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ABSTRACT Pseudomonas putida CSV86 degrades lignin-derived metabolic intermedi-
ates, viz.,, veratryl alcohol, ferulic acid, vanillin, and vanillic acid, as the sole sources
of carbon and energy. Strain CSV86 also degraded lignin sulfonate. Cell respiration,
enzyme activity, biotransformation, and high-pressure liquid chromatography (HPLC)
analyses suggest that veratryl alcohol and ferulic acid are metabolized to vanillic
acid by two distinct carbon source-dependent inducible pathways. Vanillic acid was
further metabolized to protocatechuic acid and entered the central carbon pathway
via the B-ketoadipate route after ortho ring cleavage. Genes encoding putative en-
zymes involved in the degradation were found to be present at fer, ver, and van loci.
The transcriptional analysis suggests a carbon source-dependent cotranscription of
these loci, substantiating the metabolic studies. Biochemical and quantitative real-
time (gRT)-PCR studies revealed the presence of two distinct O-demethylases, viz.,
VerAB and VanAB, involved in the oxidative demethylation of veratric acid and vanil-
lic acid, respectively. This report describes the various steps involved in metabolizing
lignin-derived aromatic compounds at the biochemical level and identifies the genes
involved in degrading veratric acid and the arrangement of phenylpropanoid meta-
bolic genes as three distinct inducible transcription units/operons. This study pro-
vides insight into the bacterial degradation of lignin-derived aromatics and the po-
tential of P. putida CSV86 as a suitable candidate for producing valuable products.

IMPORTANCE Pseudomonas putida CSV86 metabolizes lignin and its metabolic inter-
mediates as a carbon source. Strain CSV86 displays a unique property of preferential
utilization of aromatics, including for phenylpropanoids over glucose. This report un-
ravels veratryl alcohol metabolism and genes encoding veratric acid O-demethylase,
hitherto unknown in pseudomonads, thereby providing new insight into the meta-
bolic pathway and gene pool for lignin degradation in bacteria. The biochemical
and genetic characterization of phenylpropanoid metabolism makes it a prospective
system for its application in producing valuable products, such as vanillin and vanil-
lic acid, from lignocellulose. This study supports the immense potential of P. putida
CSV86 as a suitable candidate for bioremediation and biorefinery.

KEYWORDS Pseudomonas, veratryl alcohol degradation, phenylpropanoid
metabolism, enzyme induction, O-demethylase, transcription analysis

he ubiquitous presence of aromatic compounds, such as petroleum derivatives and

pesticides, etc., their dominance in the ecosystem, and their adverse effects on
biota necessitate their extermination from the environment. Besides various anthropo-
genic activities, plants also contribute complex aromatic polymers, such as lignocellu-
lose, which accounts for the most abundant form of organic matter in the environment.
Its breakdown is an essential part of the Earth’s carbon cycle. Lignin is closely associated
with cellulose in the plant cell wall, playing a vital role in the vascular system and
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offering protection against pathogens (1). Lignin is composed of guaiacyl, syringyl, and
p-hydroxyphenyl units linked via B-aryl ether linkage, e.g., B-O-4. Lignocellulose is a
potential source for the production of high-value aromatic compounds, such as vanillin
and biofuel (2-4). However, lignin is recalcitrant by nature (due to hydrophobicity and
extensive cross-linking) and resists breakdown. Plants and animals both show limited
capacities to metabolize aromatic compounds (5). On the other hand, bacteria and
fungi dominate the degradation of an array of aromatics in the environment. Most of
the active lignin-degrading microbes identified to date are fungi belonging to white-rot
and brown-rot families that decompose wood. Ligninolytic enzymes, such as lignin
peroxidase, manganese peroxidases, versatile peroxidases, and laccases produced by
fungi, have been implicated in the breakdown of lignin (6-8). In comparison, lignin
degradation in bacteria was poorly understood; however, recent reports on lignin
degradation by bacteria have begun to change this (4, 9-14). The bacterial system is
studied predominantly for its role in mineralizing lignin-derived aromatics, such as
vanillin, ferulic acid, B-coniferyl ether, and coniferyl aldehyde, etc., from the environ-
ment (8, 15-20). In bacteria, the catabolic pathway has been elucidated in detail for
lignin-derived aromatic compounds, such as ferulic acid and vanillin (21-26). By con-
trast, very few organisms have been reported for the catabolism of veratryl alcohol or
veratraldehyde (27, 28). In Streptomyces and Nocardia sp., the identification of isovanillic
and vanillic acid in the spent medium from cultures grown with veratric acid (an
intermediate in the degradation of veratryl alcohol) led to the proposal that veratric
acid undergoes oxidative demethylation (29-31). In Comamonas testosteroni, it is
proposed that two O-demethylases share a common reductase in veratric acid metab-
olism (23). However, the details of the catabolic steps and genes encoding veratric acid
degradation enzymes have not been studied at the biochemical, substrate-specific
induction, and relative gene expression levels.

