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ABSTRACT Sphingobium sp. strain SYK-6 converts four stereoisomers of arylglycerol--
guaiacyl ether into achiral B-hydroxypropiovanillone (HPV) via three stereospecific re-
action steps. Here, we determined the HPV catabolic pathway and characterized the
HPV catabolic genes involved in the first two steps of the pathway. In SYK-6 cells,
HPV was oxidized to vanilloyl acetic acid (VAA) via vanilloyl acetaldehyde (VAL). The
resulting VAA was further converted into vanillate through the activation of VAA by
coenzyme A. A syringyl-type HPV analog, B-hydroxypropiosyringone (HPS), was also
catabolized via the same pathway. SLG_12830 (hpvZ2), which belongs to the glucose-
methanol-choline oxidoreductase family, was isolated as the HPV-converting enzyme
gene. An hpvZ mutant completely lost the ability to convert HPV and HPS, indicating
that hpvZ is essential for the conversion of both the substrates. HpvZ produced in
Escherichia coli oxidized both HPV and HPS and other 3-phenyl-1-propanol deriva-
tives. HpvZ localized to both the cytoplasm and membrane of SYK-6 and used
ubiquinone derivatives as electron acceptors. Thirteen gene products of the 23 alde-
hyde dehydrogenase (ALDH) genes in SYK-6 were able to oxidize VAL into VAA. Mu-
tant analyses suggested that multiple ALDH genes, including SLG_20400, contribute
to the conversion of VAL. We examined whether the genes encoding feruloyl-CoA
synthetase (ferA) and feruloyl-CoA hydratase/lyase (ferB and ferB2) are involved in
the conversion of VAA. Only FerA exhibited activity toward VAA; however, disruption

of ferA did not affect VAA conversion. These results indicate that another enzyme .
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ignin, one of the major components of plant cell walls, is a complex phenolic

heteropolymer produced from hydroxycinnamyl alcohols by radical coupling (1, 2).
Lignin is the second most abundant bioresource on earth after cellulose and is
expected to be used as an industrial raw material. However, the current industrial
applications of lignin are limited to low-value applications such as the production of
solid fuels and concrete additives (3, 4). On the other hand, it has been reported that
the building blocks for functional polymers, such as 2-pyrone-4,6-dicarboxylic acid
(5-7), cis,cis-muconic acid (8-10), and medium-chain-length polyhydroxyalkanoic acid
(11), can be obtained from lignin-derived aromatic compounds such as vanillic
acid, vanillin, ferulic acid, and p-coumaric acid through microbial catabolism. Therefore,
the production of value-added chemicals from lignin through transformations systems
that consist of chemical lignin decomposition and microbial catabolism of lignin-
derived aromatics has attracted attention.

B-Aryl ether is the most abundant linkage in lignin, comprising 45 to 50% of
all linkages in softwood lignin and 60 to 62% in hardwood lignin (4). Accordingly,
degradation of this structure is considered a crucial step in lignin biodegradation.
B-Aryl ether-type biaryls have two distinct isomeric forms, erythro and threo, each of
which has enantiomeric forms (12). To date, the whole picture of the enzyme system for
the cleavage of B-aryl ether in Sphingobium sp. strain SYK-6 has been determined (13).
SYK-6 is able to degrade all the stereoisomers of the B-aryl ether-type biaryl,
guaiacylglycerol-B-guaiacyl ether (GGE). In SYK-6 cells, four stereoisomers of GGE are
converted to two enantiomers of a-(2-methoxyphenoxy)-B-hydroxypropiovanillone
(MPHPV) through the oxidation of the GGE «-carbon atom catalyzed by Ca-
dehydrogenases (LigD, LigL, and LigN) (Fig. 1) (14). LigD oxidizes («R,8S)-GGE and
(aR,BR)-GGE into (BS)-MPHPV and (BR)-MPHPV, respectively, while LigL/LigN con-
verts (aS,BR)-GGE and (aS,BS)-GGE into (BR)-MPHPV and (BS)-MPHPV, respectively
(14). The ether linkage of the resulting MPHPV is cleaved by enantioselective
glutathione S-transferases (GSTs)—LigF, LigE, and LigP—to produce a-glutathionyl-
B-hydroxypropiovanillone (GS-HPV) and guaiacol via nucleophilic attack of gluta-
thione on the MPHPV B-carbon atom (15, 16). LigF and LigE/LigP attack (BS)-MPHPV
and (BR)-MPHPV to produce (BR)-GS-HPV and (BS)-GS-HPV, respectively. Another
GST, LigG, catalyzes the cleavage of the thioether linkage in (BR)-GS-HPV by transfer-
ring glutathione of (BR)-GS-HPV to another glutathione molecule to produce HPV and
glutathione disulfide (15, 17). On the other hand, LigG had little to no activity with
(BS)-GS-HPV, suggesting involvement of an alternative GST in the conversion of (BS)-
GS-HPV (15, 18). Recently, further detailed biochemical characterization of the B-aryl
ether catabolic enzymes of SYK-6 and their orthologs in other bacterial strains, and
structural analyses of LigD, LigL, LigE, LigF, and LigG have been performed (17-29). In
addition, Erythrobacter sp. strain SG61-1L and Novosphingobium sp. strain MBES04,
which are capable of cleaving B-aryl ether, have recently been isolated, and similar
enzyme systems have been characterized (23, 24).

Although many investigations of the cleavage of B-aryl ether have been performed,
there are no reports on the characterization of the catabolism of HPV, the product of
the cleavage of B-aryl ether. Therefore, in order to understand bacterial B-aryl ether
catabolism, it is essential to elucidate the HPV catabolic system. Recently, the produc-
tion of HPV and B-hydroxypropiosyringone (HPS; an intermediate metabolite of
syringyl-type B-aryl ether) from lignin has been attempted through biological and
chemical processes for the purpose of obtaining phenolic monomers from lignin (27,
30). Ohta et al. reported that HPV and HPS could be obtained from milled wood lignin
from Japanese cedar (Cryptomeria japonica) and Eucalyptus globulus after reactions with
MBES04 enzymes (27). Lancefield et al. reported an isolation method for HPV and HPS
from Birch lignin via catalytic oxidation of the B-aryl ether linkage in lignin, followed by
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FIG 1 Proposed catabolic pathway of arylglycerol-B-aryl ether in Sphingobium sp. strain SYK-6. The pathway for
both guaiacyl (R = H) and syringyl (R = OCH,)-type B-aryl ether compounds is shown. Enzymes: LigD, LigL, and
LigN, Ca-dehydrogenases; LigF, LigE, and LigP, B-etherases; LigG, glutathione S-transferase; HpvZ, HPV oxidase;
ALDHs, aldehyde dehydrogenases. Abbreviations: GGE, guaiacylglycerol-B-guaiacyl ether; MPHPV, a-(2-methoxy-
phenoxy)-B-hydroxypropiovanillone; GS-HPV, a-glutathionyl-B-hydroxypropiovanillone; HPV, B-hydroxypropiova-
nillone; HPS, B-hydroxypropiosyringone; VAL, vanilloyl acetaldehyde; SAL, 3-(4-hydroxy-3,5-dimethoxyphenyl)-3-
oxopropanal; VAA, vanilloyl acetic acid; SAA, 3-(4-hydroxy-3,5-dimethoxyphenyl)-3-oxopropanoic acid; CoA,
coenzyme A; VAA-CoA, CoA derivative of VAA.

zinc-mediated cleavage of the ether bonds (30). By combining these decomposition
methods with microbial catabolism of HPV and HPS, the development of a production
system for value-added chemicals from lignin is expected.

In the present study, we determined the catabolic pathway of HPV and HPS in SYK-6
and characterized the genes involved in the first two steps of the pathway.

RESULTS AND DISCUSSION

Determination of the pathway for the catabolism of HPV and HPS in Sphingo-
bium sp. strain SYK-6. In order to determine the catabolic pathway of HPV in SYK-6,

intermediate metabolites generated during the incubation of HPV with resting cells of
SYK-6 were identified. Resting cells of SYK-6 grown in Wx minimal medium (31)
containing 10 mM sucrose, 10 mM glutamate, 0.13 mM methionine, and 10 mM proline
(Wx-SEMP) were incubated with T mM HPV for 6 h, and the reaction mixtures were
analyzed by high-performance liquid chromatography-mass spectrometry (HPLC-MS).
This analysis indicated that HPV was converted into compound | with a retention time
of 3.1 min (Fig. 2B). Based on a comparison of the retention time and the m/z value of
the deprotonated ion of compound | to those of the authentic sample, this compound
was identified as vanillic acid (molecular weight [MW], 168) (Fig. 2C and see Fig. S1A
and B in the supplemental material). Next, a cell extract (>10 kDa) of SYK-6 cells grown
in Wx-SEMP was incubated with 200 uM HPV for 24 h. HPLC-MS analysis of the reaction
mixture showed that HPV was converted into compound Il with a retention time of 2.9
min (Fig. 2E). Positive electrospray ionization (ESI)-MS analysis of compound Il showed
a major fragment at m/z 298 (Fig. 2F). Based on the MW deduced from the major
fragment ion and additives in the reaction mixture, compound Il was identified as
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FIG 2 HPLC-MS analysis of HPV metabolites. Resting cells of SYK-6 (ODg,, of 5.0) and SYK-6 cell extracts (>10 kDa; 500 ug
of protein/ml) were incubated with 1T mM HPV (A and B) and 200 uM HPV (D and E), respectively. The same cell extracts
(>10 kDa) were incubated with HPV in the presence of 500 uM NAD* (G and H) and in the presence of 500 uM
NAD* + 2 mM CoA + 2.5 mM MgSO, + 2.5 mM ATP (J and K). Portions of the reaction mixtures were collected at the
start (A and D) and after 2 h (G and J), 6 h (B), and 24 h (E, H, and K) of incubation and then analyzed by HPLC. The ESI-MS
spectra of compounds | (negative mode), Il (positive mode), lll (negative mode), and IV (positive mode) are shown in panels
C, F, 1, and L, respectively. The asterisk (*) in panel | indicates an unidentified MS fragment that appeared between retention
times of 2.0 and 7.0 min in the HPLC chromatogram (H).

an imine derivative of vanilloyl acetaldehyde (VAL), 2-((3-hydroxy-3-(4-hydroxy-3-
methoxyphenyl)allylidene)amino)-2-(hydroxymethyl)propane-1,3-diol or its oxazolidine
product (VAL-Tris; MW, 297; see Fig. S1C and D in the supplemental material). It is
known that some aldehyde substrates, such as glyceraldehyde 3-phosphate, acetalde-
hyde, and benzaldehyde, react with Tris to form imine product, which is then trapped
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by one of the free hydroxyl groups forming an oxazolidine product (32). Furthermore,
Fukuzumi et al. attempted to synthesize VAL by Claisen-Wislicenus hydroxymethylene
condensation between acetovanillone and ethyl formate in the presence of metallic
sodium; however, cis-vanilloyl vinyl alcohol, a tautomer of VAL, was obtained as a major
product (33). It was thought that VAL had five possible tautomers, and the form of
hydroxyl vinyl ketone structure (vanilloyl vinyl alcohol) was stable (33). These observa-
tions suggested that VAL-Tris (imine product) was produced from HPV through oxida-
tion of Cy-alcohol catalyzed by the SYK-6 cell extract to generate VAL and to result in
the isomerization of VAL and condensation between a VAL isomer and Tris in the
reaction buffer. VAL-Tris (imine product) was then possibly converted to the oxazolidine
product.

