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Abstract Biocatalytic hydrocarbon oxyfunctionalizations

are typically accomplished using oxygenases in living

bacteria as biocatalysts. These processes are often limited

by either oxygen mass transfer, cofactor regeneration, and/

or enzyme instabilities due to the formation of reactive

oxygen species. Here, we discuss an alternative approach

based on molybdenum (Mo)-containing dehydrogenases,

which produce, rather than consume, reducing equivalents

in the course of substrate hydroxylation and use water

as the oxygen donor. Mo-containing dehydrogenases have

a high potential for overcoming limitations encountered

with oxygenases. In order to evaluate the suitability and

efficiency of a Mo-containing dehydrogenase-based biocata-

lyst, we investigated quinaldine 4-oxidase (Qox)-containing

Pseudomonas strains and the conversion of quinaldine

to 4-hydroxyquinaldine. Host strain and carbon source

selection proved to be crucial factors influencing biocata-

lyst efficiency. Resting P. putida KT2440 (pKP1) cells,

grown on and induced with benzoate, showed the highest

Qox activity and were used for process development.

To circumvent substrate and product toxicity/inhibition, a

two-liquid phase approach was chosen. Without active

aeration and with 1-dodecanol as organic carrier solvent a

productivity of 0.4 g ltot
-1 h-1 was achieved, leading to

the accumulation of 2.1 g ltot
-1 4-hydroxyquinaldine in 6 h.

The process efficiency compares well with values reported

for academic and industrially applied biocatalytic oxy-

functionalization processes emphasizing the potential and

feasibility of the Qox-containing recombinant cells for

heteroaromatic carbon oxyfunctionalizations without the

necessity for active aeration.
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Introduction

Quinaldine 4-oxidase (Qox), a molybdenum-containing

enzyme using water as hydroxylating agent, is interesting

for overcoming intrinsic limitations encountered with

other oxidoreductases such as oxygenases, peroxidases,

and oxidases for carbon oxyfunctionalizations. For instance,

oxygenases, the most applied enzyme class for C–H oxy-

functionalization, derive the oxygen atom introduced into

the product from molecular oxygen and typically depend

on an additional electron donor like NAD(P)H to com-

pletely reduce oxygen. In such molecular oxygen-requiring

reactions, the oxygen supply has to be well controlled to

avoid oxygen transfer limitations from gas to liquid phases

and/or enhanced biocatalyst inactivation by reactive oxy-

gen species [29]. Oxygen mass transfer, poor enzyme sta-

bilities, and often low catalytic rates are key limitations for

the development of an efficient biocatalytic process based

on oxygenases [9, 11]. In addition, the necessity for the

regeneration of redox cofactors such as NADH or NADPH

leads to increased costs and complexity, independent of the
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biocatalyst form used, i.e., whole cells or isolated enzymes

[57]. In contrast to oxygenases, Mo-containing dehydro-

genases use water as oxygen donor and produce reducing

equivalents during hydroxylation [15, 21]. Thus, these

enzymes have the potential to overcome the limitations

encountered with other oxidoreductases, e.g., oxygen sup-

ply, reactive oxygen species, and cofactor regeneration, for

efficient in vivo oxyfunctionalization reactions.

Qox originates from the Gram-positive bacterium

Arthrobacter nitroguajacolicus Rü61a, which utilizes quinal-

dine as the sole source of carbon, nitrogen, and energy via the

anthranilate pathway (Fig. 1) [24, 39]. Qox has a broad

substrate spectrum including a variety of N-heterocyclic

substrates [50]. Remarkably, quinoline, 8-chloroquinaldine,

2- and 8-monochloroquinoline, isoquinoline, 1,2-benzodi-

azine, quinazoline, and phthalazine are converted at a higher

rate than quinaldine, the prototype substrate serving as model

substrate in this study. Furthermore, Qox oxidizes aromatic

aldehydes such as benzaldehyde, salicylaldehyde, vanillin,

and cinnamaldehyde to the corresponding acids [15, 50].

Short-chain aliphatic aldehydes are, however, not converted.

