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Abstract

An expression system for the 2-hydroxybiphenyl-3-monooxygenase gene (hbpA) from Pseudomonas azelaica HBP1 was
developed based on E. coli IM109 and the high copy vector pUCBM20. The system was used for the conversion of
2,2'-dihydroxybipheny! to 2,2',3-trihydroxybiphenyl on a preparative scale with a productivity of 0.06 g h=* 171, This
system also alows the biocatalytic production of various 3-aryl-, 3-alkyl-, and 3-halo-substituted catechols. © 1998 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Microbial degradation pathways of hydrocar-
bons offer a tremendously high metabolic diver-
sity and can be used as a source for the develop-
ment of biocatalysts for organic synthesis. Gen-
erally, aerobic microbial degradation of aro-
matic hydrocarbons is initiated by the incorpora
tion of one or two hydroxyl moieties into the
aromatic nucleus yielding catechol derivatives
as central pathway intermediates. These initia

* Corresponding author. Present address: Institute of Biotech-
nology, ETH Hoenggerberg, HPT, CH-8093 Zurich, Switzerland.
Tel.: +41-1-633-3691; fax: +41-1-633-1051; e-mail:
andreas@biotech.biol.ethz.ch.

reaction steps are catalyzed by dioxygenases in
concert with dehydrogenases when non-activated
aromatic structures are attacked. In case of the
degradation of phenol derivatives, monooxygen-
ases are yielding catechol derivatives in a one-
step reaction. These enzymes often exhibit a
broad substrate spectrum, which in nature al-
lows the funnelling of a variety of structurally
similar hydrocarbons into a few central
metabolic pathways. Because of their broad
substrate spectrum and regiosel ective manner of
hydroxylation, these enzymes provide a chal-
lenge for the development of new biocatalysts
for organic synthesis.

Here, we describe a recombinant biocatalyst
for the preparation of various 3-aryl-, 3-akyl-,
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and 3-halo-substituted catechols employing 2-
hydroxybiphenyl-3-monooxygenase (HbpA).
HbpA is the first enzyme in the biodegradation
pathway of 2-hydroxybiphenyl in Pseudomonas
azelaica HBP1 [1,2]. Accordingly, 2-hydroxybi-
phenyl is hydroxylated to 2,3-dihydroxybi-
phenyl by action of HbpA. 2,3-Dihydroxybi-
phenyl in turn is further oxidized to its meta-
cleavage product 2-hydroxy-6-oxo-6-phenyl-
hexa-2,4-dienoic acid and further metabolized
via catechol and a second, so-called lower
meta-cleavage pathway. Therefore, application
of wildtype P. azelaica HBPL1 for the synthesis
of catecholsis limited by the fast degradation of
the products catalyzed by pathway enzymes ex-
hibiting a broad substrate spectrum [3]. To over-
come these limitations, we developed a recom-
binant biocatayst, E. coli JM109 pHBP461,
which regioselectively hydroxylates ortho-sub-
stituted phenols to their corresponding 3-sub-
stituted catechols. This biocatalyst only shows
heterologous expression of hbpA and is free of
product degrading enzymatic activities.

2. Materials and methods
2.1. Bacterial strains and plasmids

P. azelaica HBP1 [1] was grown with 2,2'-di-
hydroxybiphenyl as carbon source on minimal
medium as previously described [3]. E. coli
JM109 (recAl, supE44, endAl, hsdR17,
gyrA96, relAl, thi, A(lac-proAB) F' (traD36,
proAB*, lacl9, lacZAM15)) [4] was used for
cloning and biotransformation experiments and
was grown on L-broth [5] supplemented with
100 ug mli~! ampicillin and 0.1 mM IPTG
when appropriate. The plasmid pUCBM20
(Boehringer Mannheim, FRG) was used as ba-
sic cloning vector. Construction of pHBP100,
carrying a 13.2 kb Mlul-DNA fragment from
the genome of P. azelaica HBP1 [6] will be
published elsewhere. The plasmid pHBP461
(Fig. 1) was constructed by inserting a 3.2 kb
Sall /Xhol DNA-fragment of pHBP100 in the
Sall polylinker-site of pUCBM 20.
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Fig. 1. Restriction map of plasmid pHBP461.