When a SYK-6 cell extract (>10 kDa) was incubated with 200 uM HPV in the
presence of 500 uM NAD™ for 2 h, an accumulation of compound Ill with a retention
time of 4.7 min was observed (Fig. 2G). Negative ESI-MS analysis of compound llI
showed fragments at m/z 209 and 165 (Fig. 2I). Since these fragments seemed to
represent the deprotonated ion and its decarboxylated ion, respectively, compound Il
was identified as vanilloyl acetic acid (VAA; MW, 210; see Fig. S1E and F in the
supplemental material). VAL seems to be transformed to VAA by NAD"-dependent
aldehyde dehydrogenase(s) (ALDHs) (Fig. 1). In addition, when the same reaction
mixture was incubated for 24 h, compound IV with a retention time of 5.8 min was
generated (Fig. 2H). A comparison of the retention time and m/z value of the proto-
nated ion with those of the authentic sample indicated that compound IV was
acetovanillone (MW, 166; Fig. 2L and see Fig. S1G and H in the supplemental material).
Previously, Niwa and Saburi reported that VAA was spontaneously decarboxylated to
acetovanillone (Fig. 1) (34).

Because lignin-derived aromatic acids such as ferulate, p-coumarate, and caffeate
are catabolized via coenzyme A (CoA)-dependent pathways, we predicted that VAA is
catabolized through its Cvy activation by CoA (35-39). A SYK-6 cell extract (>10 kDa)
was therefore incubated with 200 uM HPV in the presence of 500 uM NAD™*, 2 mM CoA,
2.5 mM MgSO,, and 2.5 mM ATP. After incubation for 2 h, a decrease in HPV and an
accumulation of VAA (compound Ill) were observed (Fig. 2J). After further incubation
for 24 h, vanillic acid (compound I) and acetovanillone (compound IV) were observed
(Fig. 2K). Vanillic acid was generated only when CoA, ATP, and MgSO, were present.
This result strongly suggested that VAA was converted to vanillate through the CoA
derivative of VAA (Fig. 1).

Similarly, we examined the SYK-6 catabolic pathway of HPS. Resting SYK-6 cells
grown in Wx-SEMP were incubated with T mM HPS for 4 h, and the reaction mixtures
were analyzed by HPLC-MS. This analysis indicated that HPS was converted into
compound V with a retention time of 2.6 min (Fig. 3B). Negative ESI-MS analysis of
compound V showed a major fragment at m/z 197 (Fig. 3C). Based on a comparison of
the retention time and m/z value of the deprotonated ion with those of the authentic
sample, compound V was identified as syringic acid (MW, 198; see Fig. S1l and J in the
supplemental material). In order to clarify the more detailed catabolic pathway of HPS,
cell extracts (>10 kDa) prepared from SYK-6 cells grown in Wx-SEMP were incubated
with 200 uM HPS for 16 h. An accumulation of compound VI with a retention time of
1.8 min was observed (Fig. 3E). Negative ESI-MS analysis of compound VI showed a
major fragment at m/z 326 (Fig. 3F), suggesting the formation of an imine derivative
of 3-(4-hydroxy-3,5-dimethoxyphenyl)-3-oxopropanal (SAL), 2-((3-hydroxy-3-(4-hydroxy-
3,5-dimethoxyphenyl)allylidene)amino)-2-(hydroxymethyl)propane-1,3-diol, or its oxa-
zolidine product (SAL-Tris; MW, 327).

In the presence of 500 uM NAD™, the same cell extract (>10 kDa) converted
HPS into SAL-Tris (compound VI) and compound VIl with a retention time of 3.3 min
(Fig. 3H). Negative ESI-MS analysis of compound VIl showed fragments at m/z 239 and
195, which seemed to represent the deprotonated ion and its decarboxylated ion,
respectively (Fig. 3I). From these results, compound VIl was identified as 3-(4-hydroxy-
3,5-dimethoxyphenyl)-3-oxopropanoic acid (designated SAA; MW, 240). These results

April 2018 Volume 84 Issue 7 €02670-17

Applied and Environmental Microbiology

aem.asm.org 5


http://aem.asm.org

Applied and Environmental Microbiology

Higuchi et al.
A atstart B 4n C  compound V (syringic acid)
0.4 - HPS 0.4 - 1.2 1
(2.9 min) o 197
—~ 0.3 A —~ 0.3 o
= £ < 0.8-
V x
o 0.2 o 0.2 . >
=] [} (2.6 min) =
2 e @ i
S 011 S 041 \ S 04
< l < =
N £
. — T T g — T T T T — T 0 tebloct T T 1
0 1.0203.040506.07.0 0 1.0203040506.07.0 100 200 300 400 500
Retention time (min) Retention time (min) m/z
D  —cofactor E  -cofactor F
at start 16 h compound VI (SAL-Tris)
0.15 7 HPS 0.15 7 8.0
—~ - 2 sod 326
€ 0.10 4 £ 0.10 1 = o
[« (o Vl N
S S (1.8 min) 2 4.0
© 0.05 ©.0.05 - i o
o] =) (o) 4
2 = 2 2.0
) — o — 0-putls b 4
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 0 1.0 20 3.0 4.0 5.0 6.0 7.0 100 200 300 400 500
Retention time (min) Retention time (min) m/z
G  +NAD* H  +NAD* I
at start 16 h compound VII (SAA)
0.15 HPS 0.15 1 1.6
— o S 124 195
£ 0.10 £ 0.10 =
c c x
S S 208
L 0.05 A ©0.05 1 @
C
2 2 2 04+
< I < = 239
0 01 - |
— — 0 —tsh T T :
0 1.0 2.0 3.0 40 5.0 6.0 7.0 0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 100 200 300 400 500
Retention time (min) Retention time (min) m/z

FIG 3 HPLC-MS analysis of HPS metabolites. SYK-6 resting cells (ODg,, of 5.0) and SYK-6 cell extracts (>10 kDa; 500 ug of
protein/ml) were incubated with T mM HPS (A and B) and 200 uM HPS (D and E), respectively. The same cell extract (>10
kDa) was incubated with HPS in the presence of 500 uM NAD™ (G and H). Portions of the reaction mixtures were collected
at the start (A, D, and G) and after 4 h (B) and 16 h (E and H) of incubation and then analyzed by HPLC. The negative-ion
ESI-MS spectra of compounds V, VI, and VIl are shown in panels C, F, and |, respectively.

indicate that HPS was oxidized to SAA via SAL and may be degraded by the same
enzyme system involved in HPV catabolism (Fig. 1).

Basic properties of the enzyme involved in the conversion of HPV. In order to
characterize the enzymes involved in the catabolism of HPV in SYK-6, cofactor require-
ments and induction profiles of the HPV-transforming activities in SYK-6 were exam-
ined. The effects of the addition of 1-methoxy-5-methylphenazinium methylsulfate
(PMS), flavin adenine dinucleotide (FAD) + PMS, and NAD™* on the enzyme activities in
converting 200 uM HPV were investigated. When an extract of SYK-6 cells grown in
Wx-SEMP was incubated with HPV in the presence of PMS, the extract showed
1.8-fold-higher activity (4.2 = 0.7 nmol - min—' - mg~") than that in the absence of
cofactors (2.4 = 0.8 nmol - min~' - mg~"). On the other hand, the addition of FAD or
NAD* had no effect on the activity. These results suggested that an oxidase(s) that
requires an electron acceptor is involved in HPV oxidation. The HPV-oxidizing activity of
an extract of SYK-6 cells grown with GGE was also measured in the presence of PMS.
However, no activation was observed, suggesting the constitutive expression of the
gene(s) responsible for the oxidation of HPV.

Isolation of the gene involved in the conversion of HPV. A cosmid library of
SYK-6 constructed in Sphingomonas sanguinis IAM 12578 was screened for clones
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capable of degrading HPV. Of the 1,000 clones tested, three transconjugants degraded
HPV, and cosmids pSA53, pSA88, and pSA684 were isolated. Southern hybridization
analysis of the cosmid clones using Sall-digested pSA53 as a probe suggested that a
3.6-kb Sall fragment, a 2.0-kb Sall fragment, and two 1.0-kb Sall fragments were
commonly present in the above cosmids. Subcloning and nucleotide sequencing
showed that these Sall fragments were present in a 17.9-kb DNA fragment that
contained 13 genes corresponding to SLG_12790 through to SLG_12910. In this
fragment, SLG_12830 revealed 36 to 39% amino acid sequence identity with the
glucose-methanol-choline (GMC) oxidoreductase family enzymes, including (i) 3-(2-(4-
hydroxy-3-methoxyphenyl)-3-(hydroxymethyl)-7-methoxy-2,3-dihydrobenzofuran-5-
ylacrylic acid (DCA-C) oxidases (PhcC and PhcD) involved in the catabolism of dehy-
drodiconiferyl alcohol (DCA) in SYK-6 (40), (ii) AlkJ, which is involved in the oxidation of
primary alcohols to aldehydes in Pseudomonas putida GPo1 (41), and (iii) polyethylene
glycol dehydrogenase (PegA) of Sphingopyxis terrae (42).