Pseudomonas putida CSV86 (referred to as CSV86), a soil isolate, shows exemplary
aromatic degradation (32-34). The strain displays a unique property of utilizing aro-
matics over glucose and cometabolizes aromatics and organic acids (33, 34). The draft
genome sequence revealed the presence of genes involved in degrading phenylpro-
panoids (35). CSV86 showed an ability to grow on veratraldehyde, ferulic acid, vanillin,
and vanillic acid, which were preferentially utilized over glucose (36). In this study, we
used metabolic and molecular approaches to elucidate the catabolic pathways for
veratryl alcohol and ferulic acid in detail. Both pathways converge at vanillic acid and
funnel down to the central carbon pathway via protocatechuic acid. These pathways
were found to be inducible, and the genes involved are organized as discrete tran-
scriptional units. Further, we demonstrate the substrate-specific O-demethylases in-
volved in degrading veratric acid and vanillic acid at biochemical and molecular levels.
This study provides a detailed metabolic analysis of the carbon source-dependent
induction of veratryl alcohol, veratric acid, and ferulic acid pathways, their operonic
arrangement, and a transcriptional analysis, thus providing new insight into the me-
tabolism of phenylpropanoid in bacteria.

RESULTS

Growth profile of P. putida CSV86 on lignin and phenylpropanoid compounds.
P. putida CSV86 showed good growth on veratryl alcohol, veratraldehyde, veratric acid,
ferulic acid, vanillin, and vanillic acid (0.1%) as the sole sources of carbon and energy
with the specific growth rates of 0.27, 0.4, 0.24, 0.54, 0.33, and 0.31 h™', respectively
(Fig. 1). Cells showed higher growth rates on ferulic acid and vanillic acid compared
with the rates on other compounds. The delayed growth might be attributed to the
inhibitory/toxic effect of aromatic alcohol or aldehyde groups. The strain also grew on
lignin sulfonate (0.05, 0.1, and 0.2%), but at a lower rate (optical density at 540 nm
[ODs,0l, 0.04 to 0.05 at 0 h and 0.3 at 5 days at 30°C in 0.2% lignin) than on
lignin-derived intermediates (see Fig. S1 in the supplemental material).

Whole-cell oxygen uptake studies. To identify the key intermediates of veratryl
alcohol and ferulic acid degradation, the cell respiration rates were measured on
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FIG 1 Growth profile of Pseudomonas putida CSV86 on phenylpropanoid compounds as the sole carbon
source (0.1%). Symbols: @, veratryl alcohol; ¥, veratraldehyde; [J, veratric acid; O, ferulic acid; #, vanillin;
M, vanillic acid. Cultures grown on respective aromatic compounds were used as an inoculum. Experi-
ments were performed at least three times independently. The trends observed were similar. Growth
profiles from one experiment are depicted here.

various probable metabolic intermediates and are depicted in Table 1. Cells grown on
veratryl alcohol and veratraldehyde showed high respiration rates on veratryl alcohol,
veratraldehyde, veratric acid, vanillic acid, vanillin, and protocatechuic acid; however,
they failed to respire on ferulic acid. Veratric acid-grown cells showed high respiration
rates on veratric acid, vanillic acid, isovanillic acid, and protocatechuic acid, but failed
to respire on veratryl alcohol and ferulic acid. Ferulic acid- and vanillin-grown cells
showed high respiration rates on ferulic acid, vanillin, vanillic acid, and protocatechuic
acid, but poor/no respiration on veratryl alcohol, veratraldehyde, and veratric acid.
These results indicate a carbon source-dependent respiration on probable intermedi-
ates. Vanillic acid-grown cells respired on vanillic acid and protocatechuic acid only.
Cells grown on isovanillic acid respired on veratric acid, isovanillic acid, and protocat-
echuic acid. Except for catechol, glucose-grown cells failed to respire on any of these
compounds. Irrespective of the carbon source used for the growth, cells showed similar
respiration rates on catechol. Altogether, these results indicate that veratraldehyde,
veratric acid, vanillic acid, and protocatechuic acid are probable metabolic intermedi-
ates in veratryl alcohol degradation, whereas vanillin, vanillic acid, and protocatechuic
acid are probable intermediates in ferulic acid metabolism.