2.2. Preparation of crude extracts and determi-
nation of enzyme activity

P. azelaica cells were incubated in minimal
medium with 2,2'-dihydroxybiphenyl until the
late exponential growth-phase. E. coli cellswere
incubated for 16 h in L-broth, harvested by
centrifugation and resuspended into phosphate
buffer (50 mM Na,HPO,~KH,PO, pH 7.2).
Cells were disrupted with a French press
(Aminco, Silver Spring, USA) and cell debris
was removed by centrifugation (35 min, 100
000 X g, 4°C). Protein was determined by the
Bradford procedure (Bio-Rad, Munich, FRG).
Spectrophotometric (in crude extracts) and po-
larographic (with whole cells) determination of
2-hydroxybiphenyl-3-monooxygenase-activity
was performed as described previoudly [1] using
phosphate buffer (50 mM Na,HPO,—KH,PO,
pH 7.2).

2.3. DNA manipulation, SDS polyacrylamide
gel electrophoresis and HPLC

All DNA techniques were carried out accord-
ing to established procedures as described else-
where [7]. SDS-PAGE was performed with a
gel chamber system from Biometra (Gottingen,
FRG). The protein bands on the gels were
stained with Coomassie brilliant blue G250.
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High-pressure liquid chromatography (HPLC)
was carried out as described elsewhere [8].

2.4. Preparative bioconversion

Prior to every bioconversion experiment, E.
coli IM109 was de novo transformed with plas-
mid pHBP461. One resulting colony was incu-
bated in 500 ml L-broth (100 wg ml~—?* carbeni-
cillin) and grown at 30°C to an optical density
(546 nm) of 0.6. Cells were harvested by cen-
trifugation, washed in L-broth, transferred in
10-l L-broth (100 wg ml~—* ampicillin, 0.1 mM
IPTG, 5 mM sodium succinate) in a bioreactor
and incubated at 30°C until the late exponential
growth phase (ODgg ,, 7; 5.5 g cell wet weight
I=1). The bioconversion was performed in the
growth medium and started by the addition of
0.85 g 2.2-dihydroxybiphenyl, provided as stock
solution in methanol (1 M). After 10 min and
after 30 min an additional amount of 0.85 g
2,2'-dihydroxybiphenyl was added. The reaction
medium was supplemented after 90 min with 5
mM of sodium succinate supplied as 1 M stock
solution. After 170 min the reaction was stopped
by a shift to pH 2.0 (addition of 61 ml 70%
perchloracid). This also decreased product auto-
oxidation and increased adsorption to Serdolit
AD-4. Biomass was separated from the culture
broth by centrifugation and filtration. Product in
the clear supernatant was extracted by adsorp-
tion to Serdolit AD-4 (400 g; Serva, FRG) and
eluted with acidic methanol. Product purifica
tion was performed by preparative HPLC.

3. Results

3.1. Expression system for hbpA with 2-hy-
droxybi phenyl-3-monooxygenase activity

Recently, we cloned a 13.2 kb Mlul-DNA
fragment from the genome of P. azelaica HBP1.
This DNA fragment carried a cluster of genes
coding for the first three enzymatic steps of
2-hydroxybiphenyl degradation [6]. The gene
coding for 2-hydroxy-biphenyl-3-monooxygen-
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Fig. 2. SDS-PAGE of proteins (12 ug) from crude extracts of E.
coli IM109 (lane 2), E. coli IM109 pUCBM20 (lane 3), and E.
coli IM109 pHBP461. Lane 1, molecular weight marker.

ase was subcloned on a 3.2 kb Sall /Xhol
DNA-fragment in puCBM20. This new con-
struct was named pHBP461 (Fig. 1). Cells ex-
pressing 2-hydroxybiphenyl-3-monooxygenase
activity were identified by spectrophotometric
determination of enzyme activity in cell-free
extracts. Cell-free extracts were obtained from
cultures resulting from the incubation of single
colonies for 16 h in 40 ml LB-medium (100 ug
mi~! ampicillin, 0.1 mM IPTG). A specific
activity of 0.42 U mg~?! protein was determined
in cell-free extracts of E. coli IM109 pHBP461.
Proteins of crude extracts of E. coli IM109, E.
coli JM109 pUCBM20 and E. coli JM109
pHBP461 were separated by SDS gd elec-
trophoresis. A polypeptide with a molecular
weight of 60 kDa was detectable in crude ex-
tracts of E. coli IM109 pHBP461 (Fig. 2). This
corresponds to the molecular weight of a sub-
unit of 2-hydroxybiphenyl-3-monooxygenase
purified from E. coli JM109 pHBP461 and P.
azelaica HBP1 [2].