The gene product of SLG_12830 catalyzes oxidation of HPV. SLG_12830 fused
with a His tag at the 5’ terminus was coexpressed in Escherichia coli with the trigger
factor chaperone. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of a cell extract prepared from E. coli harboring pCold12830 and pTf16 (hpvZ-
expressing E. coli) showed the expression of SLG_12830 (see Fig. S2 in the supplemental
material). In order to determine the reaction product, resting cells of the E. coli
transformant were incubated with 200 wM HPV in Tris-HCl buffer. HPLC-MS analysis
showed that HPV was almost completely converted and that VAL-Tris and compound
VIl with a retention time of 5.4 min were produced (Fig. 4A). When the same incubation
was performed in water, a significant amount of compound VIIl was observed without
the generation of VAL-Tris (Fig. 4B). Positive ESI-MS analysis of compound VIl showed
a major fragment at m/z 195 (Fig. 4C), suggesting that compound VIl was VAL (MW,
194). These results indicated that the gene product of SLG_12830 has the ability to
oxidize HPV into VAL.

Role of SLG_12830 in HPV and HPS catabolism. In order to examine whether
SLG_12830 is indeed involved in the conversion of HPV in SYK-6, an SLG_12830 mutant
(SMEOQ59) was created (see Fig. S3A and B in the supplemental material). The ability of
SMEO59 to convert HPV was assessed using resting cells. SMEO59 was no longer able to
convert HPV, whereas the wild type completely converted 200 uM HPV within 3 h (Fig.
4D). When GGE was used as a substrate, the conversion rates of the wild-type and
SMEQ59 strains were almost identical (Fig. 4E). However, only SME059 accumulated HPV
at a concentration approximately equimolar to the added GGE (Fig. 4E). In addition,
SMEO59 also completely lost the ability to convert HPS (Fig. 4F). The HPV conversion
defect of SME059 was complemented by the introduction of pJB12830 carrying
SLG_12830 (Fig. 4G). These results demonstrated that GGE is catabolized through HPV
in SYK-6 and that SLG_12830 is essential for the catabolism of HPV and HPS; thus, we
designated this gene hpvZ.

Cellular localization of HpvZ. In order to determine the cellular localization of
HpvZ, HPV-transforming activities of soluble and membrane fractions of SYK-6 cells
were compared. The HPV transforming activity in the cytoplasmic and membrane
fractions were estimated to be 0.6 = 0.1 nmol - min=" (7.5 mg of protein) and 0.5 *
0.1 nmol - min~" (0.9 mg of protein), respectively, based on the results that the ratio of
the amount of proteins in the soluble and membrane fractions was 75:9.4 (40). These
results indicated that HpvZ is localized to cytoplasm and cytoplasmic membrane.
Similarly, the GMC oxidoreductase family proteins, PhcC and PhcD from SYK-6, and
PegA from S. terrae have been suggested to localize to both the soluble and membrane
fractions (40, 43). Another GMC oxidoreductase family protein, AlkJ from P. putida GPo1,
and glucose dehydrogenase from Pseudomonas fluorescens, were localized to the
membrane (41, 44). Since there are no predicted signal sequences or hydrophobic
transmembrane segments in the deduced amino acid sequence of HpvZ, this enzyme
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FIG 4 Function and role of hpvZ in SYK-6. (A and B) Conversion of 200 uM HPV by resting cells of E. coli harboring
pCold12830 and pTf16 in Tris-HCl buffer (pH 7.5) (A) and water (B). Portions of the reaction mixtures were collected
after 6 h of incubation and analyzed by HPLC. The ESI-MS spectra of compound VIl (positive mode) are shown in
panel C. (D to F) Conversions of 200 uM HPV (D), GGE (E), and HPS (F) by resting cells of SYK-6 (open symbols) and
SMEO059 (closed symbols). Circles, triangles, and diamonds indicate the concentrations of HPV, GGE, and HPS,
respectively. (G) Complementation of SME059 with pJB12830. Cells of SYK-6 harboring pJB864 (circles), SME059
harboring pJB864 (triangles), and SME059 harboring pJB12830 (diamonds) were incubated with 200 uM HPV.
Experiments shown in panels D to G were performed in triplicate, and the data represent averages * the standard
deviations.

appears to be a peripheral cytoplasmic membrane protein like other membrane-
associated GMC oxidoreductase family enzymes.

Enzyme properties of HpvZ. Cell extracts prepared from hpvZ-expressing E. coli
were fractionated into the soluble and membrane fractions. SDS-PAGE of both fractions
showed the expression of hpvZ (see Fig. S2 in the supplemental material). The specific
activity for HPV of the membrane fraction was estimated to be 26 = 6 nmol - min~" -
mg-'. However, the soluble fraction showed no activity even in the presence of
PMS. The membrane fraction was treated with each of 10 different detergents, and
the solubilized HpvZ was obtained from the membrane fractions treated with
n-dodecylphosphocholine and 5-cyclohexyl-1-pentyl-B-p-maltoside. However, purified
HpvZ was not obtained due to the lack of adsorption of the enzyme to a nickel affinity
column. Therefore, the enzyme properties of HpvZ were examined using the mem-
brane fraction prepared from extracts of hpvZ-expressing E. coli cells.

The optimum pH and temperature for the activity of HpvZ were determined to be
pH 8.5 to 9.0 and at 40 to 45°C, respectively (see Fig. S4 in the supplemental material).

The substrate range of HpvZ was examined using 200 uM HPV, HPS, coniferyl
alcohol, sinapyl alcohol, cinnamyl alcohol, 3-(4-hydroxyphenyl)-1-propanol, homovanil-
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TABLE 1 Substrate range of HpvZ

Avg sp act?
Compound (nmol - min-' - mg-") = SD
HPV 26+ 6
HPS 40 £5
Coniferyl alcohol 8.0*04
Sinapyl alcohol 52+7
Cinnamyl alcohol 40+9
3-(4-Hydroxyphenyl)-1-propanol 8*+2
Homovanillyl alcohol ND
Vanillyl alcohol ND
GGE ND
MPHPV ND
DCA 13£2
DCA-C ND

9The membrane fraction of hpvZ-expressing E. coli (300 ng of protein/ml) was incubated with 200 uM
substrate in the presence of 500 uM PMS. The data represent the averages *+ standard deviations of three
independent experiments. ND, not detected.

lyl alcohol, vanillyl alcohol, GGE, MPHPV, DCA, and DCA-C (see Fig. S5 in the supple-
mental material). HPLC analyses of the reaction mixtures indicated that HpvZ showed
no activity for a C,—C, monomeric alcohol (homovanillyl alcohol), a C,.-C; monomeric
alcohol (vanillyl alcohol), and lignin-derived biaryls, including GGE, MPHPV, and DCA-C
(Table 1). On the other hand, HpvZ showed activities toward all of the C,.~C5; mono-
meric alcohols (3-phenyl-1-propanol derivatives; Table 1). Generally, GMC oxidoreduc-
tase family enzymes act on hydroxyl groups of alcohols, carbohydrates, or sterols (45).
For example, an aryl-alcohol oxidase from Pleurotus eryngii is able to oxidize a variety
of aromatic alcohols and aldehydes, including coniferyl alcohol and cinnamyl alcohol
(46). On the contrary, PhcC and PhcD specifically oxidize the alcohol group at Cy of the
A-ring side chain of DCA-C and DCA, although PhcC has a weak activity for coniferyl
alcohol (40). HpvZ was able to oxidize the alcohol group at Cy of the B-ring side chain
of DCA, which is different from the regiospecificity of PhcC and PhcD (data not shown).

Among the enzymes belonging to the GMC oxidoreductase family, an FAD-binding
domain (GMC_oxred_N; Pfam PF00732) is conserved in the N-terminal region. This
domain includes the typical GxGxxG/A sequence motif, which is indicative of the
Rossmann fold involved in binding the ADP moiety of FAD (47). A substrate-binding
domain is also conserved in the C-terminal region, although this domain is less
conserved. In addition, an active-site histidine, which can assist in substrate oxidation
and FAD reoxidation by molecular oxygen, is generally conserved (45, 47). These
domains and the residue are also conserved in HpvZ (see Fig. S6 in the supplemental
material). To identify the flavin cofactor in HpvZ, a supernatant obtained by heat
treating the membrane fraction containing HpvZ was analyzed by HPLC. However, a
significant peak was not observed. Furthermore, the specific activities in the presence
of FAD (26 = 8 nmol - min~' - mg~") or flavin mononucleotide (27 = 1 nmol - min~" -
mg-') were almost equivalent to that in the absence of any flavin cofactors (26 = 6
nmol - min~' - mg~'). GMC oxidoreductase family enzymes generally contain either
covalently or noncovalently bound FAD (45). Choline oxidase from Arthrobacter glo-
biformis (48) and pyranose dehydrogenase (AmPDH) from Agaricus meleagris (49)
have covalently bound FAD. Our results suggested that HpvZ may also covalently bind
to FAD. Moreover, although purified inactive HpvZ was obtained from the soluble
fraction of the hpvZ-expressing E. coli cells, UV-visible spectra of the enzyme showed no
absorption at 454 nm, indicating the absence of flavin cofactor in the enzyme (data not
shown). This result suggested that HpvZ produced in the E. coli cytoplasm lacked FAD
as a prosthetic group.

In vivo electron acceptor of HpvZ. AlkJ and PegA are able to use ubiquinone
(CoQ,,) and its derivatives (CoQ, and CoQ;,) as electron acceptors for the oxidation of
their substrates (41, 42). PhcC and PhcD have also been shown to be able to use CoQ,
and CoQ, as electron acceptors, as well as PMS (40). Furthermore, electron transport
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from AlkJ to cytochrome c in the presence of CoQ, has been observed (41). Therefore,
the electrons that are removed from the substrate by AlkJ, PegA, and PhcC/PhcD are
thought to be transferred to the respiratory chain. Based on these observations, we
predicted that HpvZ could use ubiquinone as an electron acceptor in the oxidation of
HPV. When using a membrane fraction of SYK-6 cells harboring pJB12830 (hpvZ-
expressing SYK-6), HpvZ showed 1.2- and 1.6-fold-higher specific activities in the
presence of CoQ, (27 £ 2 nmol - min~" - mg~") and CoQ, (36 = 6 nmol - min~' - mg~"),
respectively, than that in the absence of cofactors (22 = 1 nmol - min=' - mg~"). The
specific activity in the presence of CoQ, was almost equivalent to that obtained using
PMS (40 = 3 nmol - min~' - mg~"). These results suggested that HpvZ is able to use
ubiquinone as an electron acceptor in vivo. However, no increase in HpvZ activity was
observed when the membrane fraction of hpvZ-expressing E. coli was used. The
difference in the increase in HpvZ activities between the membrane fractions of
hpvZ-expressing SYK-6 and E. coli cells in the presence of ubiquinone derivatives may
be caused by a difference in the abundance of ubiquinone in the membrane fractions.

