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The actinomycete Amycolatopsis sp. strain ATCC 39116 is capable of synthesizing large amounts of vanillin from ferulic acid,
which is a natural cell wall component of higher plants. The desired intermediate vanillin is subject to undesired catabolism
caused by the metabolic activity of a hitherto unknown vanillin dehydrogenase (VDH , ;¢ 30116)- In order to prevent the oxida-
tion of vanillin to vanillic acid and thereby to obtain higher yields and concentrations of vanillin, the responsible vanillin dehy-
drogenase in Amycolatopsis sp. ATCC 39116 was investigated for the first time by using data from our genome sequence analysis
and further bioinformatic approaches. The vdh gene was heterologously expressed in Escherichia coli, and the encoded vanillin
dehydrogenase was characterized in detail. VDH , 1 30116 Was purified to apparent electrophoretic homogeneity and exhibited
NAD™-dependent activity toward vanillin, coniferylaldehyde, cinnamaldehyde, and benzaldehyde. The enzyme showed its high-
est level of activity toward vanillin at pH 8.0 and at a temperature of 44°C. In a next step, a precise vdh deletion mutant of Amyco-
latopsis sp. ATCC 39116 was generated. The mutant lost its ability to grow on vanillin and did not show vanillin dehydrogenase
activity. A 2.3-times-higher vanillin concentration and a substantially reduced amount of vanillic acid occurred with the Amyco-
latopsis sp. ATCC 39116 Avdh::Km" mutant when ferulic acid was provided for biotransformation in a cultivation experiment on
a 2-liter-bioreactor scale. Based on these results and taking further metabolic engineering into account, the Amycolatopsis sp.
ATCC 39116 Avdh:Km" mutant represents an optimized and industrially applicable platform for the biotechnological produc-

tion of natural vanillin.

Vanﬂlin is one of the most important and widely used flavor
compounds in the food and fragrance industry. The extrac-
tion of natural vanillin from cured seed pods of the orchid Vanilla
planifolia is highly cost- and labor-intensive and does not satisfy
the global demand of the continuously increasing market. There-
fore, new sources for the synthesis of vanillin are of great interest
for the industry. More than 99% of the industrially produced van-
illin is chemically synthesized from petrochemicals or lignin de-
rivatives (1). Due to the increasing interest in “natural” and
“healthy” ingredients, especially in the food industry, alternative
sources for natural vanillin originating from biotechnical pro-
cesses were intensively investigated (2). Vanillin can be labeled
natural if it is extracted from natural sources or “obtained by
appropriate physical, enzymatic or microbiological processes
from material of vegetable, animal or microbiological origin” (3).

The most attractive approaches for microbial vanillin synthesis
are the biotransformation of cheap natural aromatic compounds,
such as ferulic acid [3-(4-hydroxy-3-methoxy-phenyl)prop-2-
enoic acid], or de novo biosynthesis from primary metabolites like
glucose (4). The bioconversion of ferulic acid into vanillin was
demonstrated previously for various microorganisms, including
bacteria like Pseudomonas and Rhodococcus (5-8) and fungi such
as the basidiomycete Pycnoporus cinnabarinus (9). Additionally,
several genes encoding the responsible enzymes in some of these
organisms were heterologously expressed in Escherichia coli and
enabled the corresponding strains to convert ferulic acid into van-
illin (10, 11). However, high concentrations of vanillin are at-
tended by serious problems for the cells due to the toxicity of this
highly reactive aromatic aldehyde, which is detoxified in the
course of further catabolism or leads to cell death. Therefore, most
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processes did not achieve industrial applicability because of insuf-
ficient vanillin yields.

In order to overcome this drawback, screenings for vanillin-
tolerant bacterial strains, which are able to convert ferulic acid and
thereby accumulate large amounts of the biotransformation prod-
uct vanillin, were performed (12, 13). Rabenhorst et al. (13)
reached a vanillin concentration of 11.5 g/liter after the biotrans-
formation of 19.9 g/liter ferulic acid using Amycolatopsis sp. strain
HR167, corresponding to a molar yield of 77.8%. With Streptomy-
ces setonii ATCC 39116, which meanwhile has been reclassified
Amycolatopsis sp. strain ATCC 39116, Muheim et al. (12) achieved
a final vanillin concentration of 13.9 g/liter with a molar yield of
75%. In contrast to most other strains used, both approaches are
applicable to industrial processes, although they also face the
problem of further vanillin degradation to vanillic acid and other
unwanted degradation products (14, 15).

For an improved vanillin production process using the actino-
mycete Amycolatopsis sp. ATCC 39116, whose 16S rRNA gene
sequence is identical to that of Amycolatopsis sp. HR167, the whole
genome was sequenced to identify enzymes involved in vanillin
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TABLE 1. Bacterial strains and plasmids used in the present study

Bacterial strain or plasmid Description

Source or reference

Bacterial strains
Amycolatopsis sp. ATCC 39116

Amycolatopsis sp. ATCC 39116 Avdh::Km"
E. coli Mach-1T1

E. coli BL21(DE3)

Wild type, kanamycin sensitive

vdh deletion mutant, kanamycin resistant
F~ 680(lacZ)AM15 AlacX74 hsdR(r~ my ") ArecA1398 endAl tonA

F~ ompT hsdSg(rg~ my ™) gal dem (DE3)