3.2. Qubstrate spectrum of recombinant 2-hy-
droxybiphenyl-3-monooxygenase

The substrate spectrum of E. coli JM109
pHBP461 for ortho-substituted phenols was de-
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Table 1

Specific oxygen uptake rates of E. coli IM109 pHBP461 cells

Substrate Product Relative activity® (%)
2,2'-Dihydroxybiphenyl 2,2',3-Trihydroxybipheny!® 100°
2-Hydroxybiphenyl 2,3-Dihydroxybipheny!© 49
2,2',3-Trihydroxyhbiphenyl 2,2',3,3-Tetrahydroxybipheny!® 34
2-Propylphenol n.d.¢ 36
2-Methylphenol 3-Methylcatechol© 24
2-Bromphenol n.d.¢ 33
2-Chlorphenol 3-Chlorcatechol 20
2-Fluorphenol 3-Fluorcatechol © 10
2-Mercaptophenol n.d.d 74
1-Naphthol n.d.¢ 11
8-Hydroxychinalin n.d.d 12

#Relative activities were determined polarographically with whole cells of E. coli IM109 pHBP461 as described in Section 2.
®The activity determined with E. coli IM109 pHBP461 was 110% of the activity of wildtype P. azelaica HBP1 grown on 2,2'-dihydroxybi-

phenyl determined under the same conditions.

°The product was characterized with HPLC by comparison with authentic material.
4Formation of a more polar product was observed by HPLC. Reaction mixtures turned brown after incubation at room temperature for an

hour.

termined polarographically as described in Sec-
tion 2. The relative activities are shown in Table
1. The highest activity was determined for 2,2’
dihydroxybiphenyl. The activity of recombinant
2-hydroxybiphenyl-3-monooxygenase with
2,2'-dihydroxybiphenyl was 110% of the activ-
ity in the wildtype P. azelaica HBP1 grown on
2,2'-dihydroxybiphenyl, determined under the
same conditions. Interestingly, 2-fluorophenol,
2-chlorophenol, and 2-bromophenol were aso
substrates of HbpA. Formation of products was
confirmed by HPLC anaysis (Table 1). No
activity could be measured with phenol, 2-
nitrophenol, 2-aminophenol, 2-methoxyphenol,
2-aminobiphenyl, salicylate, 2-hydroxyphenyl-
acetate, 2-hydroxydiphenylmethan, dibenzofu-
ran, 3,3-dihydroxy-2,2-bipyridyl, and all iso-
meric dimethylphenols, di- and trichlorophe-
nols.

3.3. Biotransformation of 2,2'-dihydroxybi-
phenyl to 2,2',3-trihydroxybiphenyl

2,2',3-Trihydroxybiphenyl was produced by
incubating 2,2'-dihydroxybiphenyl with E. coli
JM109 pHBP461 on a 10-l scale as described in
Section 2. Substrate was added in three steps to

prevent intoxication of the cells with the toxic
phenol derivative. After 90 min sodium succi-
nate was added to allow regeneration of cofac-

—#—2,2' 3-Trihydroxybiphenyl
—&—2,2', 3, 3‘-Tetrahydroxybiphgnyl

Lo 2,2'-Dihydroxybiphenyl

1.6

Concentration (mM)

0 50 100 150 200
Time (min)
Fig. 3. Kinetics of the conversion of 2,2-dihydroxybiphenyl by E.
coli IM109 pHBP461. Arrows (full line), addition of 0.85 g
2,2'-dihydroxybiphenyl (85 mg 1) after 0 min, 10.5 min and 30
min reaction time. Arrow (dashed line), addition of 5 mM succi-
nate.
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Table 2