Carbon source-dependent induction of enzymes and identification of reaction
products. The specific activities of various enzymes are summarized in Table 2. Cell
extracts (CFE) prepared from veratryl alcohol-grown cells showed significant activities
of veratryl alcohol dehydrogenase (ValcDH), veratraldehyde dehydrogenase (ValdDH),

TABLE 1 Whole-cell oxygen uptake by Pseudomonas putida CSV86

Whole-cell oxygen uptake rate (hnmol O, consumed min—' - mg~") of CSV86 cells grown on:

Veratryl Veratric Ferulic Vanillic Isovanillic
Substrate alcohol Veratraldehyde acid acid Vanillin acid acid Glucose
Veratryl alcohol 21+05 26+10.2 tra tr tr tr tr ND®
Veratraldehyde 7.1 +2 17.2£5 43 =*2 2+1 25+2 1.4£06 — ND
Veratric acid 34+£1 5+3 701 £2 tr tr tr 25*09 ND
Ferulic acid tr tr tr 8.1+2 56+ 17 tr tr ND
Vanillin 5+2 85*1 2+03 166 £5 185+ 2 1.7£03 — ND
Vanillic acid 4+15 7524 9+3 3.7+£13 3+05 3204 1.5*+0.2 ND
Isovanillic acid — — 8.6 = 5.7 — — tr 129 +0.2 —
Protocatechuic acid 13£3 15*3 16 £6 1323 14*8 12£5 128 £ 56 ND
Catechol 6.3 £0.1 5+25 3+0.1 3.7%0.2 5+0.6 6+ 1 — 4.5+ 0.04

atr, the observed oxygen uptake rate is less than 0.5 nmol of oxygen consumed min=' - mg~".
®ND, not detected.
¢—, not performed.
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TABLE 2 Specific activities of enzymes from the cell extracts of Pseudomonas putida CSV86

Specific activity (nmol - min—" - mg~") from extracts of CSV68 cells grown on:

Enzyme? Cofactor Veratryl alcohol Veratraldehyde  Veratric acid Ferulic acid Vanillin Vanillic acid Glucose
FCS —b —_ —_ 28.6 £ 6.6 29.5*+10.6 ND< 1.1£08
ValcDH NAD+ 425*+73 6.2 25 44 +27 ND 29*+16 1*£03 46+ 1.1
NADP+* 52*+06 11£02 85+ 0.7 ND 12.6 £83 ND 11211
ValdDH NAD* 20210 126 =57 55*+22 4+1.2 48 £1 3814 38+13
NADP+ 52*06 95*+4 2+ 4+2 47 £1 — 111
VDH NAD* 56 =17 238 52*+1.2 359 + 34 217 £58 32+03 32+03
NADP+ 41 *£1.7 155 —_ 43+24 93*5 8.5+ 2.1 8.5+ 2.1
PDO 345 £ 0.5 480 £ 55 417 £43 483 £ 51 443 = 56 366 £ 95 175+ 2.1

aFCS, feruloyl-coenzyme A synthetase; ValcDH, veratryl alcohol dehydrogenase; ValdDH, veratraldehyde dehydrogenase; VDH, vanillin dehydrogenase; PDO,
protocatechuate 3,4-dioxygenase.

b—, not performed.

°ND, not detected.

and protocatechuate 3,4-dioxygenase (PDO), while CFE from veratraldehyde-grown
cells showed activities of ValdDH and PDO. Under ferulic acid and vanillin conditions,
significant activities of feruloyl-coenzyme A synthetase (FCS), vanillin dehydrogenase
(VDH), and PDO were observed. ValcDH, ValdDH, and VDH showed maximum activities
with NAD* compared with those with NADP* as a cofactor. Veratric acid- and vanillic
acid-grown cells showed activities of PDO. In glucose-grown cells, poor activities of
these enzymes were observed. The enzyme activity data (Table 2) corroborate well with
the results from the whole-cell respiration study (Table 1) and suggest a carbon
source-dependent induction of enzymes.

Time-dependent spectral analysis for FCS and ValcDH reactions showed increases in
the absorbances at 346 and 310 nm, which corresponds to A,.,. Values of feruloyl-
coenzyme A (CoA) and veratraldehyde, respectively (see Fig. S2A and B). Similarly, the
spectral scans for ValdDH and VDH showed decreases in the absorbances at 310 and
340 nm, indicating the consumption of veratraldehyde and vanillin as the substrate,
respectively (see Fig. S2C and D). Thin-layer chromatography (TLC) of bulk enzyme
reactions of FCS with CFE prepared from ferulic acid-grown cells showed a spot with an
R, value of 0.65 (solvent system B), which corresponds to vanillic acid, indicating the
conversion of ferulic acid to vanillic acid in the presence of ATP and CoA. With vanillin
as the substrate, a spot (R, 0.46, solvent system A) corresponding to vanillic acid was
observed, suggesting the conversion of vanillin to vanillic acid in the presence of NAD ™.
The CFE prepared from veratraldehyde-grown cells with veratraldehyde as the sub-
strate showed a spot (R, 0.58) that corresponds to authentic veratric acid (see Fig. S3).
The bulk enzyme reaction products identified by TLC correlate well with the time-
dependent spectral scan data.