American Type Culture
Collection

This study

Invitrogen GmbH, Karlsruhe,
Germany

Novagen Inc., Madison, WI

Plasmids
pET23a T7 promoter, His, tag, T7 terminator, ColE1 pBR322 ori, Amp", f1 ori Novagen Inc., Madison, WI
pET23a:vdh pET23a harboring vdh (Ndel/Xhol) coding for VDH s ¢ 30116 This study
colinear to the T7 promoter
pET23a:vdh*s pET23a harboring vdh (Ndel/Xhol) without the native stop codon This study

coding for VDH ¢ 30116 With a C-terminal His, tag, colinear to

the T7 promoter

catabolism, as previously done for other vanillin-producing
strains (6, 8, 16-18). In order to promote a more efficient accu-
mulation of vanillin by preventing its oxidation to vanillic acid,
enzymes with homology to characterized vanillin dehydrogenases
(VDHs) of other bacteria were screened. After the identification of
a set of enzymes with homologies to vanillin and other aldehyde
dehydrogenases, the related genes were heterologously expressed
in E. coli, and the encoded enzymes were tested for their activity on
vanillin. The enzyme exhibiting VDH activity showed the highest
level of homology to an aldehyde dehydrogenase of the Nocar-
dioidaceae bacterium Broad-1 (GenBank accession no. ZP_
08197264) and was therefore designated VDH 1 30116- [N @ next
step, a precise deletion mutant was generated, and the impact of
VDH ¢ 30116 01 the catabolism of vanillin was examined. First
attempts were made to employ the deletion mutant in fermenta-
tion processes as a novel production platform for natural vanillin.

MATERIALS AND METHODS

Bacterial strains, plasmids, and cultivation conditions. All bacterial
strains and plasmids used in this study are listed in Table 1. Cells of Esch-
erichia coli were grown in lysogeny broth (LB) medium at 30°C (19). Cells
of Amycolatopsis sp. ATCC 39116 were grown at 42°C in Caso medium
(Merck, Darmstadt, Germany) or in a modified mineral salts medium
(20). Carbon sources were provided from stock solutions, which were
sterilized by filtration before use, as indicated. For the selection of plas-
mid-harboring strains, the following antibiotics were added to the me-
dium: kanamycin at 50 wg/ml for E. coli and 100 wg/ml for Amycolatopsis
sp. ATCC 39116 and ampicillin at 100 pg/ml for E. coli. Cell growth was
measured photometrically by using a Klett-Summerson photometer
equipped with filter no. 54 (520 to 580 nm) or by measuring the optical
density at 400 nm (Amycolatopsis sp. ATCC 39116) or 600 nm (E. coli).

Biotransformation experiments. For biotransformation experiments
with E. coli or Amycolatopsis sp. ATCC 39116, cells were harvested during
the stationary growth phase, washed twice with phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,HPO,
[pH 7.5]), and resuspended in an appropriate volume of the same buffer
or mineral salts medium (20). The experiments were carried out with 50
ml mineral salts medium in 250-ml Erlenmeyer flasks (E. coli) or in a
2-liter bioreactor with a total volume of 1,000 ml PBS (Amycolatopsis sp.
ATCC 39116). Ferulic acid or vanillin was added from sterile stock solu-
tions, as indicated.

Determination of metabolic intermediates. Excreted intermediates
of ferulic acid metabolism were analyzed by high-performance liquid
chromatography (HPLC), using an UltiMate 3000 HPLC system (Dionex,
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Idstein, Germany) without prior extraction. Culture supernatants were
obtained after centrifugation (5 min at 16,000 X g), and catalytic reactions
were stopped by the acidification of the withdrawn samples to pH 2 by the
addition of trichloroacetic acid to a concentration of 6.1 mM. Intermedi-
ates were separated by reverse-phase chromatography using an Acclaim
120 Cg column (particle size of 5 pm and column size of 250 by 2.1 mm)
with a gradient of 0.1% (vol/vol) formic acid (eluant A) and acetonitrile
(eluant B) in a range from 26 to 100% (vol/vol) eluant B. The run started
with a flow rate of 0.1 ml/min, which was raised to 0.3 ml/min after 16 min
when eluant B reached 100%. For quantification, all intermediates were
calibrated with external standards. The compounds were identified by
their retention times, and their absorptions at a specific wavelength were
determined by using an MWD-3000 multiple-wavelength detector (259
nm, 280 nm, 285 nm, and 340 nm; Dionex, Idstein, Germany). Data
analyses and quantifications were performed with the associated Chrome-
leon 6.8 Chromatography Data Systems software (Dionex, Idstein, Ger-
many).

DNA isolation and manipulation. Genomic DNA of Amycolatopsis
sp. ATCC 39116 was isolated with the DNeasy blood and tissue kit (Qia-
gen GmbH, Hilden, Germany). Plasmid DNA was isolated from E. coli by
using peqGOLD Plasmid MiniPrep kit I (PeqLab GmbH, Erlangen, Ger-
many). Plasmid isolation from Amycolatopsis sp. ATCC 39116 was per-
formed by using the Qiagen plasmid purification minikit (Qiagen GmbH,
Hilden, Germany). DNA was digested with restriction endonucleases
(Fermentas GmbH, St. Leon-Rot, Germany) under the conditions de-
scribed by the manufacturer. Phusion high-fidelity DNA polymerase and
other DNA-manipulating enzymes (Fermentas GmbH, St. Leon-Rot,
Germany) were used according to the instructions provided by the man-
ufacturer. Oligonucleotides were purchased from Eurofins MWG Synthe-
sis GmbH (Ebersberg, Germany). DNA fragments were isolated from aga-
rose gels or reaction mixtures by using the peqGOLD gel extraction kit
(PeqLab GmbH, Erlangen, Germany).

Genome sequencing, gene prediction, and annotation. Sequencing
of the whole genome of Amycolatopsis sp. ATCC 39116, prediction of
open reading frames, and automatic annotation were performed as de-
scribed previously by Hiessl et al. (21). Homologues of putative VDHs
were identified by using BLAST analyses, and the corresponding genes
were ranked based on their homology to previously characterized VDHs.

Transfer of DNA. Plasmids were transferred into E. coli by employing
the CaCl, method (19), whereas the transfer of plasmids and linear DNA
fragments into Amycolatopsis sp. ATCC 39116 was performed by direct
mycelial transformation, as described previously by Priefert et al. (22).