Qox is a molybdo-iron/sulfur flavoprotein with a hexameric

(LMS)2 structure and contains a molybdopterin cytosine

dinucleotide cofactor (Mo-MCD) in its large subunit L, FAD

in its medium subunit M, and two distinct [2Fe–2S] clusters

in its small subunit S [13]. The Mo-center catalyzes substrate

hydroxylation upon which two electrons are transferred via

the [2Fe–2S] clusters and FAD to the final electron acceptor,

which is not known for many Mo-containing dehydrogen-

ases [16]. For Qox, electrons may be directly transferred to

molecular oxygen [50] or indirectly via the respiratory chain.

As molecular oxygen does not function as oxygen donor, but

rather as respiration substrate, the demand for molecular

oxygen is reduced in technical applications. Furthermore,

hydroxylating dehydrogenases may even be applied in

alternative respiratory systems, i.e., under anaerobic condi-

tions where electrons generated during substrate hydroxyl-

ation are directed to an alternative electron acceptor such as

sulphate or nitrate, rather than molecular oxygen.

Until recently, studies on Qox [12, 16, 50] and other

Mo-containing dehydrogenases [12, 31, 52] focused mainly

on structural and biochemical investigations. This study

constitutes the first biotechnological in vivo application of

Qox-containing recombinant P. putida strains for produc-

tive biocatalytic C–H oxyfunctionalizations and represents

the potential of Qox to achieve carbon oxyfunctionaliza-

tions without active aeration, reducing the process com-

plexicity, costs, and limitations in technical applications.

Materials and methods

Bacterial strains, plasmid

Recombinant qoxLMS gene expression in Pseudomonas

strains was achieved by means of the plasmid pKP1 [38], a

qoxLMS-containing derivative of the broad-host-range

cloning vector pJB653. The expression of qoxLMS is reg-

ulated by the plasmid-encoded XylS protein which acti-

vates the Pm promoter-mediated expression in the presence

of XylS effectors such as benzoate or 2-methylbenzoate.

The strains, plasmid, and their relevant properties are

summarized in Table 1. Pseudomonas strains were trans-

formed with plasmid pKP1 by electroporation (EasyjecT,

EQUIBIO, Thermo Electron, USA).

Media and growth conditions

Bacteria were either grown on Luria–Bertani (LB) broth or

M9 minimal medium [45] supplemented with 0.5% (w/v)

Fig. 1 First step in the Anthranilate pathway of quinaldine degrada-

tion. Quinaldine 4-oxidase hydroxylates quinaldine in ortho position

to 4-hydroxyquinaldine, introducing the oxygen atom from water.

Under the assay and analysis conditions, only the enol tautomer of the

product was observed

Table 1 Bacterial strains and

plasmids used in this study
Strain/plasmid Relevant properties Reference

or source

P. putida KT2440 TOL plasmid-cured derivative of P. putida mt-2 [1]

Pseudomonas sp. strain VLB120 Wild-type, styrene prototroph, solvent-tolerant

Pseudomonas strain

[35]

P. putida GPo12 OCT plasmid-cured derivative of P. putida GPo1 [48]

P. putida S12 Wild-type, styrene prototroph, solvent-tolerant

Pseudomonas strain

[20]

pJB653 Broad-host-range cloning vector; Pm promoter,

xylS, Ampr
[7]

pKP1 qoxLMS genes inserted into pJB653 [38]
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of carbon source (glucose, glycerol, citrate, succinate, or

benzoate) and 500 lg ml-1 ampicillin to select for plasmid

pKP1. Cultures were routinely incubated in baffled Erlen-

meyer flasks in horizontal shakers at 200 rpm and 30�C. To

investigate quinaldine and 4-hydroxyquinaldine toxicity,

growth inhibition of P. putida KT2440 was studied by

determining growth rates after addition of various inhibitor

concentrations as described elsewhere [10].

Chemicals

Quinaldine (C98%) and 4-hydroxyquinaldine (C98%)

were obtained from Merck (Hohenbrunn, Germany), and

Sigma-Aldrich (Steinheim, Germany), respectively. 1-Do-

decanol (98.5%) and 1-decanol (C95%) were obtained

from Fluka (Buchs, Switzerland).

Determination of enzyme activity in resting cell assays

After precultivation in LB medium, cells harboring pKP1

were grown on M9 medium with different carbon sources

and induced with 2 mM 2-methylbenzoate when an optical

density at 450 nm (OD450) of 0.6–0.7 was reached.