The activities of veratric acid O-demethylase (VrODM) and vanillic acid O-demethylase
(VNnODM) were monitored by high-pressure liquid chromatography (HPLC). The CFE
prepared from veratric acid-grown cells showed VrODM and VnODM activities of 3.6
and 1.9 nmol - min=" - mg~", respectively, with NADPH. However, vanillic acid-grown
cells showed 70% reduced activity of VrODM (1.2 nmol - min—'- mg~") and comparable
activity of VnODM (1.7 nmol - min—" - mg~"). Under anaerobic conditions, HPLC analysis
showed a failure of the formation or disappearance of vanillic acid by VrODM or
VnODM, respectively, suggesting the involvement of molecular oxygen.

Identification of specific dehydrogenases induced under different growth con-
ditions by zymogram analysis. CFE prepared from cells grown on veratryl alcohol and
veratraldehyde showed a ValcDH activity band (R, 0.49) with veratryl alcohol as a
substrate; however, no activity bands were observed from glucose-, benzyl alcohol-,
and vanillin-grown cells. With benzyl alcohol as the substrate, a zymogram showed an
activity band at an R, of 0.49 (see Fig. S4). Similarly, with veratraldehyde as a substrate,
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a zymogram showed a ValdDH activity band at an R, of 0.38 from veratryl alcohol- and
veratraldehyde-grown cells. With substrates such as vanillin and benzaldehyde, a
zymogram showed an activity band at an R, of 0.38 (Fig. S4). However, benzyl alcohol-
grown cells showed an activity band at an R, of 0.26 with veratraldehyde as a substrate,
indicating a different enzyme than ValdDH (R, 0.38). With vanillin as the substrate,
ferulic acid- and vanillin-grown cells showed a VDH activity band at an R, of 0.33, while
benzyl alcohol-grown (R, 0.26) and veratraldehyde-grown (R, 0.38) cells showed
activity bands at different positions. These results indicate a carbon source-
dependent induction of different aromatic alcohol and aldehyde dehydrogenases in
CSV86 (Fig. S4).

Bioinformatic and phylogenetic analyses of phenylpropanoid metabolic genes.
The various genes involved in metabolizing phenylpropanoids from CSV86 are sum-
marized in Table S2. A genomic analysis showed the presence of two distinct clusters
encoding O-demethylase: verAB in ver and vanAB in van loci. O-Demethylase is a
two-component enzyme consisting of oxygenase and reductase subunits. The oxygen-
ase components (VanA and VerA) shared 33% amino acid sequence identity, while the
reductase components (VanB and VerB) shared 49% identity. The phylogenetic analysis
showed a clustering of VanA from CSV86 with functionally characterized oxygenase
subunits of vanillic acid O-demethylases from Pseudomonas sp. strain HR199, P. putida
KT2440, C. testosteroni, and Rhodococcus jostii RHA (see Fig. S5A). VerA from CSV86
clustered with IvaA of C. testosteroni and VanA of P. aeruginosa PA103, Pseudomonas sp.
GM21, and P. resinovorans NBRC 106553 (Fig. S5A). IvaA of C. testosteroni is reported to
be oxygenase component-specific for veratric acid (20). The reductase component
(VanB) from CSV86 clustered with the reductase of Pseudomonas sp. strain HR199;
however, VerB clustered separately (Fig. S5B). Analyses suggest that VanAB and VerAB
are probable VnODM and VrODM, respectively. A phylogenetic analysis for VDH from
CSV86 showed close relations with VDH from Pseudomonas sp. strain HR199, P. putida
KT2440, and P. fluorescens AN103 (Fig. S5C).

Transcriptional analysis of phenylpropanoid metabolic genes. Ferulic acid, ve-
ratric acid, and vanillic acid degradation genes from CSV86 were found on distinct fer,
ver, and van loci with their probable regulators (Fig. 2A; see also Table S2). The fer locus
harbors 5’-ech-vdh-fcs-kct-acdh-3’, the ver locus contains 5'-verB-verA-tdh-vanK-oprD-3’',
and the van locus has 5’-vanA-vanB-3' genes with their respective putative promoters.
Further analysis of these loci by reverse transcription-PCR (RT-PCR) (Fig. 2B) showed
amplification of overlapping regions of ech-vdh (~650 bp), vdh-fcs (~800 bp), fcs-kct
(~900 bp), and kct-acdh (~900 bp) for the fer locus; verB-verA (~700 bp), verA-tdh
(~1,100 bp), and vanK-oprD (~860 bp) for the ver locus; and vanA-vanB (~790 bp) for
the van locus. These results suggest that genes at these loci are cotranscribed. tdh-vanK
was not amplified from the ver locus. Ferulic acid- and vanillin-grown cells showed
higher levels of transcripts of each of these genes located on fer and van loci compared
with those on the ver locus (Fig. 2B). Veratric acid-grown cells showed higher levels of
transcripts for ver and van loci; however, there was no amplification of the fer locus (Fig.
2B). fer, ver, and van loci did not amplify from cDNA prepared from glucose-grown cells
(Fig. 2B), suggesting these transcription units are induced in a carbon source-
dependent manner.