Plasmid and mutant construction. The vdh gene of Amycolatopsis sp.
ATCC 39116 was amplified with its own ribosomal binding site (RBS) via
PCR from total chromosomal DNA by using Phusion high-fidelity poly-
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merase and oligonucleotides vdh_for_RBS_Ndel and vdh_rev_Xhol (see
Table S1 in the supplemental material). For an additional C-terminal His
tag, vdh was also amplified without its native stop codon by using primer
vdh_for_RBS_Ndel and primer vdh_rev_nostop_Xhol (see Table S1 in
the supplemental material) as the reverse primer. Both fragments were
digested with Ndel/Xhol and ligated with the Ndel/Xhol-linearized vec-
tor pET23a(+). After the transformation of E. coli Mach-1 T1, the result-
ing plasmids, pet23::vdh and pet23::vdh,y;,, were sequenced and subse-
quently transferred into the expression host E. coli BL21(DE3).

A precise deletion of vdh was accomplished via homologous recombi-
nation by replacing the native gene with a kanamycin resistance cassette.
For this purpose, the flanking regions upstream and downstream of vdh in
the genome were amplified by using the following oligonucleotides (see
Table S1 in the supplemental material): vdhLF_for3 and vdhLF_rev_KmR
for the upstream region and vdhRF_for_PromKmR and vdhRF_rev3 for
the downstream region. Additionally, the kanamycin resistance cassette of
PRLE6 (22) was amplified by using primers KmR_rev_vdhLF and Prom-
KmR_for_vdhRF. The resulting fragments were purified and combined in
a subsequent fusion PCR by using primers vdhLF_for3 and vdhRF_rev3.
The resulting fragment, vdhLF_KmR_vdhRF, combined the upstream
and downstream regions of vdh with the kanamycin resistance cassette
and was transferred into Amycolatopsis sp. ATCC 39116, as described
above. Transformants of Amycolatopsis sp. ATCC 39116 were selected on
solid Caso medium containing 100 pg/ml kanamycin. Mutants were
screened by colony PCR, and gene replacement was finally analyzed via
diagnostic PCR with different primer combinations, showing a specific
integration of the kanamycin resistance cassette into the vdh locus. Fur-
thermore, the resulting PCR fragments were verified via digestion and
sequencing.

Preparation of crude cell extracts and soluble fractions. Cell pellets
of E. coli were resuspended in 3 to 4 ml of 100 mM potassium phosphate
buffer (pH 7.1). Crude extracts were obtained by three passages through a
French pressure cell (120 MPa). For the preparation of soluble fractions,
cell debris was removed by centrifugation for 60 min at 20,000 X gat 4°C.
For subsequent enzyme assays, samples were stored on ice, while samples
for polyacrylamide gel electrophoresis were stored at —20°C. His,-tagged
proteins were purified by using His SpinTrap columns (GE Healthcare
Europe GmbH, Freiburg, Germany), according to the manufacturer’s in-
structions.

Polyacrylamide gel electrophoresis and Western blot analysis. Sam-
ples from crude cell extracts and soluble fractions were analyzed for their
protein contents according to the method of Bradford (23). Sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed by using 12.5% (wt/vol) gels, as described previously by Laemmli
(24). Amounts of proteins were added as indicated. The staining of pro-
teins was performed with Serva Blue G (25). Molecular mass reference
proteins were purchased from GE Healthcare Europe GmbH (Freiburg,
Germany), including low-molecular-mass SDS markers phosphorylase b,
rabbit muscle (97,000 kDa); bovine serum albumin (66,000 kDa); ovalbu-
min, chicken egg white (45,000 kDa); carbonic anhydrase, bovine eryth-
rocyte (30,000 kDa); trypsin inhibitor, soybean (20,100 kDa); and a-lact-
albumin, bovine milk (14,400 kDa).

Proteins were blotted from SDS-polyacrylamide gels onto a Hybond-P
polyvinylidene difluoride (PVDF) transfer membrane (GE Healthcare
Europe GmbH, Freiburg, Germany), according to methods described
previously by Towbin et al. (26), by using a PeqLab Western blotting
semidry Sedec M apparatus (PeqLab GmbH, Erlangen, Germany). The
transfer of proteins was accomplished for 120 min at a voltage of 14 V and
a constant current of 5 mA/cm?.

The immunodetection of Hisc-tagged proteins was performed with a
primary mouse anti-histidine tag antibody (AbD Serotec, Diisseldorf,
Germany) and a secondary AP-goat anti-mouse IgG antibody (Zymed,
Karlsruhe, Germany). Membranes with blotted proteins were incubated
in skim milk (with 2.5% [wt/vol] skim milk in Tris-buffered saline [TBS]
[2.42 g Tris-HCI {pH 7.6}, 8 g NaCl, 0.05% {wt/vol} Tween 20] in a total
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volume of 1 liter) at room temperature to block nonspecific binding. After
washing with TBS, the membrane was incubated with the primary anti-
body (1:2,000 dilution in TBS-Tween [0.1%] [200 wl/cm? membrane])
overnight at room temperature. After 3-fold washing with TBS for 10 min,
the membrane was incubated with the secondary antibody (1:10,000 di-
lution in TBS-Tween [0.1%)] [200 pl/cm?]membrane) for 2 h at room
temperature. After a final 3-fold wash with TBS, as described above, the
antigen-antibody complexes were visualized by using Western Blue stabi-
lized substrate for AP (Promega GmbH, Mannheim, Germany).

VDH enzyme assay. VDH enzyme activity was assayed according to
methods described previously by Gasson et al. (27). The reaction mixture
contained, in a total volume of 1 ml, 0.1 mM potassium phosphate buffer
(pH 7.1), 0.5 mM NAD™, 1.2 mM pyruvate (sodium salt), lactate dehy-
drogenase (rabbit muscle) (1 U), 500 g of the enzyme preparation of
interest, and 0.125 mM vanillin, benzaldehyde, coniferylaldehyde, or cin-
namaldehyde, respectively. The oxidation of the substrates was measured
at 30°C and at a suitable wavelength: vanillin at 340 nm (e = 11.492
cm?/pmol), cinnamaldehyde at 340 nm (e = 0.588 cm?/pmol), benzal-
dehyde at 293 nm (e = 0.339 cm?/pmol), and coniferylaldehyde at 410
nm (€ = 3.452 cm?/pumol). Enzyme activity is stated in units. One unit is
defined as the amount of enzyme which converts 1 pmol vanillin per min.