Three hours after induction, cells were harvested by cen-

trifugation (Multifuge 1 S-R, Kendro GmBH, Germany) at

4�C and 4,600 9 g for 10 min. The cell pellet was washed

twice and resuspended in 50 mM potassium phosphate

buffer (pH 7.4) supplemented with 1% (w/v) energy source

to an OD450 of 2.3 corresponding to a cell dry weight con-

centration of 0.5 gCDW l-1. The correlation factor (0.223)

for OD450 to cell dry weight (CDW) was determined as

described before [4]. The cell suspension was then distrib-

uted into Pyrex tubes in 2-ml aliquots and adapted to the

reaction conditions in a water bath (Aquatron, Infors AG,

Switzerland) at 30�C and 250 rpm for 5 min. The reaction

was initiated by adding 4 ll of a 1 M quinaldine stock

solution in ethanol and stopped by adding 2 ml ice-cold

methanol (reaction time as indicated in the text). Cells were

removed by centrifugation (4,600 9 g, 4�C, 10 min) and the

supernatant was analyzed for quinaldine and 4-hydroxy-

quinaldine by HPLC. The specific activity was calculated as

enzyme activity per gCDW (U gCDW
-1 ), where one unit (U) is

the activity which produces 1 lmol of product per min.

Determination of partition coefficients

The partition coefficients of quinaldine and 4-hydroxy-

quinaldine in a two-liquid phase system consisting of M9

medium and 1-decanol or 1-dodecanol were determined by

adding different concentrations of the compounds (50, 100,

150, and 200 mM) into a mixture of equal volumes (1 ml)

of the two phases. Phase equilibration, phase separation,

and sample preparation for GC analysis were performed as

described elsewhere [10]. The partition coefficient (P) is

defined as the ratio of organic to aqueous phase concen-

trations of the compound of interest.

Two-liquid phase biotransformations

A preculture on LB medium was first diluted 100-fold in

100 ml of M9 medium supplemented with 5 g l-1 benzo-

ate, which was then used to inoculate 2 l of the same

medium in a 3-l bioreactor (KLF, Bioengineering, Wald,

Switzerland). The pH was kept constant at 7.4 by using

5 M NaOH and 30% (v/v) H3PO4. After complete benzoate

consumption during batch cultivation (cell concentration:

1.9 gCDW l-1), an exponential feed of 25% (w/v) benzoate

and 4% (w/v) ammonium was started. During this fed-

batch phase, the aeration rate was set at 1.8 vvm and the

dissolved oxygen tension (DOT) was maintained above

30% of saturation by adjusting the stirring speed. Cells

were grown at a predetermined growth rate of 0.5 h-1 until

a biomass concentration of 6.7 gCDW l-1 was obtained,

then harvested by centrifugation (4,600 9 g, 4�C, 10 min)

and resuspended to a cell density of 9 gCDW l-1 in 50 mM

potassium phosphate buffer containing 1% (w/v) glucose.

Biotransformations were performed in 300-ml RALF

reactors (Bioengineering AG, Wald, Switzerland) at a

stirring speed of 1,500 rpm. 1-Decanol or 1-dodecanol,

containing quinaldine, was added to the resting cell sus-

pensions in varying phase ratios, and samples were taken at

regular time intervals. Organic and aqueous phases were

separated by centrifugation (Centrifuge 5403, Dr. Vaudaux

AG, Switzerland) at 13,000 9 g for 10 min and prepared

for GC analysis as described elsewhere [10].

Analytical procedures

Identification and quantification of quinaldine and

4-hydroxyquinaldine were performed using HPLC and GC.

A CC Nucleosil 100-5 C18 HD column (100-Å pore size,

5-lm particle size, 25 cm 9 4 mm inner diameter;

Macherey–Nagel, Oensingen, Switzerland) was used to

separate the analytes on an HPLC apparatus (Elite

LaChrom, Merck-Hitachi, Germany) at a flow rate of

0.7 ml min-1 with a mobile phase of 70% water and 30%

methanol (with a gradient to obtain 100% methanol in

15 min) and DAD detection at 211 nm. Benzoate was

quantified by using the same column with a mobile phase of

30% acetonitrile and 70% water containing 0.1% H3PO4 at a

flow rate of 0.7 ml min-1 and UV detection at 210 nm.