The carbon source-dependent induction of specific O-demethylase was analyzed
by quantitative RT-PCR (qRT-PCR), and the results are depicted in Fig. 3. In com-
parison with glucose-grown cells, veratric acid- and isovanillic acid-grown cells
showed increases in the transcripts of verA, while vanillic acid-grown cells showed
low transcript levels. The observed vanA transcript levels were comparable between
veratric acid- and vanillic acid-grown cells, but were low in isovanillic acid-grown
cells. These results suggest that verAB and vanAB code for putative VrODM and
VnODM, respectively, and are inducible in nature. VrODM encoded by verAB might
be responsible for demethylating veratric acid and isovanillic acid to vanillic acid
and protocatechuic acid, respectively.
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FIG 2 Schematic representation of phenylpropanoid degradation genes and cotranscriptional analysis from Pseudomonas putida CSV86. (A)
Arrangement of phenylpropanoid catabolic genes at fer (ferulic acid catabolism, contig 115), ver (veratric acid catabolism, contig 119), and van
(vanillic acid catabolism, contig 220) loci. Putative functions of these genes are given in Table S2 in the supplemental material. The numbers
indicate the gene length (bp), numbers in parentheses indicate the intergenic distance (bp), while negative signs indicate that the genes are
overlapping (bp). Putative promoters identified using BPROM are indicated by —10 and —35 boxes. (B) Cotranscriptional analysis (RT-PCR) of fer,
ver, and van loci. PCR amplifications of cDNA prepared from CSV86 cells grown on ferulic acid, vanillin, veratric acid, and glucose were performed
using primers (see Table S1) and are designated by arrows. Numbers indicate the expected length of PCR products (bp). In the negative control
(denoted as -ve), the PCR was performed with cDNA synthesized without reverse transcriptase. The expression profile of a housekeeping gene,

rpoD (155 bp), was taken as an internal reference. Lane M indicates molecular mass markers (kb).

DISCUSSION

Pseudomonas putida CSV86 utilizes lignin and lignin-derived metabolites (phenyl-
propanoids), such as veratryl alcohol, veratraldehyde, veratric acid, ferulic acid, vanillin,
and vanillic acid, as the sole sources of carbon and energy. On the basis of results from
carbon source-dependent cell respiration and enzyme activity studies, the detailed
metabolic pathways for veratryl alcohol and ferulic acid in CSV86 are proposed in Fig.
4. Both pathways converge at vanillic acid, which is further central carbon metabolized
via protocatechuic acid. The pathway for ferulic acid metabolism from various bacteria
has been reported (22, 25, 37, 38); however, this report delineates the degradation
pathway for veratryl alcohol in bacteria.

In CSV86, veratryl alcohol is metabolized to veratric acid via veratraldehyde by
ValcDH and ValdDH. Aromatic alcohol and aldehyde dehydrogenases are reported to
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FIG 3 Expression analyses of verA and vanA encoding putative O-demethylase oxygenase subunits from
Pseudomonas putida CSV86 cells grown on different carbon sources. Relative expression was calculated
(see Materials and Methods for details) by taking the expression of a housekeeping gene, rpoD, as an
internal reference.