The temperature and pH optimum of VDH ¢ 3916 Were deter-
mined in a discontinuous assay by measuring vanillic acid formation us-
ing HPLG, since the spectrophotometric assay is additionally dependent
on the activity of lactate dehydrogenase. The reaction mixture contained,
in a total volume of 1 ml, 0.1 mM potassium phosphate buffer (pH 7.1), 2
mM NAD™, 500 g of the enzyme preparation of interest, and 1.25 mM
vanillin. The reactions were started by the addition of NAD ™ to the mix-
ture, and the mixture was incubated for 15 min before the reaction was
stopped by heating to 85°C for 5 min. To test the temperature preference,
the assay was carried out at 15°C to 65°C in steps of 5°C. After determining
the optimum temperature to be between 40°C and 45°C, the temperature
steps were refined to 1°C steps. The effects of different pH values (pH 5.0
to 9.5 in 0.5 steps) were observed at 30°C by using Britton-Robinson
buffer consisting of 40 mM boric acid, 40 mM acetic acid, and 40 mM
phosphoric acid and titrated to the desired pH with 200 mM NaOH.

Nucleotide sequence accession numbers. The genome sequence of
Amycolatopsis sp. ATCC 39116 was recently deposited in GenBank under
accession no. AFWY00000000 (16). Additionally, the nucleotide sequence
of vdh is provided within patent application PCT/EP2012/061600 (C.
Fleige, G. Hansen, J. Kroll, J. M. Hilmer, S. Lambrecht, M. Pesaro, and A.
Steinbtichel, 18 June 2012, European Union patent application PCT/
EP2012/061600). Moreover, all five tested gene candidates are available in
GenBank under accession no. JX292129 (vdh), JX292130, JX292131,
JX292132, and JX292133.

RESULTS

In silico analyses of the genome and identification of the Amycola-
topsis sp. ATCC 39116 vanillin dehydrogenase (VDH ¢ 30116)-
Based on the genome sequence of Amycolatopsis sp. ATCC 39116
and an automatic annotation, five genes coding for putative alde-
hyde dehydrogenases were identified. After the heterologous ex-
pression of these gene candidates in E. coli, only one of them led to
vanillin dehydrogenase activity and might therefore be involved in
the catabolism of vanillin. The gene, designated vdh, consists of
1,461 bp and encodes a protein of 486 amino acids with a theoret-
ical molecular mass of 50.6 kDa. A comparison of the deduced
amino acid sequence of VDH ¢ 30116 With internet-based se-
quence data using BLASTP 2.2.25 (28, 29) showed homology to
different (benz)aldehyde dehydrogenases from various sources.
The highest percent homology (73%) was determined for an al-
dehyde dehydrogenase of the Nocardioidaceae bacterium Broad-1
(GenBank accession no. ZP_08197264). By using ClustalX 1.83
(30), a multiple-sequence alignment (MSA) with various repre-
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Sphingomonas paucimobilis SYK-6

Pseudomonas putida WCS358

Pseudomonas sp. HR199
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Pseudomonas fluorescens AN103

Pseudomonas putida

Pseudomonas fluorescens Pf0-1

Burkholderia cenocepacia AU 1054

Amycolatopsis mediterranei U32

Streptomyces lividans TK24

Pseudonocardia sp. P1

Nocardioidaceae bacterium Broad-1

Amycolatopsis sp. ATCC 39116

Rhodococcus jostii RHA1

Saccharopolyspora erythraea NRRL2338

Rhodococcus erythropolis PR4

FIG 1 Phylogenetic tree of the putative VDH of Amycolatopsis sp. ATCC
39116 and related enzymes with aldehyde dehydrogenase or VDH activity.
Multiple-sequence alignment was done by using ClustalX 1.83 based on the
amino acid sequences of the following enzymes: putative VDH s ¢ 30116 Of
Amycolatopsis sp. ATCC 39116, VDH of Pseudomonas sp. strain HR199 (35),
VDH of Pseudomonas fluorescens AN103 (27), VDH of P. putida WCS358 (36),
VDH of P. putida KT2440 (41), VDH of Sphingomonas paucimobilis SYK-6
(42), benzaldehyde dehydrogenase (NAD™) of Nocardioidaceae bacterium
Broad-1 (GenBank accession no. ZP_08197264), benzaldehyde dehydroge-
nase of Rhodococcus erythropolis PR4 (43), benzaldehyde dehydrogenase
(NAD™) of Saccharopolyspora erythraea NRRL2338 (38), benzaldehyde dehy-
drogenase (NAD ™) of Rhodococcus jostii RHA1 (44), aldehyde dehydrogenase
of Streptomyces lividans TK24 (accession no. ZP_06526522), benzaldehyde
dehydrogenase (NAD™) of Burkholderia cenocepacia AU 1054 (accession no.
YP_621190), benzaldehyde dehydrogenase (NAD™) of Pseudomonas fluore-
scens Pf0-1 (45), benzaldehyde dehydrogenase of Pseudomonas putida (46),
aldehyde dehydrogenase of Pseudonocardia sp. strain P1 (accession no.
ZP_08121488), and NAD"-dependent aldehyde/benzaldehyde dehydroge-
nase of Amycolatopsis mediterranei U32 (47). Calculations were performed by
using the neighbor-joining method (40). Enzymes with verified vanillin dehy-
drogenase activity are shown in boldface type.

sentative aldehyde dehydrogenases was done for assessing their
relationship to VDH1cc 39116 i @ dendrogram (Fig. 1). Addi-
tionally, MSA using BioEdit Sequence Alignment Editor 7.0.5.3
(30) was performed to demonstrate the similarity at the amino
acid level of VDH y ;¢ 30116 to different enzymes with already ver-
ified vanillin dehydrogenase activity (see Fig. S1 in the supplemen-
tal material). Further in silico analysis using ScanProsite (Expert
Protein Analysis System [ExPASy] [31]) revealed a characteristic
pattern of aldehyde dehydrogenases within amino acids 251 to 258
including glutamic acid in the catalytic center.