Identification of the ALDH genes responsible for the conversion of VAL. To
obtain more information on the properties of the enzymes involved in the conversion
of VAL in SYK-6, cofactor requirements of the enzyme activity were examined. Cell
extracts (>10 kDa) of SYK-6 grown in lysogeny broth (LB) were incubated with 200 uM
HPV in the presence of FAD, NAD*, and NADP™ for 2 h. In the presence of NAD* and
NADP™, VAA accumulated to levels of 95 = 9 uM and 86 * 6 uM, respectively, while
the accumulation of VAA was not observed in the presence of FAD. These results
suggested that NAD*/NADP*-dependent ALDHs play a major role in VAL oxidation.

Previously, 23 ALDH genes were predicted to be present in the SYK-6 genome (50,
51). To examine the ability of the putative 23 ALDH gene products to oxidize VAL, these
genes were expressed in E. coli using expression plasmids constructed in a previous
study (51). SDS-PAGE showed sufficient gene expression, except for SLG_32240 and
SLG_34940 (see Fig. S7 in the supplemental material). Since HPV was converted to
VAL-Tris during incubation with HpvZ in Tris-HCl buffer, we used HEPES buffer (pH 7.5)
and sodium phosphate buffer (pH 7.5) to prepare VAL from HPV using HpvZ. However,
HPV was converted to unknown products in HEPES buffer, and the reaction product
was not detected in sodium phosphate buffer (data not shown). In addition, the HPV
conversion rate was significantly decreased in HEPES buffer (approximately 60%) and
sodium phosphate buffer (approximately 50%). Therefore, we examined the ability of
these 21 ALDHs to convert VAL by measuring the amount of VAA produced from HPV
when HPV was reacted with both HpvZ and each ALDH in Tris-HCl buffer (pH 7.5).
Resting cells of E. coli expressing each ALDH gene and hpvZ-expressing E. coli were
mixed and incubated with 100 uM HPV for 12 h. When resting cells of E. coli harboring
a vector and the hpvZ-expressing E. coli were incubated with HPV, VAA was not
generated, whereas VAL-Tris accumulated. On the other hand, when E. coli cells
carrying each of the 13 ALDH genes (SLG_07270, SLG_07610, SLG_07790, SLG_09510,
SLG_11410, SLG_12800, SLG_18210, SLG_20400, SLG_27910 [bzaA], SLG_27920 [bzaB],
SLG_28150, SLG_31150, and SLG_38120) were used instead of the control vector, HPV
was converted into VAA (Fig. 5A). Of the 13 ALDH genes, when incubating with E. coli
carrying SLG_07270, SLG_12800, SLG_18210, SLG_20400, bzaA, bzaB, and SLG_31150,
larger amounts of VAA accumulated (Fig. 5A). We therefore measured the VAA pro-
duction time course using E. coli carrying these seven ALDH genes and the hpvZz-
expressing E. coli. Of these, E. coli carrying SLG_07270, SLG_12800, SLG_20400, and
bzaB produced a greater amount of VAA than E. coli carrying one of the three other
ALDH genes (Fig. 5B). Specifically, when using E. coli carrying SLG_20400, the amount
of VAA produced was the greatest, and no VAL-Tris was detected at any of the sampling
points (Fig. 5B).

In order to examine whether SLG_07270, SLG_12800, SLG_20400, and bzaB are
involved in the conversion of VAL in SYK-6, SLG_07270 mutant (SME092) and
SLG_20400 mutant (SME061) were created (see Fig. S3C to F in the supplemental
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FIG 5 Identification of ALDH genes involved in VAL conversion. (A) Resting cells of E. coli carrying each
of the 23 SYK-6 ALDH genes (ODg,, of 1.0) were incubated with 100 uM HPV in the presence of resting
cells of E. coli harboring pCold12830 and pTf16 (0D, of 5.0). The amounts of VAA produced in the
reaction mixtures containing each of the ALDH gene-expressing cells are shown as the relative ratio to
that in the reaction mixture containing SLG_20400-expressing cells. ND, VAA was not detected. (B) Time
course of the production of VAA during incubation of 100 uM HPV with cells of E. coli harboring
pCold12830 and pTf16 (ODg,, of 10.0) and E. coli carrying the following ALDH genes (ODg,, of 1.0):
SLG_20400 (@), SLG_07270 (A), bzaB (W), SLG_12800 (), SLG_18210 (O), bzaA (A), and SLG_31150 ().
E. coli cells harboring pET-21a(+) were used as a negative control (<¢). (C) Accumulation of VAL-Tris
during incubation of 1 mM HPV with cells of E. coli harboring pCold12830 and pTf16 (ODg, of 10.0) and
the following mutants of the ALDH genes (ODg,, of 0.5): SME061 (ASLG_20400; @), SME045 (AbzaB; W),
SMEQ92 (ASLG_07270; A), and SME031 (ASLG_12800; ®). SYK-6 cells were used as a control (¢). These
experiments were performed in triplicate, and the data represent averages * the standard deviations.

material). Resting cells of SME092, SME061, and the previously created SLG_12800
mutant (SME031) and bzaB mutant (SME045) were incubated with 1T mM HPV in the
presence of hpvZ-expressing E. coli cells. SME0O61 accumulated a 1.8-fold greater
amount of VAL-Tris than the wild type or the other mutants after 20 h of incubation
(Fig. 5C). These results suggested that SLG_20400 is involved in VAL oxidation. How-
ever, SMEO61 accumulated only 75 uM VAL-Tris at 20 h of incubation. Therefore,
multiple ALDHs, including SLG_20400, appear to be involved in the conversion of VAL.
Our previous phylogenetic analysis of the 23 ALDH genes in SYK-6 and other known
ALDH genes indicated that 13 SYK-6 ALDH genes, the products of which showed VAL
oxidation activities, are phylogenetically diverse (51). SLG_20400 clustered with calB,
which encodes coniferyl aldehyde dehydrogenase from Pseudomonas sp. strain HR199,
which shared 33% amino acid sequence identity with SLG_20400 (51, 52). The involve-
ment of multiple ALDH genes in SYK-6 was also shown in the oxidation of vanillin,
syringaldehyde, and an intermediate metabolite of DCA (DCA-L) (50, 51). Another
example of the involvement of multiple ALDH genes in the conversion of vanillin has
also been reported for P. putida KT2440 (53). Since ALDHs exhibit broad substrate
ranges in general, multiple ALDHs are likely to play roles in the oxidation of aromatic
aldehydes to their acids.

Candidate genes for the catabolism of VAA. In a previous report, Palamuru et al.
detected vanillin as a metabolite when SYK-6 cells were incubated with GGE (24).
However, vanillin was not observed during the conversion of HPV (Fig. 2). In order to
examine whether vanillin is an actual intermediate in HPV catabolism, resting cells of a
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FIG 6 Conversion of VAA by a desV ligV double mutant. Resting cells of the desV ligV double mutant (SME077) were
incubated with 100 uM VAA (A to C) and 1 mM ferulate (D to F). Portions of the reaction mixtures were collected at the
start (A and D) and after 2 h (B and E) and 4 h (C and F) of incubation and then analyzed by HPLC using the two different
analytical conditions described in Materials and Methods. The retention times of vanillin separated under the analytical
conditions for the reaction mixtures of VAA (A to C) and ferulate (D to F) were 2.9 and 2.4 min, respectively.

desV ligV double mutant (SME077), which has a weak ability to convert vanillin (51),
were incubated with 100 uM VAA or 1 mM ferulate. Only the accumulation of vanillate
and acetovanillone was observed at any of the sampling points (1, 2, 4, 6, and 24 h) in
the mixture for the VAA conversion, whereas the mixture for the ferulate conversion
accumulated a significant amount of vanillin in addition to vanillate (Fig. 6; chromato-
grams at 2 and 4 h of incubation are shown). In addition, when a cell extract (>10 kDa)
of SMEQ77 was incubated with 100 uM VAA in the presence of CoA, MgSO,, and ATP,
only the accumulation of vanillate and acetovanillone was observed (see Fig. S8 in the
supplemental material). These results suggested that VAA was catabolized to vanillate
without passing through vanillin as an intermediate.

We hypothesized that the feruloyl-CoA synthetase gene (ferA) and feruloyl-CoA
hydratase/lyase genes (ferB and ferB2) may be involved in VAA catabolism based on the
structural similarity between VAA and ferulic acid (36). These genes were adequately
expressed in E. coli (see Fig. S9 in the supplemental material). When crude FerA was
incubated with 100 uM VAA in the presence of CoA, MgSO,, and ATP for 60 min,
compound IX with a retention time of 1.7 min was generated (see Fig. S10B in the
supplemental material). Negative ESI-MS analysis of compound IX showed fragments at
m/z 959 (M — H]7) and 479 ([IM — 2H]?7), suggesting that compound IX was the CoA
derivative of VAA (VAA-CoA; MW, 960) (see Fig. S10E in the supplemental material).
However, no other peak except VAA-CoA was observed when crude enzymes of
FerA + FerB and FerA + FerB2 were incubated with VAA, respectively (see Fig. S10C
and D in the supplemental material). Therefore, FerB and FerB2 appear to be not
involved in the conversion of VAA-CoA.

In order to examine whether ferA is indeed involved in the conversion of VAA in
SYK-6, resting cells of a previously created ferA mutant (SME009) grown in LB were
incubated with 100 uM VAA. SMEO09 showed a higher conversion rate for VAA than
that of the wild type (see Fig. S11 in the supplemental material), suggesting that ferA
is not essential for the catabolism of VAA. The reason for the high conversion rate of
VAA of SMEOQOQ9 is not clear but disruption of ferA may cancel the substrate competition
between FerA and (an) unidentified true VAA-converting enzyme(s).
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Recently, the catabolic pathway of p-hydroxycinnamate derivatives, such as dihy-
droferulate, ferulate, and p-coumarate in Rhodococcus jostii RHA1, were characterized
(37). In this pathway, dihydroferulate was catabolized to vanillate via VAA-CoA. VAA-
CoA was converted into vanillate and acetyl-CoA by the gene product of couO (ro0512),
which encodes 4-hydroxyphenoxy-B-ketoacyl-CoA hydrolase. CouO was predicted to
be a zinc-dependent metalloenzyme belonging to amidohydrolase superfamily. Or-
thologs of couO, showing 53 to 58% amino acid sequence identity, have also been
found and characterized in Agrobacterium fabrum C58 (Atu1421) (38) and Corynebac-
terium glutamicum (phdC) (39). In the SYK-6 genome, we found SLG_12680, which
exhibited 50% amino acid sequence identity with CouO. We are currently investigating
the function of the gene product of SLG_12680 and exploring the actual VAA-
converting enzyme gene.