have broad substrate specificities (39, 40). There are multiple genes present in the draft
genome of CSV86 annotated as aromatic alcohol and aldehyde dehydrogenases. The
genes specifically encoding ValcDH and ValdDH were not identified due to the lack of
biochemical and molecular information. In-gel activity studies suggest the induction of
broad substrate-specific ValcDH (accepts veratryl alcohol or benzyl alcohol as a sub-
strate) and ValdDH (accepts veratraldehyde, vanillin, or benzaldehyde as a substrate) in
veratryl alcohol/veratraldehyde-grown cells. Genes encoding benzyl alcohol and ben-
zaldehyde dehydrogenases (BADH and BZDH, respectively) are in close proximity to the
ver locus. ValdDH appears to be different from BZDH, as it showed distinct carbon
source-dependent activity bands. However, the specific genes encoding these enzymes
can be identified by cloning, heterologous expression, and kinetic and molecular
characterizations. The observed specific activities for ValcDH and ValdDH were com-
parable to those from the only available report from Penicillium simplicissimum (28).
Veratric acid generated in CSV86 is further metabolized to protocatechuic acid via
vanillic acid by VrODM and VnODM. Various bacteria, viz., Streptomyces sp., Nocardia sp.
(30, 31), and C. testosteroni strain BR6020 (23), were reported to metabolize veratric acid
to vanillic acid and isovanillic acid. In C. testosteroni, veratric acid is metabolized by a
combination of inducible monooxygenase component VanA (demethylates veratric
acid to isovanillic acid and vanillic acid to protocatechuic acid) or IvaA (demethylates
isovanillic acid to protocatechuic acid and veratric acid to vanillic acid) and a common
reductase (lvaB) component. In CSV86, vanillic acid-grown cells showed poor respira-
tion on veratric acid and isovanillic acid and 70% reduced VrODM activity. This indicates
the probable existence of two distinct inducible demethylases, VrODM and VnODM for
veratric acid/isovanillic acid and vanillic acid metabolism, respectively. Genes encoding
these demethylases were located on two loci (verAB and vanAB; Fig. 2), and their
arrangement was found to be different in CSV86 compared with in the functionally
characterized C. testosteroni strain BR6020 (in the later strain, vanA, ivaA, and ivaB were
present in tandem; however, their cotranscription was not reported [23]). In CSV86, ver
and van loci showed carbon source-dependent cotranscription with high levels of ver
locus transcripts from veratric acid and isovanillic acid, while the transcript levels for the
van locus were similar from veratric acid and vanillic acid. Further, a phylogenetic
analysis of O-demethylase, comprising oxygenase (VerA and VanA) and reductase (VerB
and VanB) components from CSV86, showed clustering of VanAB with the well-
characterized vanillate demethylase (23, 37, 41, 42). Interestingly, oxygenase compo-
nent VerA from CSV86 clustered with IvaA of C. testosteroni, for which veratric acid is
reported as its true substrate (23). The reductase components of both O-demethylases
are encoded by two different genes (vanB and verB) in CSV86; however, in C. testosteroni
it is encoded by a single gene (ivaB) shared by both O-demethylases. These observa-
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FIG 4 Proposed pathway for the degradation of veratryl alcohol and ferulic acid in Pseudomonas putida
CSV86. Solid arrows indicate the enzyme activities measured, while dotted arrows indicate the activities
not measured. The proposed gene(s) encoding respective enzymes are given in the parentheses.

tions indicate that veratric acid and isovanillic acid are demethylated by VrODM, while
vanillic acid is demethylated by VnODM, and they are encoded by ver and van loci,
respectively, in CSV86. It would be really interesting to study O-demethylase activity
when the reductase components are interchanged between VrODM and VnODM.
Metabolic studies suggest that in CSV86, ferulic acid is metabolized to protocate-
chuic acid via feruloyl-CoA, vanillin, and vanillic acid (Fig. 4), which is similar to the
pathway reported from other Pseudomonas spp. (22, 25, 37, 38). In silico analysis and
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cotranscriptional studies in CSV86 confirm an operonic arrangement of ferulic acid
metabolic genes at fer and van loci. The gene arrangement observed at these loci in
CSV86 was similar to those reported from P. putida WCS358 (43), Amycolatopsis sp.
HR167 (44), and P. fluorescens BF13 (45). In CSV86, the fer locus was transcriptionally
induced by ferulic acid and by vanillin, which is in agreement with results from
metabolic studies. Interestingly, these results are in contrast with those from an earlier
report with P. fluorescens BF13, where vanillin failed to induce ferulic acid degradation
genes (45), suggesting that the regulation of this operon is different in CSV86.

In summary, P. putida CSV86 degrades veratryl alcohol and ferulic acid via a vanillic
acid and protocatechuic acid ortho ring-cleavage pathway. Biochemical and transcrip-
tional studies indicate the involvement of two distinct O-demethylases for veratric acid
and vanillic acid metabolism. Metabolic, bioinformatic, and molecular analyses suggest
a segmentation of veratryl alcohol and ferulic acid degradation pathways. Putative
genes involved in the degradation are arranged as distinct operons and are induced in
a carbon source-dependent manner, thus displaying a genetic parsimony. Besides
aromatics, CSV86 utilizes phenylpropanoid compounds preferentially over glucose (36).
This novel and intriguing property of P. putida CSV86 makes it an attractive model
organism for biodegradation, as well as bioconversion, of lignin-derived metabolites
into economically important products leaving sugars for biofuel production.

MATERIALS AND METHODS

Microorganism and growth conditions. P. putida CSV86 was grown on minimal salt medium (MSM;
150 ml [32]) at 30°C on a rotary shaker (200 rpm) in 500-ml-capacity baffled Erlenmeyer flasks supple-
mented with either glucose (0.25%) or phenylpropanoid/aromatic compound (0.1%) as a sole carbon
source. The growth was monitored spectrophotometrically at 540 nm (Lambda 35; PerkinElmer, USA),
and specific growth rates were calculated at exponential phase as described previously (46). The growth
on lignin sulfonate (0.05, 0.1, and 0.2%) was monitored by measuring the optical density at 540 nm using
MSM containing respective concentrations of lignin as references.