Characterization of VDH ;¢ 30116 Besides the in silico anal-
yses, the specific vanillin dehydrogenase activity in cells of Amy-
colatopsis sp. ATCC 39116 was investigated after cultivating the
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strain with or without vanillin and structurally related com-
pounds like ferulic acid as the carbon source, since previous in-
vestigations with Pseudomonas showed an inducing effect (27, 32).
Amycolatopsis sp. ATCC 39116 was cultivated in mineral salts me-
dium containing 0.5% (wt/vol) gluconate for 32 h at 42°C. In
addition, 0.1% (wt/vol) vanillin or ferulic acid was added to one of
the cultures. The cells were harvested after cultivation, soluble
fractions were prepared, and the specific activity of vanillin dehy-
drogenase was measured photometrically, as described in Materi-
als and Methods. The activity assays revealed specific vanillin de-
hydrogenase activities of 25 = 2 U/g protein if cells were
previously cultivated with vanillin as the carbon source. In cells
that were cultivated with gluconate as the sole carbon source, no
VDH s 30116 activity was detectable. The enhancing effect was
also obvious during SDS-PAGE analysis of the soluble fractions,
which revealed a prominent protein band at a molecular mass of
approximately 54 kDa in the case of the vanillin-induced cells. A
corresponding band was missing in samples of cells which were
not incubated with vanillin. Comparable results were observed
when cells were cultivated with ferulic acid as an inducer (data not
shown).

After demonstrating the activity of a vanillin dehydrogenase in
cells of Amycolatopsis sp. ATCC 39116 grown with vanillin and
after identifying a putatively responsible gene, vdh was cloned and
heterologously expressed in E. coli. For this, the gene was inserted
into the vector pET23a(+) and expressed in E. coli BL21(DE3)
cells under the control of the strong T7 promoter. In order to
purify the heterologous enzyme for further investigations, vdh was
also expressed without its native stop codon to append a C-termi-
nal His, tag provided by the vector pET23a(+). SDS-PAGE and
subsequent Western blot analysis were carried out to verify the
correct gene expression and purification of VDH s ¢ 30116 With
the His, tag (Fig. 2).

Protein analyses by SDS-PAGE and Western blotting revealed
the presence of an appropriate protein with an apparent molecu-
lar mass of about 54 kDa. The purification of VDHyy;, using His
SpinTrap columns yielded an almost homogenous protein (Fig. 2,
lane 7). Immunodetection of the C-terminal His, tag additionally
confirmed the assumption that the occurring protein signal rep-
resents heterologously expressed VDH ;. Further analysis of the
vanillin dehydrogenase activity within the eluate showed a specific
activity of 72 * 2 U/g protein, which was remarkably low due to
the loss of activity during purification, which we could not over-
come, although we changed the compositions of all buffers used.
No enzyme activity was observed in the absence of the cofactor
NAD™. Furthermore, no oxidation of vanillin was detectable
when NADP™ was used as a cofactor (data not shown).

The optimal conditions for the oxidation of vanillin were de-
termined by measuring the vanillic acid formed using cell extracts
of the recombinant vdh-expressing E. coli strain. Maximum activ-
ities were found at pH 8.0 and at a temperature of 44°C. The
enzyme was active at a broad pH range, from pH 5.0 to 9.0, and
was able to catalyze the reaction at temperatures of between 15°C
and 65°C. After storage at 4°C for 24 h, VDH ¢ 39116 exhibited
86% of its former activity.

The most specific substrate was found to be vanillin, but
VDH s 30116 also catalyzed the oxidation of coniferylaldehyde,
benzaldehyde, and cinnamaldehyde, with specific activities of up
to 66% (benzaldehyde) in comparison to vanillin.

In a next step, vanillin biotransformation experiments using
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FIG 2 Documentation of the purification of Hisg-tagged VDH y1cc 30116 Dy SDS-PAGE (A) and immunodetection of the His, tag (B). The samples were
separated in two identically prepared 12.5% (wt/vol) SDS-polyacrylamide gels. The first gel was stained with Serva Blue G (A), while the proteins of the second
gel were transferred onto a PVDF membrane, and the His, tag was immunodetected as described in Materials and Methods (B). Lanes: 1 and 8, 8 .l molecular
mass marker; 2, 25 g of protein from the crude extract of E. coli BL21(DE3)/pET23a; 3, 25 g of protein from the crude extract of E. coli BL21(DE3)/pET23a::
vdhyyg 4, 25 g of protein from the soluble fraction of E. coli BL21(DE3)/pET23a::vdhyy, 5, 25 pg of protein from the flowthrough of the purification; 6, 10 pg

of protein from the first wash step; 7, 10 pg of protein from the eluate.

the recombinant E. coli strain expressing VDH s ¢ 30116 WeTe per-
formed. The cells were cultivated until they reached the stationary
growth phase and were then harvested and washed twice with
potassium phosphate buffer. After the cells were suspended in 50
ml mineral salts medium, 14 mM vanillin was added, and the
formation of vanillic acid was observed by using HPLC analysis of
culture supernatants (Fig. 3). As a control experiment, E. coli
BL21(DE3) cells harboring the plain vector pET23a were incu-
bated under identical conditions.

The biotransformation experiments demonstrated that the
VDH s 30116-€Xpressing strain is able to metabolize vanillin to
vanillic acid (Fig. 3). Vanillic acid was synthesized in equimolar
amounts immediately after the addition of vanillin, while trans-
formation could not be observed in the control experiment (data
not shown).