Quantification of the conversion® of 2,2'-dihydroxybiphenyl to 2,2',3-trihydroxybiphenyl by E. coli IM109 pHBP461

Step Amount Compound Relative
@ amount (%)

Substrate 26 2,2-Dihydroxybiphenyl 100

Product 1.8° 2,2',3-Trihydroxybiphenyl 70

Byproduct 0.25° 2,2',3,3-Tetrahydroxybiphenyl 9

Substrate |eft in 0.13° 2,2'-Dihydroxybiphenyl 5

the medium (not converted)

Substrate adhered to 0.42 2,2'-Dihydroxybiphenyl or 16

cell mass or polymerized product

corresponding amount of product

&Conversion time: 3 h; productivity 0.06 g 1=* h~! (10-I scale).
PAs determined by high pressure liquid chromatography.

tors. The reaction was followed by HPLC anal-
ysis. Depletion of substrate and formation of
product is shown in Fig. 3. The byproduct,
2,2',3,3 -tetrahydroxybiphenyl, generated by the
monohydroxylation of 2,2',3-trihydroxybiphenyl
was formed when the concentration of 2,2’-di-
hydroxybiphenyl fell below 0.2 mM. The con-
centration of the main product, 2,2',3-trihy-
droxybiphenyl, linearly increased over 170 min.
The productivity was calculated as 0.06 g prod-
uct 171 h™% The product 2,2',3-trihydroxybi-
phenyl was purified by solid-phase extraction
and preparative HPLC as described in Section
2. The overall process is quantified in Table 2.
During the time of the reaction, a significant
amount of substrate (16%) was lost, probably
due to adsorption effects or polymerization of
the product. The product yield was 70%. The
yield of the following purification procedure
was 63%. The product was characterized by
'H-NMR, COSY-NMR, **C-NMR, and GC-MS
analysis and shown to be 2,2',3-trihydroxybi-
phenyl (data not presented).

4. Discussion

E. coli JM109 pHBP461 proved to be a
versatile biocatalyst for the production of
2,2’ 3-trihydroxybiphenyl from 2,2’-dihydroxy-
biphenyl. As the substrate spectrum of recombi-

nant 2-hydroxybiphenyl-3-monooxygenase
(HbpA) is quiet broad (Table 1), also other
3-substituted catechols are accessible with this
biocatalyst starting with the corresponding or-
tho-substituted derivatives of phenol. A prelimi-
nary characterization of the substrate spectrum
of HbpA [1] had shown, that the ortho-substitu-
tion of phenol was essential for hydroxylation;
meta- or para-substituted phenols were not hy-
droxylated by HbpA; nor were phenols carrying
charged substituents in ortho position. In addi-
tion, we showed that ortho halo-substituted
phenols are also hydroxylated by HbpA to their
corresponding catechols. Alkylphenols like 2-
sec-butylphenol are hydroxylated at very high
rates [2], while phenols carrying very bulky
substituents like 2-hydroxydiphenylmethane are
not substrates (Table 1). Therefore, activity of
HbpA is rather independent of electronic or
inductive effects but influenced by the charge
and the size of the respective substituent. Based
on these results, a process including in situ
recovery of the products has been developed
and is described in the accompanying report [9].
Cloning and expression of hbpA in E. coli
JM109 prevented the product from being de-
graded by normal pathway enzymes. Also, in-
duction of hbpA gene expression was no longer
dependent on 2-hydroxybiphenyl as in the wild-
type. Instead, induction could be achieved by
addition of IPTG. Nevertheless, IPTG turned
out not to be essential for hbpA gene-expression



316 A. Schmid et al. / Journal of Molecular Catalysis B: Enzymatic 5 (1998) 311-316

[9] as the leaky lac-promoter was used for
construction of pHBP461. In this steady-state
process, remaining HbpA-activity was still
higher than the rate of in situ recovery of the
products and therefore not rate-limiting for the
overall process.

The use of recombinant techniques should
provide fast access also to the vast variety of
other enzymes of the natural metabolic pool
being important in this respect.
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