Genome search for orthologs of hpvZ in other bacteria. Since HpvZ is essential
for the catabolism of HPV and HPS, the presence of this gene determines whether
bacteria can utilize the A-ring portion of B-aryl ether compounds. BLAST searches of
hpvZ were carried out to determine the distribution of its orthologs among bacteria.
The hpvZ orthologs that showed high amino acid sequence identity (62%-92%) were
found in Altererythrobacter sp. strain Root672 (ASD76_15935), Altererythrobacter atlan-
ticus (WYH_02786), Erythrobacter sp. strain SG61-1L (SZ64_15220), Sphingomonas heng-
shuiensis WHSC-8 (TS85_07880), and Sphingobium sp. strain 66-54 (BGP16_16810). All of
these bacteria possess orthologs of the genes responsible for the conversion of GGE
into HPV. Among these strains, SG61-1L was reported to be able to utilize GGE as the
sole source of carbon and energy (24). In contrast, Novosphingobium sp. strain MBES04
accumulated HPV from GGE (23). Consistent with this observation, MBESO4 possesses
GMC oxidoreductase family enzyme genes, whose products showed less than 37%
amino acid sequence identity with HpvZ. Similarly, no hpvZ orthologs were found in
Novosphingobium sp. strain PP1Y and Novosphingobium aromaticivorans DSM 12444,
which possess orthologs of the genes responsible for converting GGE into HPV. Due to
the lack of hpvZ, PP1Y and DSM 12444 also appear to be able to utilize only the portion
of the B-ring of B-aryl ether compounds as carbon and energy sources.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The strains and plasmids used in this study are
listed in Table 2. Sphingobium sp. strain SYK-6 and its mutants were grown in LB, Wx-SEMP, and Wx-SEMP
containing 5 mM GGE at 30°C. S. sanguinis 1AM 12578 was grown in LB at 30°C. When necessary, 50 mg
kanamycin/liter, 100 mg streptomycin/liter, or 300 mg carbenicillin/liter were added to the cultures. E.
coli strains were grown in LB at 37°C. For cultures of cells carrying antibiotic resistance markers, the media
for E. coli transformants were supplemented with 100 mg ampicillin/liter, 25 mg kanamycin/liter, or 12.5
mg chloramphenicol/liter. The synthesis of each HPS and HPV compound is described in detail below
(Fig. 7).

Synthesis of HPS (S-Hibbert-Westwood-Lancefield ketone). (i) Synthesis of 4-((tert-butyl-
dimethylsilyl)oxy)-3,5-dimethoxybenzaldehyde (compound A). To synthesize compound A,
4-dimethylaminopyridine (4-DMAP; 13.4 g, 109.8 mmol, 1.0 eq) and imidazole (Imid; 14.9 g, 219.6, 2.0 eq)
were added to a stirring solution of syringaldehyde (20.0 g, 109.8 mmol, 1.0 eq) in dichloromethane
(DCM; 600 ml, ¢ = 0.18 M). The resulting mixture was allowed to stir for 5 min, and then tert-
butyldimethylchlorosilane (TBSCI; 17.3 g, 115.3 mmol, 1.1 eq) was added. The mixture was stirred at room
temperature for 1 h. After the reaction had reached completion, it was neutralized with a saturated
aqueous solution of NH,Cl (2 X 300 ml). The organic layer was further washed with water (500 ml) and
brine (300 ml), dried with MgSO,, filtered, and concentrated in vacuo. Purification by silica gel chroma-
tography using 5 to 10% ethyl acetate in petroleum ether afforded compound A as a white solid (26.6
g, 89.8 mmol, 82%). Analytical data for compound A agreed with those reported previously (54). '"H NMR
(500 MHz, CDCl;) 6 9.79 (s, 1H), 7.07 (s, 2H), 3.84 (s, 6 H), 0.98 (s, 9H), 0.13 (s, 6H); >*C NMR (125 MHz, CDCl,)
8 191.1, 152.0, 140.7, 129.4, 106.7, 55.8, 25.8, 18.9, —4.46.

(ii) Synthesis of ethyl 3-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethoxyphenyl)-3-hydro-
xypropanoate (compound B). Ethyl acetate (4.2 g, 47.5 mmol, 1.3 eq) was added to a cooled solution
of lithium bis(trimethylsilyl)amide (LiIHMDS; 1.0 M in tetrahydrofuran [THF]; 47.5 ml, 47.5 mmol, 1.3 eq)
in THF (100 ml) at —78°C. After 15 min, a solution of compound A (10.8 g, 36.6 mmol, 1.0 eq) in THF (20
ml, overall ¢ = 0.30 M) was added at —78°C, and the resulting mixture was left to stir at this temperature
for 1 h. After the reaction had reached completion, it was quenched with saturated aqueous solution of
NH,Cl (2 X 300 ml) and extracted with ethyl acetate (500 ml). The organic layer was further washed with
water (500 ml) and brine (300 ml), dried with MgSO,, filtered, and concentrated in vacuo. Purification by
silica gel chromatography using 10 to 20% ethyl acetate in petroleum ether afforded compound B as a
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TABLE 2 Strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)?

Reference or source

Strains

Sphingobium sp.
SYK-6
SMEO009
SME031
SMEO045
SME059
SME061
SMEQ77
SME092

Sphingomonas sanguinis |AM 12578

Escherichia coli
BL21(DE3)

HB101
NEB 10-beta

Plasmids
pVK100
pRK2013
pT7Blue
pBluescript Il KS(+) and SK(+)
pucCi19
pET-16b
pET-21a(+)
pCold |
pTf16
pK18mobsacB
pK19mobsacB
plK03
pJB864
pAK405

pSA53

pSA88
pSA684
pT7B12830
pCold12830
pBH37F
puUC12830
pUC12830K
pKmb12830K
pJB12830

pLVH

pT21-0727
pT21-0761
pT21-0779
pT21-0940
pT21-0951
pT21-0992
pT21-1141
pT21-1202
pT21-1219
pT21-1280
pT21-1821
pT21-2040
pT21-2721
pT21-2791
pT21-2792
pT21-2815
pT21-2832
pT21-3115

Wild type; Nal” Sm~

SYK-6 derivative; ferA::kan; Nal"* Sm" Km*

SYK-6 derivative; SLG_12800::kan; Nal" Sm" Km*
SYK-6 derivative; bzaB::tet; Nal* Smr Tc"

SYK-6 derivative; hpvZ::kan; Nal" Smr Km"

SYK-6 derivative; ASLG_20400; Nal* Sm"

SYK-6 derivative; desV:cat ligV:kan; Nal” Sm" Cm" Km"
SYK-6 derivative; SLG_07270::kan; Nal" Sm" Km*

Nalr

F~ ompT hsdSg(rg~ mg™~) gal decm (DE3); T7 RNA polymerase gene under
the control of the lacUV5 promoter

recA13 supE44 hsd20 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1

araD 139 A(ara-leu)7697 fhuA lacX74 galK (¢80 AlacZ AM15) recA1 endA1
nupG rpsL (Sm") A(mrr-hsdRMS-mcrBC)

Broad-host-range cosmid vector; Km" Tc"

Tra* Mob™ ColE1 replicon; Km"

Cloning vector; Ap"

Cloning vector; Ap"

Cloning vector; Ap"

Expression vector; T7 promoter; Ap"

Expression vector; T7 promoter; Ap"

Expression vector; cspA promoter; Ap”

Expression vector for tig; araB promoter; Cm’

oriT sacB; Kmr©

oriT sacB; Km*

KS(+) with a 1.3-kb EcoRV fragment carrying kan of pUC4K; Ap" Km"

RK2 broad-host-range expression vector; Ap™ Cb" P, xylS

Plasmid for allelic exchange and markerless gene deletions in
sphingomonads; Km®

pVK100 with partially Sall-digested fragments of SYK-6 carrying hpvZ

pVK100 with partially Sall-digested fragments of SYK-6 carrying hpvZ

pVK100 with partially Sall-digested fragments of SYK-6 carrying hpvZ

pT7Blue with a 1.7-kb PCR amplified fragment carrying hpvZ

pCold | with a 1.7-kb Ndel-BamHI fragment carrying hpvZ from pT7B12830

SK(+) with a 3.7-kb Hindlll fragment carrying hpvZ from pSA53

pUC19 with a 2.0-kb Sall fragment of pBH37F

pUC12830 with a 1.3-kb Sall-BamHI fragment of pIK03 carrying kan

pK19mobsacB with a 3.1-kb Sall fragment of pUC12830K

pJB864 with a 2.3-kb BamHI-Sacll (blunted) fragment carrying hpvZ from
pBH37F

pET-21a(+) with a 1.9-kb Ndel-Xhol fragment carrying ligV

pET-21a with a 1.5-kb Ndel-BamHI fragment carrying SLG_07270

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_07610

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_07790

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_09400

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_09510

+F

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_09920

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_11410

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_12020
JF

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_12800
pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_18210
pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_20400
pET-21a with a 1.5-kb Ndel-BamHI fragment carrying SLG_27210
pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying bzaA

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying bzaB

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_28150
pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_28320
pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_31150

+F

)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_12190
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

65
36
66
67
This study
This study
51
This study
68

69

70
New England Biolabs

62

71
Novagen
72

73
Novagen
Novagen
TaKaRa Bio
TaKaRa Bio
74

74

75

76

64

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

77
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
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TABLE 2 (Continued)
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Strain or plasmid Relevant characteristic(s)? Reference or source
pT21-3224 pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_32240 51
pT21-3494 pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_34940 51
pT21-3812 pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_38120 51
pT21-p0068 pET-21a(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_p_00680 51
pKS0727 KS(+) with a 1.5-kb Ndel-BamHI fragment carrying SLG_07270 51
pKmb07270 pK18mobsacB with a 1.5-kb Hindlll-Xbal carrying SLG_07270 from pKS0727 This study
pKmb07270K pKmb07270 with a 1.3-kb EcoRV fragment carrying kan from plK03 into This study