After identifying the responsible gene and allocating vanillin
dehydrogenase activity to VDH 1cc 301160 Vdh was additionally
overexpressed episomally in Amycolatopsis sp. ATCC 39116 by
using a derivative of the Amycolatopsis-E. coli shuttle vector pRLE6

15

10

Intermediate concentration [mM]

Time [h]

FIG 3 Biotransformation of vanillin by E. coli BL21(DE3)/pET23a::vdh. Cells
were grown in LB with 100 pg/ml ampicillin at 30°C and harvested after 16 hin
the stationary growth phase. After two wash steps with 100 mM potassium
phosphate buffer (pH 7.5), cells were resuspended in 50 ml mineral salts me-
dium containing 100 pg/ml ampicillin and 14 mM vanillin. The cultures were
incubated at 30°C and at 100 rpm for 8 h, and the biotransformation of vanillin
to vanillic acid was observed at the given times by using HPLC analyses, as
described in Materials and Methods. A, vanillin; 4, vanillic acid.

January 2013 Volume 79 Number 1

(22): homologous expression led to a 3.7-fold increase of the
VDH s rcc 30116 aCtivity in comparison to that of the wild type.

Construction of a vdh deletion mutant of Amycolatopsis sp.
ATCC 39116. In order to investigate the impact of VDH s rcc 30116
on the catabolism of vanillin in Amycolatopsis sp. ATCC 39116, a
precise deletion mutant was generated by replacing the native
gene with a kanamycin resistance cassette. For this, the flanking
regions located upstream and downstream of vdh in the genome
were amplified and combined with the resistance gene in a fusion
PCR. Amycolatopsis sp. ATCC 39116 was transformed with the
resulting linear fragment, and the gene replacement in the result-
ing Amycolatopsis sp. ATCC 39116 Avdh::Km" mutant was con-
firmed by diagnostic PCR. In a first step, the integration of the
deletion construct into the genome was demonstrated by ampli-
fying a 3.36-kb fragment (Fig. 4, lane 2). This fragment distin-
guishes size from the genomic organization of the wild type as a
consequence of the smaller size of the resistance gene than of vdh.
A second PCR with two different primer combinations verified
the specific integration of the deletion fragment into the vdh locus
by amplifying segments which started upstream (Fig. 4, lane 3) or
downstream (Fig. 4, lane 4), respectively, of the flanking regions
used. Finally, the amplified fragments were sequenced to ensure
the correct replacement of vdh with the kanamycin resistance
gene.

Characterization of the Amycolatopsis sp. ATCC 39116
Avdh:: Km" mutant. The vdh deletion mutant was characterized to
determine the impact of the enzyme on the catabolism of vanillin
in Amycolatopsis sp. ATCC 39116. For this purpose, biotransfor-
mation experiments on a 2-liter-bioreactor scale were carried
out to analyze the utilization of ferulic acid. Ferulic acid is
catabolized to vanillin and subsequently to vanillic acid and is
therefore a potential substrate for the biotechnical production
of vanillin. The difference between the vdh deletion mutant and
wild-type Amycolatopsis sp. ATCC 39116 in terms of ferulic
acid utilization was demonstrated for “resting cells,” indepen-
dently from growth. The cells were grown in Caso medium at
42°C until they reached the stationary growth phase. After-
wards, they were harvested, washed twice with PBS, and resus-
pended in the same buffer (1,000 ml [pH 7.5]; 0.5 g/liter cell
dry weight). Ferulic acid was added at an initial concentration
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FIG 4 Verification of gene replacement in the Amycolatopsis sp. ATCC 39116
Avdh::Km" mutant. In order to verify the specific gene replacement of the vdh
gene by the kanamycin resistance cassette, different diagnostic PCRs were car-
ried out, using chromosomal DNA as the template. The resulting fragments
were analyzed in a 1% agarose gel. The molecular weight marker used was a
GeneRuler 1-kb DNA ladder (Fermentas GmbH, St. Leon-Rot, Germany). Lanes
1 and 2 represent the amplified product using oligonucleotides vdhLF_for_diag
and vdhRF_rev2, showing the difference between wild-type Amycolatopsis sp.
ATCC 39116 (lane 1) and the Amycolatopsis sp. ATCC 39116 Avdh::Km" mu-
tant (lane 2). Lanes 3 and 4 present the results using primers vdhLF_for_diag
and pRLE6for2 (lane 3) as well as primers KmR_rev_vdhLF and vdhRF_rev2
(lane 4) and show proof of the specific integration of the kanamycin resistance
cassette into the vdh locus for the Amycolatopsis sp. ATCC 39116 Avdh:Km"
mutant.

of 2.0 mM (stock concentration of 210 mM NaOH [pH 8]) to
the cell suspension, and the occurring intermediates were an-
alyzed by HPLC. During the transformation process, ferulic
acid was fed continuously at a rate of 0.75 mM/h. In order to
promote continuing vanillin synthesis, the feeding rate was
readjusted to 3.1 mM/h for 3 h, after the cells had adapted to
the conversion conditions and the substrate concentration was
decreasing (7 h from the start). Accordingly, feeding was
stopped after 10 h, and the disappearance of ferulic acid and
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the occurrence of the products were observed for an additional
20 h.

The biotransformation experiments revealed a significant dif-
ference between wild-type Amycolatopsis sp. ATCC 39116 and the
vdh deletion mutant with regard to the occurrence of catabolism
products (Fig. 5). While Amycolatopsis sp. ATCC 39116 started to
accumulate vanillic acid at first, the Amycolatopsis sp. ATCC
39116 Avdh:Km" mutant accumulated vanillin as the first over-
flow product. Concerning the wild-type experiment, vanillin was
not detectable in the supernatants until vanillic acid was formed at
a concentration of about 1 mM. Additional vanillic acid was fur-
ther synthesized from vanillin, which was meanwhile formed. The
latter was completely catabolized after ferulic acid was no longer
available for the cells. In contrast, only a very low concentration of
vanillic acid was formed by the cells of the mutant strain, while
cultures of these cells accumulated vanillin continuously up to 6.8
mM (wild type, 2.9 mM), as long as ferulic acid was present in the
mixture used in the experiment. Furthermore, in contrast to the
wild type, the degradation of the synthesized vanillin occurred
only at a very low rate, even during the last 10 h, when ferulic acid
was completely degraded. Further catabolism intermediates like
guaiacol were detected only in trace amounts in cultures of the
wild type.

