenases, suggesting that homo-
logues from A. coralii are HypGSTs with alternative functions to
those of the Lig p-etherases. Further, the A. coralii LigE
homologue clustered with the other homologues with shorter
sequences that we predict not to have f-etherase activity (Figure
6, HypGST cluster A). The genomes of Glaciecola polaris and
Variovorax paradoxus EPS, each encode a single LigF-like
sequence (Figure 6, HypGST cluster B), but did not encode
homologues of any of the other essential fS-etherase pathway
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enzymes. We therefore propose that the HypGST proteins in
clusters A and B do not have activity as -etherases with the lignin
compounds used in this study.

Given that each of the LigE/LigP enzymes that we tested
catalyzed JB(R)-ether cleavage, whereas each LigF enzyme
exhibited f(S)-stereospecificity, we propose that the f-etherase
pathway functions similarly in Novosphingobium sp. strains B-7
and PP1Y, N. aromaticivorans strain DSM12444, and Sphin-
gobium sp. strain SYK-6. These organisms appear to have adapted
to the racemic nature of lignin by evolving multiple glutathione-
dependent enzymes with complementary [-etherase stereo-
specificities. It will be intriguing to learn if the functions of the -
etherase pathway are unique to the sphingomonads as the
availability of additional genome sequences pave the way for
future studies of lignin catabolism in other bacteria.
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B ABBREVIATIONS AND NOMENCLATURE

NAD nicotinamide adenine dinucleotide

GSH glutathione

GSSG glutathione disulfide

OMe methoxyl

GAG a-(4-0-Me)-guaiacylglycerone-f-(1’-form-
yl)-guaiacyl ether

GpS a-(4-0-Me)-guaiacylglycerone-f-(1’-form-
yl)-syringyl ether

SPG a-(4-0-Me)-syringylglycerone-f5-(1’-formyl)-
guaiacyl ether

SpS a-(4-O-Me)-syringylglycerone-f-(1'-formyl)-

syringyl ether

Gp-SG f-glutathionyl-a-(4-O-Me)-guaiacylglycerone

Sp-SG f-glutathionyl-a-(4-O-Me)-syringylglycerone

TCEP tris(2-carboxyethyl)phosphine hydrochloride

GST glutathione-S-transferase

Na Novosphingobium aromaticivorans strain
DSM12444

Ns Novosphingobium sp. strain PP1Y

Rp Rhodopseudomonas palustris strain CGA009

Ss Sphingobium sp. strain SYK-6

HypGST hypothetical glutathione-S-transferase

Hisg octa-histidine affinity tag

Ni-NTA nickel-nitrilotriacetic acid resin

HSQC ("H-"3C) heteronuclear single quantum
coherence (NMR spectroscopy)

HMBC ("H-"C) heteronuclear multiple-bond cor-
relation (NMR spectroscopy)

COsYy ("H-"H) correlation spectroscopy

tr retention time

MTPA(R) a(R)-methoxy-trifluoromethyl-phenylacetate

MTPACI(S) a(S)-methoxy-trifluoromethyl-phenylacetyl
chloride

GBAG-MTPA(R) f-(1'-formyl)-guaiacyl-a-(4-O-Me)-guaiacyl-

glyceryl a(R)-methoxy-trifluoromethyl-phe-

nyl-acetate

P-(1'-formyl)-syringyl-a-(4-O-Me)-syringyl-

glyceryl a(R)-methoxy-trifluoromethyl-phe-

nyl-acetate

GpG-propenone a-(4-O-Me)-guaiacyl-f,y-propenone-f-(1'-
formyl)-guaiacyl ether

SBS-MTPA(R)
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