Nrul site of SLG_07270
pAK20400 pAK405 with a 2.3-kb deletion cassette carrying up- and downstream This study
regions of SLG_20400
pE16FA pET-16b with a 2.2-kb Ndel-BamHI fragment carrying ferA 31
pE16FB pET-16b with a 0.9-kb Ndel-BamHI PCR amplified fragment carrying ferB This study
pE16FB2 pET-16b with a 1.1-kb Ndel-BamHI PCR amplified fragment carrying ferB2 This study

aKmr, Nal", Sm", Ap", Tc", Cm", and Cbr, resistance to kanamycin, nalidixic acid, streptomycin, ampicillin, tetracycline, chloramphenicol, and carbenicillin, respectively.

light-yellow solid (12.5 g, 32.7 mmol, 89%). '"H NMR (500 MHz, CDCl,) 8 6.51 (s, 2H), 5.00 (dt, J = 9.0, 3.5
Hz, 1H), 4.13 (g, J = 7.0 Hz, 2H), 3.74 (s, 6H), 3.36 (m, 1H), 2.70 (dd, J = 16.0, 9.0 Hz, 1H), 2.63 (dd, J =
16.0, 3.5 Hz, TH), 1.22 (t, J = 7.0 Hz, 3H), 0.97 (s, 9H), 0.08 (s, 6H); ">*C NMR (125 MHz, CDCl;) 8 172.4, 151.5,
135.2, 133.6, 102.5, 70.6, 60.8, 55.7, 43.7, 25.8, 18.7, 14.2, —4.7.

(iii) Synthesis of 1-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethyoxyphenyl)propane-1,3-diol
(compound C). A suspension of LiAlH, (1.4 g, 37.8 mmol, 2.2 eq) in THF (100 ml) was cooled to —20°C.
After 15 min, a solution of compound B (6.6 g, 17.2 mmol, 1.0 eq) in THF (20 ml, overall ¢ = 0.14 M) was
added at —20°C, and the resulting mixture was left to stir at this temperature for 1 h. After the reaction
had reached completion, it was poured slowly into a stirring mixture of ethyl acetate (300 ml) and
saturated aqueous solution of Na,S,0; (2 X 300 ml). The organic layer was washed brine (300 ml), dried
with MgSO,, filtered, and concentrated in vacuo. Purification by silica gel chromatography using 5 to 10%
methanol in DCM afforded compound C as a colorless oil (5.62 g, 16.4 mmol, 96%). "H NMR (500 MHz,
CDCl,) 6 6.49 (s, 2H), 4.79 (dd, J = 8.5, 3.5 Hz, m, 1H), 3.77 (m, 2H), 3.75 (s, 6H), 3.32 (s, 1H), 2.93 (s, TH),
1.94 (dddd, J = 14.0, 8.5, 7.0, 5.0 Hz, TH), 1.84 (ddt, J = 14.0, 5.5, 4.0 Hz, 1H), 0.98 (s, 9H), 0.09 (s, 6H); '3C
NMR (125 MHz, CDCl,) 8 151.6, 137.2, 133.5, 102.6, 74.6, 61.5, 55.8, 40.6, 25.9, 18.8, —4.6.

(iv) Synthesis of 1-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethyoxyphenyl)-3-hydroxypropan-
1-one (compound D). 2,3-Dichloro-5,6-dicyanobenzoquinone (DDQ) (4.1 g, 18.1 mmol, 1.05 eq) was
added to a stirring solution of compound C (5.6 g, 16.4 mmol, 1.0 eq) in THF (160 ml, ¢ = 0.10 M) at 22°C,
and the resulting mixture was left to stir at this temperature for 12 h. Afterward, the reaction mixture was
diluted with ethyl acetate (300 ml) and washed with saturated aqueous solution of Na,S,0; (2 X 300 ml).
The organic layer was washed with water (300 ml) and brine (300 ml), dried with MgSO,, filtered, and
concentrated in vacuo. Purification by silica gel chromatography using 2 to 5% methanol in DCM
afforded compound D as a white solid (5.1 g, 14.9 mmol, 91%). 'H NMR (500 MHz, CDCl,) & 7.16 (s, 2H),
3.97 (app q, J = 5.5 Hz, 2H), 3.80 (s, 6H), 3.15 (t, J = 5.5 Hz, 2H), 3.01 (app t, J = 6.0 Hz, 1H), 0.97 (s, 9H),
0.11 (s, 6H); "*C NMR (125 MHz, CDCl,) 6 199.1, 151.4, 139.9, 129.4, 105.6, 58.3, 55.8, 40.0, 25.7, 18.8, —4.6.

(v) Synthesis of HPS. Tetrabutylammonium fluoride (TBAF; 1.0 M in THF, 8.8 ml, 8.8 mmol, 3.0 eq)
was added to a stirring solution of compound D (1.0 g, 2.9 mmol, 1.0 eq) in THF (15 ml, ¢ = 0.20 M) at

O TBsCI, 4-DMAP o LiHMDS OH
R " Imid., DCM R H EtOAC R OEt
i, 1h THF, -78°C
HO TBSO 1h TBSO
OCHs3 OCHs OCHs3
syringaldehyde (R = OCHs) A (R =OCHs) B (R = OCH3)
vanillin (R = H) E (R=H) F (R=H)
LiAIH,, THF
-20°C,1h
o o OH
R R R
OH JBAF, THF OH «—PPQ OH
1h,rt THF, rt
HO TBSO 12h  TBSO
OCHs OCHs OCHs
HPS (R = OCHs) D (R = OCH) C (R = OCH:)
HPV (R=H) H (R=H) G (R=H)

FIG 7 Synthetic routes to HPS and HPV.
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22°C, and the resulting mixture was left to stir at this temperature for 1 h. Afterward, the reaction mixture
was diluted with ethyl acetate (300 ml) and washed with saturated aqueous solution of NH,Cl (2 X 300
ml). The organic layer was washed water (300 ml) and brine (300 ml), dried with MgSO,, filtered, and
concentrated in vacuo. The crude material was recrystallized in petroleum ether and washed with a
minimum amount of ethyl acetate to afford compound HPS as a white solid (0.5 g, 2.3 mmol, 77%).
Spectroscopic data agreed with those reported previously (30). High-resolution MS [M — H]* calculated.
For C,,H,505 225.0800; found 225.0766; 'H NMR (500 MHz, DMSO-d,) & 9.34 (s, 1H), 7.24 (s, 2H), 4.59 (s,
1H), 3.83 (s, 6H), 3.77 (t, J = 6.5 Hz, 2H), 3.10 (t, J = 6.5 Hz, 2H); *C NMR (125 MHz, DMSO-dy) & 197.4,
147.6, 140.8, 127.5, 106.0, 57.3, 56.1, 41.0.

Synthesis of HPV (G-Hibbert-Westwood-Lancefield ketone). (i) Synthesis of 4-((tert-butyl-
dimethylsilyl)oxy)-3-methoxybenzaldehyde (compound E). Compound E was synthesized using the
same experimental procedure as that described for the synthesis of compound A. To vanillin (19.2 g,
126.0 mmol, 1.0 eq) in DCM (500 ml, ¢ = 0.25 M) was added 4-DMAP (15.4 g, 126.0 mmol, 1.0 eq),
imidazole (17.1 g, 252.0 mmol, 2.0 eq), and TBSCI (1.2 eq). Purification by silica gel chromatography using
5 to 10% ethyl acetate in petroleum ether afforded compound E as a colorless oil (30.0 g, 113.1 mmol,
90%). The spectroscopic data were in agreement with previously reported findings (55). '"H NMR (400
MHz, CDCl,) 6 9.73 (s, 1H), 7.27 (m, 2H), 6.85 (d, J = 8.0 Hz, 1H), 3.74 (s, 3H), 0.90 (s, 9H), 0.09 (s, 6H); '3C
NMR (100 MHz, CDCl,) 8 190.5, 151.4, 151.0, 130.9, 125.8, 120.5, 110.0, 55.1, 25.4, 18.3, —4.78.

(ii) Synthesis of ethyl 3-(4-((tert-butyldimethylsilyl)oxy)-3-methoxyphenyl)-3-hydroxypro-
panoate (compound F). Compound F was synthesized using the same experimental procedure as that
described for the synthesis of compound B. Compound E (10.9 g, 41.0 mmol, 1.0 eq) in THF (140 ml, ¢
= 0.29 M), LIHMDS (1.0 M in THF; 53.2 ml, 53.2 mmol, 1.3 eq), and ethyl acetate (4.7 g, 53.2, 1.3 eq) were
combined. Purification by silica gel chromatography using 10 to 30% ethyl acetate in petroleum ether
afforded compound F as a light-yellow oil (11.9 g, 33.6 mmol, 81%). '"H NMR (500 MHz, CDCl,) 6 6.84 (d,
J = 1.5 Hz, 1H), 6.72 (m, 2H), 4.98 (dt, J = 5.0, 3.5 Hz, 1H), 4.09 (q, J = 7.0 Hz, 2H), 3.73 (s, 3H), 3.50 (m,
1H), 2.68 (dd, J = 16.0, 9.5 Hz, 1H), 2.59 (dd, J = 16.0, 4.0 Hz, 1H), 1.18 (t, J = 7.0 Hz, 3H), 0.95 (s, 9H),
0.09 (s, 6H); *C NMR (125 MHz, CDCl,) § 172.3, 150.9, 144.4, 136.3, 120.6, 118.0, 109.5, 70.2, 60.7, 55.3,
43.6, 25.7, 184, 14.1, —4.7.

(iii) Synthesis of 1-(4-((tert-butyldimethylsilyl)oxy)-3-methyoxyphenyl)propane-1,3-diol (com-
pound G). Compound G was synthesized using the same experimental procedure as that described for
the synthesis of compound C. LiAlH, (1.6 g, 40.1 mmol, 2.2 eq) in THF (80 ml) and compound F (6.6 g,
18.6 mmol, 1.0 eq) in THF (20 ml, overall ¢ = 0.18 M) were combined. Purification by silica gel
chromatography using 5 to 10% methanol in DCM afforded compound G as a light-yellow oil (5.4 g, 17.4
mmol, 94%). "H NMR (500 MHz, CDCl,) 6 6.89 (d, J = 1.5 Hz, 1H), 6.80 (m, 2H), 4.86 (m, 1H), 3.81 (s, 3H),
3.23 (s, 1H), 2.88 (s, TH), 2.00 (m, 1H), 1.88 (m, TH), 1.01 (s, 9H), 0.16 (s, 6H); >C NMR (125 MHz, CDCl,)
8 151.0, 144.4, 138.1, 120.8, 118.1, 109.6, 74.3, 61.5, 55.6, 40.6, 25.8, 18.6, —4.5.