Analyses of growth on vanillin and ferulic acid in mineral salts
medium with 0.1% (wt/vol) substrates as the sole source of carbon
were also carried out. While the wild type exhibited slow growth
on both substrates after a long lag phase of about 30 to 40 h, the
mutant did not grow at all on vanillin. During the experiment, no
utilization of vanillin was detectable for the mutant strain. On
ferulic acid, Amycolatopsis sp. ATCC 39116 Avdh:Km" cells
showed a significantly reduced growth rate compared to that of
the wild type, indicating that VDH , 1 39116 has a substantial im-
pact on the metabolism of ferulic acid. However, data from the
experiment suggest that ferulic acid can serve as a source of carbon
and energy despite the knockout. VDH activities of both the wild-
type strain and the mutant were observed subsequently. While the
wild type exhibited dehydrogenase activity after growth with feru-

B - C

Vanillic acid concentration [mM]

-‘WO'—H_H—.

15 20 25 30 0 5 10 15 20 25 30
Time [h]

Time [h]

FIG 5 Biotransformation of ferulic acid by Amycolatopsis sp. ATCC 39116 and the Amycolatopsis sp. ATCC 39116 Avdh::Km" mutant. Cells were grown in 250
ml Caso medium at 42°C and harvested during the stationary growth phase. After two wash steps with phosphate-buffered saline (pH 7.5), cells were resuspended
in 1,000 ml of the same buffer containing 2 mM ferulic acid. The cultures were incubated in a 2-liter bioreactor at 42°C for 30 h. The biotransformation of ferulic
acid (A) to vanillin (B) and vanillic acid (C) was observed at the given times by using HPLC analyses, as described in Materials and Methods. Initially, ferulic acid
was fed at a rate of 0.75 mM/h during the first 7 h. Afterwards, substrate was fed for 3 h at a rate of 3.1 mM/h, before feeding was stopped. A, Amycolatopsis sp.

ATCC 39116; @, Amycolatopsis sp. ATCC 39116 Avdh::Km" mutant.
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lic acid or vanillin, as previously observed, no VDH activity was
detected in the mutant strain despite induction.

DISCUSSION

The actinomycete Amycolatopsis sp. ATCC 39116 is capable of
synthesizing large amounts of vanillin from the natural substrate
ferulic acid (12). This bacterium therefore represents the most
promising platform for the biotechnical production of natural
vanillin. However, significant amounts of the desired product are
lost because of the inherent vanillin catabolism via vanillic acid
(15). The availability of the genome sequence of Amycolatopsis sp.
ATCC 39116 contributed to our understanding of vanillin catab-
olism in this strain. Furthermore, it offered the possibility of the
identification of responsible genes as a target for the metabolic
engineering of this production strain. Systematic gene deletions
have been intensively used for strain development in various pro-
duction processes. In order to improve industrial applications
that approach the theoretical product yields, catabolic or compet-
ing pathways of the desired product were disrupted. Prominent
examples are the production of amino acids, ethanol, and succi-
nate by Corynebacterium glutamicum, Saccharomyces cerevisiae,
and E. coli, respectively (33, 34).

For several vanillin-degrading bacteria, a vanillin dehydroge-
nase was found to catalyze the oxidation of vanillin to vanillic acid
(8, 18, 27, 35, 36). The activity of a vanillin dehydrogenase could
now be demonstrated for Amycolatopsis sp. ATCC 39116 as well.
Moreover, the expression of the corresponding gene seems to be
inducible by the enzyme’s substrate and structurally related com-
pounds, such as ferulic acid. As shown previously for Pseudomo-
nas fluorescens AN103 (27, 37), enzyme activity could not be ob-
served for cells cultivated in the absence of these substance.

Based on the genome sequence of Amycolatopsis sp. ATCC
39116 and its annotation, a set of putatively responsible genes
showing homology to previously characterized enzymes with al-
dehyde dehydrogenase activity in other organisms was identified.
Selected gene candidates were heterologously expressed in E. coli,
and VDH activity was monitored. One of the encoded enzymes
was capable of catalyzing the oxidation of vanillin to vanillic acid
and thus was designated VDH ¢ 30116. The enzyme exhibited
homology to several aldehyde dehydrogenases also including a
characteristic motif with glutamic acid as a central amino acid of
the catalytic center (see Fig. S1 in the supplemental material).
Interestingly, the protein does not show a remarkably high level of
homology to the group of enzymes with already verified vanillin
dehydrogenase activity (Fig. 1). However, all proteins character-
ized up to now were derived from a phylogenetically closely re-
lated group of bacteria. VDH s 1 39116 Fepresents the first vanillin
dehydrogenase that was characterized in detail for actinobacteria
and might therefore represent an independently evolved protein.
This is confirmed by the observation that the encoding gene vdh
seems not to be part of a cluster, as previously described for other
studied strains (8, 16, 35, 36, 38).