Whole-cell oxygen uptake. CSV86 cells grown until late log phase on the appropriate carbon
sources were used to monitor cell respiration rates on various phenylpropanoid compounds using an
Oxygraph (Hansatech, UK) at 30°C as described previously (33). The reaction mixtures (2 ml) contained
cells (4 mg, wet weight), substrate (100 wM), and potassium phosphate buffer (KPO,; 50 mM, pH 7.5). The
rates were corrected for endogenous respiration (cell respiration without substrate) and expressed as
nmol of O, consumed min~—' - mg~" of cells (wet weight).

Cell extract preparation. CSV86 cells grown on appropriate carbon sources until late log phase were
used to prepare cell extracts (CFE). Cells were harvested, resuspended in KPO, buffer (50 mM, pH 7.5), and
broken using sonication followed by centrifugation at 35,000 X g as described previously (36). The
supernatant obtained was termed CFE and used as the source of enzymes for monitoring the activity.

Enzyme assays. All enzyme activities were monitored spectrophotometrically (Lambda 35; Perkin-
Elmer, USA). The activities of ValcDH and ValdDH were monitored by measuring the changes in the
absorbances (increase for ValcDH and decrease for ValdDH) of veratraldehyde at 310 nm (e5,, = 9,300
M= . cm~" [47]). The reaction mixtures (1 ml) contained veratryl alcohol or veratraldehyde (100 uM),
KPO, buffer (50 mM, pH 7.5), NAD* (0.5 mM), and an appropriate amount of enzyme. VDH was monitored
by measuring the rate of disappearance of vanillin at 340 nm (e5,, = 7,200 M~'-cm~" [22]). The reaction
mixtures (1 ml) contained vanillin (100 uM), KPO, buffer (50 mM, pH 7.5), NAD* (0.5 mM), and an
appropriate amount of enzyme. FCS was monitored by measuring the rate of appearance of feruloyl-CoA
at 346 nm (g5, = 19,000 M~ - cm~" [22]). The reaction mixtures (1 ml) contained ferulic acid (100 uM),
KPO, buffer (50 mM, pH 7.5), ATP (0.5 mM), MgCl, (2.5 mM), coenzyme A (0.2 mM), and an appropriate
amount of enzyme. PDO was monitored by measuring the rate of disappearance of protocatechuic acid
at 290 nm (e,90 = 3,870 M~"-cm~" [48, 49]). The reaction mixtures (1 ml) contained protocatechuic acid
(100 uM), KPO, buffer (50 mM, pH 7.5), and an appropriate amount of enzyme.

Time-dependent spectral scans for ValcDH, ValdDH, VDH, FCS, and PDO were performed to identify
the substrate utilization and/or product formation. Reaction mixtures were subjected to scans from 250
to 600 nm at an interval of 1 min for a period of 10 min.

Protein estimation was carried out by the Bradford method using bovine serum albumin (BSA) as the
standard (50). The specific activities are expressed as nmol - min—' - mg~' of protein.

Thin-layer chromatography. To identify the reaction products, bulk enzymatic reactions (scaled up
to final volume of 10 ml) were carried out (under conditions as described above) at 30°C for 3 h with
intermittent additions (every 30 min) of substrate and cofactor. The enzyme reactions were terminated
by acidifying to pH 2 with 2N HCl, followed by extractions with equal volumes of ethyl acetate. The
organic phase was dried over anhydrous sodium sulfate, concentrated, and resolved on TLC (0.5-mm-
thick silica gel plates, 20 cm by 20 cm) using solvent systems of hexane:chloroform:acetic acid at 8:2:2
(vol/vol) or 7:3:2 (vol/vol). The resolved compounds were visualized using a UV transilluminator (254 nm;
UVitech Ltd., England) and identified by comparing relative mobility (R) as well as UV fluorescence
properties with the authentic compounds.
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HPLC analysis of O-demethylase reactions. VrODM and VnODM were monitored by measuring the
rates of formation and disappearance of vanillic acid, respectively, using HPLC. The reaction mixtures (2
ml) contained veratric acid or vanillic acid (400 uM), KPO, buffer (50 mM, pH 7.5), NAD(P)H (2 mM), and
an appropriate amount of enzyme. The reaction mixtures were incubated at 30°C, and samples (0.5 ml)
were drawn at different times (0, 20, 40, and 60 min). The reactions were terminated by acidification
using 2 N HCl followed by centrifugation at 30,000 X g for 30 min. The supernatant was analyzed by
HPLC (Agilent 1200; column Eclipse plus-C18 [4.6 mm by 150 mm]; diode array detector, 254 nm) using
water:methanol:acetic acid at 66:33:1 (vol/vol) as the mobile phase (flow rate of 0.8 ml/min). The
authentic compounds were treated similarly and were resolved. The observed retention times for
authentic veratric acid and vanillic acid are 14.1 and 7.5 min, respectively. Reaction products were
identified by comparing retention times with those of authentic compounds and quantified using
respective concentration versus peak area plots.