(iv) Synthesis of 1-(4-((tert-butyldimethylsilyl)oxy)-3-methyoxyphenyl)-3-hydroxypropan-1-
one (compound H). Compound H was synthesized using the same experimental procedure as that
described for the synthesis of compound D. DDQ (4.3 g, 19.2 mmol, 1.05 eq) and compound G (5.4 g, 17.4
mmol, 1.0 eq) in THF (170 ml, ¢ = 0.10 M) were combined. Purification by silica gel chromatography using
2 to 5% methanol in DCM afforded compound H as a light-yellow oil (4.1 g, 13.3 mmol, 76%). '"H NMR
(400 MHz, CDCl,) 6 7.43 to 7.35 (m, 2H), 6.82 (d, J = 8.0 Hz, 1H), 3.95 (t, J = 5.5 Hz, 2H), 3.79 (s, 3H), 3.12
(t, J = 5.5 Hz, 2H), 0.94 (s, 9H), 0.13 (s, 6H); >*C NMR (125 MHz, CDCl,) & 199.1, 151.1, 150.4, 130.8, 122.7,
120.3, 110.9, 58.2, 55.4, 40.0, 25.6, 18.5, —4.6.

(v) Synthesis of HPV. HPV was synthesized using the same experimental procedure as that
described for the synthesis of HPS. TBAF (1.0 M in THF; 15.6 ml, 15.6 mmol, 1.2 eq) and compound H (4.13
g, 13.3 mmol, 1.0 eq) in THF (100 ml, ¢ = 0.13 M) were combined. Purification by silica gel chromatog-
raphy afforded HPV as a white solid (1.0 g, 5.1 mmol, 38%). Spectroscopic analysis was in agreement with
the reference (30). High-resolution MS [M + Na]* calculated. For C,,H,,0,Na 196.0700; found 219.0625;
"H NMR (500 MHz, CDCl,) 8 7.58 to 7.50 (m, 2H), 6.95 (d, J = 8.0 Hz, 1H), 6.12 (s, 1H), 4.01 (q, J = 5.0 Hz,
2H), 3.95 (s, 3H), 3.18 (t, J = 5.0 Hz, 2H), 2.73 (app t, J 5.9 = Hz, 1H); >*C NMR (125 MHz, CDCl,) & 199.2,
151.0, 146.9, 129.7, 123.8, 114.1, 109.7, 58.5, 56.2, 39.9.

Preparation of other substrates. MPHPV, DCA, and DCA-C were prepared as described previously
(50, 56). For preparation of VAA, HPV was added into 15 ml of the cell suspensions of hpvZ-expressing
E. coli cells (optical density at 600 nm [ODg,,] of 10.0) and SLG_20400-expressing E. coli cells (ODg,, of
2.0) to a final concentration of 200 uM. After incubation with shaking for 12 h at 30°C, the culture was
centrifuged, and the supernatant was filtered using an Amicon Ultraspin filter unit (3-kDa cutoff;
Millipore). The resulting filtrate was used as a preparation of 200 uM VAA. For the preparation of VAL-Tris,
HPV was added to 15 ml of the cell suspension of S. sanguinis IAM 12578 harboring pJB12830 cells (ODg,
of 1.0) to a final concentration of 1 mM. After incubation with shaking for 45 h at 30°C, the culture was
centrifuged, and the supernatant was collected. The supernatant was extracted with ethyl acetate, and
then the extract was finally dissolved in the dimethyl sulfoxide. The compounds obtained were analyzed
by HPLC-MS. Other aromatic compounds were purchased from Tokyo Chemical Ind., Co., Ltd.; Sigma-
Aldrich Co., Llc;; and Wako Pure Chemical Ind., Ltd.

Preparation of resting cells and cell extracts and fractionation of cell extracts. Cells of SYK-6 and
its mutants grown in Wx-SEMP for 16 h or LB for 24 h were collected by centrifugation (5,000 X g for 5
min) and then washed twice with 50 mM Tris-HCI buffer (pH 7.5; buffer A). The cells were resuspended
in the same buffer and used as resting cells. Cells were broken by an ultrasonic disintegrator (57), and
the supernatants of cell lysates were obtained as cell extracts after centrifugation (19,000 X g for 15 min).
To examine the cofactor requirements, cell extracts were filtered using an Amicon Ultraspin filter unit
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(10-kDa cutoff; Millipore) and then washed five times buffer with buffer A. The filtrates were used as cell
extracts (>10 kDa). For fractionation of cell extracts, they were further centrifuged at 124,000 X g for 30
min at 4°C, and the resulting supernatants were used as the soluble fraction. The pellets were washed
twice with buffer A, resuspended in the same buffer, and used as the membrane fraction.

Identification of the metabolites. SYK-6 resting cells (OD,, of 5.0) were incubated with 1 mM HPV
or HPS in buffer A at 30°C with shaking. SMEQ77 resting cells (ODgq, of 0.5 or 5.0) were incubated with
100 uM VAA or 1 mM ferulate in buffer A at 30°C with shaking. After incubation, portions of the reaction
mixtures were collected, and reactions were stopped by centrifugation. Methanol was added to the
resulting supernatants (final concentration, 40%), and the filtered samples were analyzed by
HPLC-MS.

SYK-6 cell extracts (>10 kDa; 500 ng protein/ml) were incubated with 200 uM HPV or HPS in the
presence or absence of 500 uM NAD™* or of 500 uM NAD*, 2 mM CoA, 2.5 mM MgSO,, and 2.5 mM ATP
in buffer A at 30°C. SMEO77 cell extracts (>10 kDa; 500 ug of protein/ml) were incubated with 100 M
VAA in the presence of T mM CoA, 1.25 mM MgSO,, and 1.25 mM ATP in buffer A at 30°C. The reactions
were stopped by the addition of methanol or acetonitrile (final concentration, 50%) at various sampling
time points. Precipitated proteins were removed by centrifugation at 19,000 X g for 15 min. The resulting
supernatants of the reaction mixtures were analyzed by HPLC-MS.

Enzyme assays using cell extracts of SYK-6. The HPV-oxidizing activities of SYK-6 cell extracts were
determined by measuring the decrease in the amount of HPV by HPLC analysis. In order to examine the
effect of GGE on enzyme induction, SYK-6 cells grown in LB were inoculated into Wx-SEMP to an ODg,
of 0.2 and grown at 30°C. GGE (5 mM) was added when the ODg,, of the culture reached 0.5, and the
culture was then further incubated for 12 h. SYK-6 cell extracts (500 ug of protein/ml) were incubated
with 200 uM HPV in the presence or absence of cofactors (500 uM PMS, 500 uM FAD + PMS, or 500 uM
NAD™) in buffer A for 30 min at 30°C. The reaction mixtures were analyzed by HPLC, and HPV was
detected at 276 nm. The specific activity was expressed in moles of HPV converted per min per mg of
protein.

In order to examine the activity of VAL-oxidizing activity, the production of VAA from HPV was
measured when HPV was reacted with SYK-6 cell extracts (>10 kDa). The cell extracts (>10 kDa; 500 ug
of protein/ml) were incubated with HPV in the presence of cofactors (500 uM FAD, 500 uM NAD™, or 500
M NADP+) in buffer A for 2 h at 30°C. The supernatant of the reaction mixtures was analyzed by HPLC,
and compounds were detected at 280 nm.

Analytical methods. HPLC-MS analysis was performed with the Acquity UPLC system (Waters)
coupled with an Acquity TQ detector as described previously (58). Reaction products of HPV, coniferyl
alcohol, sinapyl alcohol, cinnamyl alcohol, 3-(4-hydroxyphenyl)-1-propanol, homovanillyl alcohol, vanillyl
alcohol, GGE, MPHPV, DCA, and DCA-C were analyzed using a TSKgel ODS-140HTP column (2.1 by 100
mm; Tosoh). Reaction products of HPS were analyzed using an Acquity UPLC BEH C,4 column (2.1 by 100
mm; Waters). Reaction products of VAA were analyzed using both columns. All analyses were carried out
at a flow rate of 0.5 ml/min. The mobile phase was a mixture of solution A (acetonitrile containing 0.1%
formic acid) and solution B (water containing 0.1% formic acid) under the following conditions: (i)
detection of the reaction products of HPV: 0 to 4.2 min, 5% A; 4.2 to 6.0 min, linear gradient from 5 to
30% A; 6.0 to 6.5 min, decreasing gradient from 30 to 5% A; 6.5 to 7.0 min, 5% A; (ii) detection of VAL
generated from HPV: 0 to 4.7 min, 5% A; 4.7 to 4.9 min, linear gradient from 5 to 80%; 4.9 to 7.0 min, 80%
A; (iii) detection of VAA-CoA generated from VAA: 0 to 0.8 min, 10% A; 0.8 to 1.0 min, linear gradient from
10 to 25% A; 1.0 to 1.5 min, 25% A; 1.5 to 1.8 min, decreasing gradient from 25 to 10% A; 1.8 to 3.0 min,
10% A; (iv) detection of vanillate generated from VAA: 0 to 3.0 min, linear gradient from 5 to 15% A; 3.0
to 4.0 min, decreasing gradient from 15 to 5%; (v) detection of the reaction product of vanillyl alcohol:
0 to 5.0 min, 5% A; (vi) detection of the reaction products of coniferyl alcohol, sinapyl alcohol, cinnamyl
alcohol, homovanillyl alcohol, and HPS: 0 to 7.0 min, 10% A; (vii) detection of the reaction products of
3-(4-hydroxyphenyl)-1-propanol, GGE, and ferulate: 0 to 5.0 min, 15% A; and (viii) detection of the
reaction products of MPHPV, DCA, and DCA-C: 0 to 5.0 min, 25% A. HPV, HPS, VAL, VAL-Tris, VAA,
VAA-CoA, vanillate, syringate, acetovanillone, coniferyl alcohol, sinapyl alcohol, cinnamyl alcohol, 3-(4-
hydroxyphenyl)-1-propanol, homovanillyl alcohol, vanillyl alcohol, GGE, MPHPV, DCA, and DCA-C were
detected at 276, 300, 310, 352, 280, 300, 260, 276, 275, 263, 273, 250, 276, 279, 279, 277, 280, 277, and
326 nm, respectively. In ESI-MS analysis, MS spectra were obtained using the positive- and negative-ion
modes with the settings described in our previous study (58). Protein concentrations were determined
by the Bradford method using the Bio-Rad protein assay kit or by using Lowry’s assay with a DC protein
assay kit (Bio-Rad Laboratories). The expression of the genes was analyzed by SDS-PAGE. Protein bands
in gels were stained with Coomassie brilliant blue.