Upon the heterologous expression of the encoding gene vdh in
E. coli, a protein signal with an apparent molecular mass of 54.0 =
2.0 kDa was obtained by SDS-PAGE analysis. This is in agreement
with both the calculated molecular mass of the vdh translational
product and the sizes of other enzymes exhibiting VDH activity
(18, 32, 35, 36). The recombinant protein carrying a His, tag was
purified to apparent homogeneity, which was confirmed by im-
munodetection. VDH ¢ 30116 activity was detected in the eluted
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protein fraction, verifying the identity of the vanillin dehydroge-
nase of Amycolatopsis sp. ATCC 39116. In line with this, VDH
activity was detectable only in the presence of the cofactor NAD ™,
indicating an NAD " -dependent aldehyde dehydrogenase, as pro-
posed previously based on the theoretical analysis of the amino
acid sequence. In contrast, previous studies stated that the catab-
olism of vanillin in Amycolatopsis sp. ATCC 39116 is catalyzed
only by an oxidase (15). NADP™ could not be used as a cofactor. A
preference toward NAD™ was also reported previously for other
vanillin dehydrogenases studied (18, 27). Moreover, the VDH ac-
tivity of Amycolatopsis sp. ATCC 39116 could be enhanced by the
supplementary episomal expression of vdh, which thereby vali-
dates the enzyme function. VDH ¢ 39116 Was shown to catalyze
the oxidation of different aromatic aldehydes but has a preference
toward vanillin, as previously shown for Sphingomonas paucimo-
bilis SYK-6 (18). The enzyme was active under a broad range of
conditions, including different pHs and temperatures, and
showed its maximum activity at pH 8.0 and at a temperature of
44°C. It exhibited considerable storage stability, since 86% of its
former activity could be determined after 24 h at 4°C.

Based on the results of previous studies (14, 15, 39) and in
agreement with the results obtained in this study, we propose
for Amycolatopsis sp. ATCC 39116 the following coenzyme A
(CoA)-dependent pathway for the degradation of ferulic acid
via vanillin and vanillic acid to protocatechuic acid or guaiacol
with VDH ¢ 30116 as a key enzyme (Fig. 6).

Following the identification of the VDH s 1c¢ 39;16-€ncoding
gene, the physiological impact of VDH , ¢ 30116 01 the catabo-
lism of vanillin and related compounds, such as ferulic acid, was
determined. Therefore, a precise vdh deletion mutant was gener-
ated, and the catabolism of ferulic acid by the mutant was inves-
tigated and compared to that of wild-type Amycolatopsis sp. ATCC
39116. A “resting cell” approach was employed, and the occurring
catabolism intermediates, including vanillin and vanillic acid,
were observed by HPLC.

Both the wild type and the Amycolatopsis sp. ATCC 39116
Avdh: Km" mutant degrade ferulic acid in comparable manners
(Fig. 5A). In contrast to data from previous studies, no negative
effect regarding the catabolism of ferulic acid was observed (7, 8,
37). The authors of those studies assumed polar effects, as a con-
sequence of the vdh deletion or disruption, to be responsible for
the resulting phenotype. Since the vdh gene of Amycolatopsis sp.
ATCC 39116, unlike in other studied strains, is not part of a cluster
with other ferulic acid catabolism genes, a similar effect was not to
be expected for the present strain (8, 16, 35, 36, 38). A remarkable
difference, however, was observed for the synthesis of vanillin and
vanillic acid (Fig. 5B and C). The vdh deletion mutant showed
2.3-times-enhanced vanillin accumulation, which started imme-
diately after the exposure of the cells to the substrate. A final con-
centration of 6.8 mM was reached, and the vanillin excreted in the
culture supernatants was degraded only very slowly, even after
ferulic acid was completely metabolized. The wild type synthe-
sized and excreted vanillin only up to 2.9 mM but only after an
initial accumulation of vanillic acid up to 1 mM had occurred.
This observation was also made previously for wild-type Strepto-
myces sp. strain ATCC 39116 by Muheim and Lerch (39). Since the
accumulation of vanillin by the deletion mutant started indepen-
dently from vanillic acid, a regulatory effect, which influences the
expression of vdh or the activity of the enzyme in the wild type,
depending on the vanillic acid concentration, could be a possible
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FIG 6 Proposed pathway of the CoA-dependent catabolism of ferulic acid via vanillin in Amycolatopsis sp. ATCC 39116.

explanation. Moreover, as a result of the decreasing ferulic acid
concentration, vanillin was subsequently degraded by the wild-
type cells. In line with this, further catabolism intermediates like
guaiacol or protocatechuic acid were formed in detectable
amounts only in cultures of the wild type.

Growth analysis of the mutant strain revealed, as previously
described for other knockout mutants (18, 37), that the bacteria
are no longer able to use vanillin as the sole source of carbon and
energy. In agreement with this, the subsequent enzyme assay
showed that in contrast to the wild type, no oxidation of vanillin
was detectable under the conditions used. This observation is in
accordance with the fact that no other tested homologue of
VDH ¢ 30116 sShowed the desired enzyme activity. However, an
alternative minor pathway of vanillin oxidation might be present,
since a slow degradation of vanillin was observable in the biotrans-
formation experiments despite the knockout.

These experiments clearly showed that VDH , 1¢¢ 30116 Plays a
significant role in the course of ferulic acid degradation in Amy-
colatopsis sp. ATCC 39116. Therefore, the deletion mutant repre-
sents a promising production strain to compete with the already
established vanillin production processes using wild-type strains
(12, 40).

Further metabolic engineering will improve the outcome al-
ready obtained since a slow degradation of vanillin, probably due
to unspecific aldehyde dehydrogenase or oxidase activities (15),
occurred even for the Amycolatopsis sp. ATCC 39116 Avdh::Km"
mutant. Similar observations were also made previously for other
different vanillin production strains in which VDH-encoding
genes were deleted or disrupted (6-8, 37). In addition, ferulic acid
could be completely degraded to serve as source of energy through
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competing pathways, such as decarboxylation to 4-vinylguaiacol
(2). This could be the reason why vanillin and vanillic acid were
not produced in equimolar amounts in the biotransformation ex-
periments (42% molar yield produced by the mutant and 19% by
the wild type). The optimization of the fermentation process is
therefore aimed at an improved vanillin synthesis rate and at a
higher molar yield of vanillin with regard to ferulic acid.

Based on the present study, a strain for the highly efficient
microbial production of natural vanillin from ferulic acid can now
be developed. The complete prevention of the catabolism of van-
illin during biotransformation and the optimization of the fer-
mentation process will significantly improve the production of
natural vanillin using the Amycolatopsis sp. ATCC 39116 Avdh::
Km" mutant.
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