To demonstrate the involvement of molecular oxygen, the O-demethylase reactions were performed
under an anaerobic condition using Thunberg tubes as described previously (51). In brief, the reaction
components were degassed to create an anoxygenic condition, and the reactions were initiated by
tipping NADPH from the side arms of the tubes and incubated for 1 h. The reaction products were
extracted and analyzed by HPLC as described above.

Zymogram analysis. In-gel activity staining (zymogram) was performed to distinguish various
aromatic alcohol and aldehyde dehydrogenases induced in CSV86 when cells were grown on phenyl-
propanoids or glucose. In brief, 100 ug of total protein (CFE) was resolved on native PAGE (7.5% [52]) at
a constant current of 4 mA at 4°C. After electrophoresis, the gel was washed and equilibrated for 30
min with ice-cold KPO, buffer (50 mM, pH 7.5) and incubated in 10 ml of activity staining solution
(containing substrate [100 wM], NAD* [0.5 mM], nitroblue tetrazolium [2.5 mg], phenazine metho-
sulfate [2.5 mg], and KPO, buffer [50 mM, pH 7.5]) at room temperature for 30 min or until bands
were distinctly visible. The staining reaction was terminated by washing the gel extensively with
distilled water. The R, values of the activity bands were calculated using a ChemiDoc XRS* gel
documentation unit (Bio-Rad, USA).

RNA isolation, transcription, and RT-PCR analysis. CSV86 cells grown on different carbon sources
(ODs,0 1.0) were processed for total RNA isolation using an RNeasy protect bacteria minikit as per the
manufacturer’s instructions (Qiagen, Germany). Cells were lysed by enzymatic and proteinase K diges-
tions followed by purification of total RNA using an RNeasy minikit as per the manufacturer’s instructions
(Qiagen, Germany). RNA preparations were treated with DNase | (Ambion Turbo; Thermo Fisher, USA)
to eliminate genomic DNA contamination and quantified using a microplate reader (Multiskan Go;
Thermo Fisher, USA). cDNA synthesis was carried out using DNA-free RNA (1 ug) as a template,
random hexamers, and SuperScript lll reverse transcriptase as described (Invitrogen, USA). cDNA was
used as a template in endpoint PCR (35 cycles, annealing temperature of 55°C) for cotranscription
studies using gene-specific primers (see Table S1 in the supplemental material). As a negative
control, a ¢cDNA synthesis reaction was performed with RNase-treated sample without reverse
transcriptase to ensure the absence of any genomic DNA contamination. Amplified (PCR) DNA
fragments were resolved on an agarose gel (0.8%), were extracted using QIAquick gel extraction kit
(Qiagen, Germany), and were sequenced (Bencos, India).

gRT-PCR was performed using StepOnePlus real-time PCR (Applied Biosystems, USA). The reaction
mixtures (20 ul) contained Platinum SYBR green quantitative PCR (qPCR) SuperMix-UDG with ROX (10 wl;
Invitrogen), cDNA template (0.01X), and primers (500 nM each; see Table S1). The thermo-cycler was
programmed for 10 min at 95°C followed by 40 cycles, each cycle consisting of 15 s at 95°C and 1 min
at 65°C. Relative expression levels of target gene transcripts were calculated (53) from the cycle threshold
(C;) by calculating 2-24¢T and taking the expression of a housekeeping gene, rpoD, as an internal
reference; AC; = Cryarger geney — Cripony: The AC; of samples from cells grown on veratric acid or
vanillic acid (aromatics) were then compared with those from cells grown on glucose using the
equation AAC; = ACrqomatics) ~ ACrgucose:

Statistical analyses. For all experiments, the means and standard deviations were calculated using
values obtained from triplicates of at least three independent experiments.

Bioinformatic analysis. A sequence-based analysis (BLASTp) was performed to identify genes
involved in the phenylpropanoid metabolism using the draft genome sequence of P. putida CSV86
(accession no. AMWJ00000000.1; 35, 54). The promoter regions were identified in silico using a bacterial
promoter prediction tool, BPROM (Softberry, Inc.,, Mount Kisco, NY, USA). The phylogenetic tree was
constructed by ClustalW and Molecular Evolutionary Genetics Analysis version 6.0 (MEGA6), and the
calculation was performed using the neighbor-joining method (55).
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