DNA manipulations and sequence analysis. The PCR primers used in this study are listed in Table
3. Nucleotide sequences were determined using a CEQ 2000XL genetic analysis system (Beckman
Coulter). Sequence analysis was performed with the MacVector program (MacVector, Inc.). Sequence
similarity searches, pairwise alignments, and multiple alignments were carried out using the BLASTP
program (59), the EMBOSS Needle program through the EMBL-EBI server (60), and the Clustal Omega
program (61), respectively.

Cloning of hpvZ. A partially Sall-digested gene library of SYK-6 constructed with pVK100 was
introduced into a host strain, S. sanguinis 1AM 12578, by triparental mating (62). The ability of 1,000
transconjugants grown in diluted LB to transform 15 uM HPV was analyzed by HPLC. Southern
hybridization analysis of the Sall digests of positive clones with pSA53 as a probe was carried out using
the digoxigenin system (Roche Diagnostics). The hybridized Sall fragments were cloned in pBluescript Il
SK(+), and the nucleotide sequences of both ends of the inserts were determined.
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TABLE 3 Primer sequences used for construction of plasmids and colony PCR

Plasmid or strain Primer Sequence (5'-3')
Plasmids
pT7B12830 12830_pT7B_F AGACAGGCATATGGTTGATG
12830_pT7B_R GGGCGGCATGGATCCGC
pAK20400 dis20400_Top_F CGGTACCCGGGGATCCGGCTTCGGTGACAATCAT
dis20400_Top_R ATGTCCGTGGTGTTCTGCGT
dis20400_Bot_F ACGCAGAACACCACGGACATTCCTCCCCGTGATGA
CCTAT
dis20400_Bot_R CGACTCTAGAGGATCGTGGCGGCATCAACATATCG
pE16FB ferB_exp_F GGAAAATCATATGTCCGAGG
ferB_exp_R ATACTGGCGGATCCAGCC
pE16FB2 ferB2_exp_F TGAGGATGCATATGTCGGATG
ferB2_exp_R GCCGGATCCCGGAATGC

Colony PCR (strain) dis20400_conf_F CCTTCATCGCCATCATAAAT
SMEO061 dis20400_Bot_R CGACTCTAGAGGATCGTGGCGGCATCAACATATCG

Expression of SYK-6 genes in E. coli and SYK-6. A DNA fragment carrying hpvZ was amplified by
PCR using SYK-6 total DNA as a template. The amplified fragment was ligated into pT7Blue, and the
Ndel-BamHI fragment of the resulting plasmid was then inserted in pCold | to generate pCold12830. DNA
fragments carrying ferB and ferB2 were amplified by PCR. The amplified fragments were ligated into
pET-16b to obtain pE16FB and pE16FB2. Nucleotide sequences of their inserts were confirmed by
nucleotide sequencing. Expression plasmids for SYK-6 ALDH genes and ferA were prepared in previous
studies (31, 51). The expression plasmids were introduced into E. coli BL21(DE3), and the transformed
cells were grown in LB. In the case of hpvZ expression, pTf16 encoding the trigger factor chaperone was
introduced into E. coli BL21(DE3) in addition to pCold12830, and the resulting transformant was grown
in the presence of 0.5 mg/ml L-arabinose. The expressions of hpvZ and other genes were induced for
24 h at 16°C and for 4 h at 30°C, respectively, by adding 0.1 to 1 mM isopropyl-B-b-thiogalactopyranoside
when the ODg,, of the cultures reached 0.5. Cells were then harvested by centrifugation and washed
with buffer A. pJB12830 was created by inserting the 2.3-kb BamHI-Sacll (blunted) fragment carrying
hpvZ from pBH37F into pJB864. pJB12830 was introduced into SYK-6, and the transformed cells were
grown in LB containing T mM m-toluate for 24 h. Resting cells and cell extracts were prepared as
described above.

Construction of mutants. To construct pKmb12830K, the 1.3-kb Sall-BamHI fragment carrying the
kanamycin resistance gene (kan) of pIK03 was inserted into the Xhol-Bglll sites in hpvZ of pUC12830. The
3.1-kb Sall fragment of the resulting plasmid was ligated into the same site of pK19mobsacB to obtain
pKmb12830K. To construct pKmb07270K, the 1.5-kb Hindlll-Xbal fragment of pKS0727 was ligated into
the same sites of pK18mobsacB, yielding pKmb07270. pKmb07270K was constructed by inserting kan
into the Nrul site in SLG_07270 of pKmb07270. pKmb12830K and pKmb07270K were independently
introduced into SYK-6 cells by electroporation, and candidate mutants were isolated as described
previously (63). Disruption of each gene was examined by Southern hybridization analysis (see Fig. S3 in
the supplemental material). To construct pAK20400, upstream and downstream regions (ca. 1.0 kb each)
of SLG_20400 were amplified by PCR. The resulting fragments were cloned into pAK405 by In-Fusion
cloning (In-Fusion HD cloning kit; TaKaRa Bio). pAK20400 was introduced into SYK-6 cells by triparental
mating (62), and the mutant strain was selected as described previously (64). Disruption of the gene was
confirmed by colony PCR. For the complementation of hpvZ in SME059, pJB12830 was introduced into
cells by electroporation.

Resting cell assays. Resting cells of E. coli harboring pCold12830 and pTf16 (ODg,, of 10.0), SYK-6
(ODgqo Of 0.5, 1.0, or 5.0), SYK-6 harboring pJB864 (ODg(, of 1.0), SME059 (OD,, of 0.5, 1.0, or 5.0),
SMEO059 harboring pJB864 (ODg,, of 1.0), SME059 harboring pJB12830 (0D, of 1.0), and SME009 (ODg,
of 1.0) prepared from LB-grown cultures were incubated with substrates (200 uM HPV, 200 uM HPS, 200
1M GGE, or 100 uM VAA) at 30°C with shaking. Portions of the cultures were collected, and the amounts
of substrates were measured by HPLC.

Enzyme properties of HpvZ. To determine the cellular localization of HpvZ, the HPV-oxidizing
activities of the soluble and membrane fractions prepared from cell extracts of SYK-6 were measured. The
cell extracts (500 ng of protein/ml), soluble fraction (500 pg of protein/ml), and membrane fraction (500
g of protein/ml) were incubated with 200 uM HPV and 500 uM PMS in buffer A for 10 or 30 min at 30°C.
The amounts of HPV were measured by HPLC.

The enzyme reaction was typically carried out by incubating the membrane fraction (300 pg of
protein/ml) of E. coli cells harboring pCold12830 and pTf16 with 200 uM HPV and 500 uM PMS in buffer
A for 10 min at 30°C. After incubation, the amount of substrate was measured by HPLC. The optimum
pH was determined at pH ranges from 7.0 to 10.0 using 50 mM GTA buffer (50 mM 3,3-dimethylglutaric
acid, 50 mM Tris, and 50 mM 2-amino-2-methyl-1,3-propanediol; pH 7.0 to 9.0) and 50 mM CHES
(N-cyclohexyl-2-aminoethanesulfonic acid) buffer (pH 8.6 to 10) at 30°C. The optimum temperature was
determined at temperature ranges from 25 to 50°C using buffer A. To determine the substrate range, 200
M HPV, HPS, coniferyl alcohol, sinapyl alcohol, cinnamyl alcohol, 3-(4-hydroxyphenyl)-1-propanol,
homovanillyl alcohol, vanillyl alcohol, GGE, MPHPV, DCA, and DCA-C were used for the reaction, and the
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decrease in the amount of substrate was measured by HPLC. To examine the effect of flavin cofactors on
HpvZ activity, the activities of HpvZ in the presence of 500 uM FAD or flavin mononucleotide were
determined. To examine the effect of ubiquinone derivatives on HpvZ activity, the activities of HpvZ in
the presence of CoQ, and CoQ, were determined. The enzyme reactions were carried out by incubating
membrane fractions of E. coli cells harboring pCold12830 and pTf16 (300 ug of protein/ml) or SYK-6 cells
harboring pJB12830 (300 ug of protein/ml) with 200 uM HPV and 500 uM CoQ, or CoQ, in buffer A for
10 and 5 min, respectively, at 30°C. The decrease in the substrate was determined by HPLC analysis.

Identification of the ALDH genes involved in VAL conversion. The abilities of the 23 ALDHs of

SYK-6 to convert VAL were examined by measuring the amount of VAA produced from HPV when HPV
was reacted with both HpvZ and each ALDH. Resting cells of E. coli expressing each ALDH gene (OD,,
of 1.0) and E. coli harboring pCold12830 and pTf16 (ODy,, of 5.0 or 10.0) were incubated with 100 uM
HPV in buffer A at 30°C with shaking. Portions of the cultures were collected at various sampling time

points, and the supernatants of the reaction mixtures were analyzed by HPLC.
The mixtures of resting cells of SYK-6, SME031, SME045, SME061, or SME092 (0D, of 0.5) and resting

cells of E. coli harboring pCold12830 and pTf16 (OD4,, of 10.0) were incubated with T mM HPV in buffer
A at 30°C with shaking. Portions of the reaction mixtures were collected at various sampling time points.
The supernatants prepared were analyzed by HPLC.

Conversion of VAA by enzymes for ferulate catabolism. Crude enzymes of FerA, FerB, and FerB2

were prepared from the E. coli transformants described above. FerA, FerA + FerB, and FerA + FerB2 (100
g protein/ml of each) were incubated with 100 M VAA, 1 mM CoA, 1.25 mM MgSO,, and 1.25 mM ATP

in buffer A for 60 min at 30°C. The supernatants prepared were analyzed by HPLC.
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