Samples from the two-liquid phase biotransformation and

partitioning experiments were analyzed by GC (Trace GC

Ultra, Thermo Fisher Scientific, Waltham, Massachusetts

equipped with a 30-m factor-four capillary column VF-5ms

(Varian, Middelburg, the Netherlands)) with N2 as the
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carrier gas and FID detection. A temperature profile was

applied as follows: from 50 to 100�C at a rate of 15�C min-1,

from 100 to 300�C at 50�C min-1, and 300�C for 3 min.

Results

P. putida KT2440: the most promising host

for recombinant qoxLMS expression

Host strain selection is a key parameter effecting biocata-

lyst performance. For recombinant qoxLMS expression and

Qox-based biocatalysis, host selection was restricted to

Pseudomonas strains, which, in contrast to E. coli, are able

to produce the Mo-MCD cofactor [38]. The use of wild-

type A. nitroguajacolicus Rü 61a was not suitable, since

its growth on chemically defined media was slow. The

strain also further degraded the product of interest via

the anthranilate pathway. Two solvent-tolerant strains

(P. putida S12 and Pseudomonas sp. strain VLB120) and two

strains generally suitable for recombinant gene expression

(P. putida GPo12 and P. putida KT2440) were first tested

for their ability to metabolize quinaldine (see Table 1 for

strain characteristics). None of the strains showed signifi-

cant growth on quinaldine within 50 h. Subsequently, these

strains were transformed with plasmid pKP1 and evaluated

for Qox activity in resting cell assays after cultivation on

various growth substrates (benzoate, glucose, citrate,

glycerol, and succinate) and induction with 2-meth-

ylbenzoate. Qox activity also was taken as a measure for

gene expression, since none of the three components of

QoxLMS was distinguishable from proteins in the cell

extract on standard SDS-PAGE gels. P. putida S12 and

P. putida KT2440 showed the highest activities (14.7 ± 1.1

and 25.8 ± 0.7 U gCDW
-1 , respectively) when grown on

benzoate (Fig. 2), whereas P. putida GPo12 and Pseudo-

monas sp. strain VLB120 showed no or low Qox activities,

respectively, with all growth substrates used. Growth on

glycerol was very slow for all strains and no activity was

observed. The results indicate that the achieved Qox

activity is highly dependent on the host strain and the

growth substrate used. In conclusion, P. putida KT2440

was the most promising host and thus was further used for

the development of a Qox-based biocatalytic process.

Careful carbon and energy source selection enhances

the Qox activity

As the growth substrate considerably affected the Qox

activity achieved with different Pseudomonas strains, the

effect of using different carbon and energy sources during

both growth and the following bioconversion with resting

cells was evaluated in more detail for P. putida KT2440

(pKP1). Thereby, growth rates and cell yields also were

considered as these parameters are important for an effi-

cient biocatalyst production.

With succinate, the highest growth rate was achieved in

the absence of induction (0.83 h-1), but the obtained Qox

activities after induction were rather low (B8.6 U gCDW
-1 ).

Growth on benzoate, being itself an inducer of qoxLMS

expression, enabled a high Qox activity of up to

27.2 U gCDW
-1 and still a reasonable growth rate of

0.60 h-1. Compared to cells grown on glucose, citrate, and

succinate, benzoate-grown cells showed at least threefold

higher activities with all energy sources applied during the

bioconversion and irrespective of induction with 2-meth-

ylbenzoate (Fig. 3). Achieved Qox activities were similar

with all energy sources applied during resting cell bio-

conversions except for benzoate, which reduced activities,

e.g., by half for benzoate-grown cells. Even without energy

source, activities of benzoate-grown cells were unaffected

(and twice as high as in the case of benzoate addition),

pointing out that in the tested period of 10 min, there was

no requirement for an energy source. A potential inhibition

by benzoate was further investigated for benzoate-grown

cells by varying the amount of benzoate in resting cell

assays. Indeed, the Qox activity decreased with increasing

benzoate concentrations (data not shown). Thus, benzoate

inhibits Qox activity, although it is the most suitable car-

bon and energy source for qoxLMS expression during

growth. This inhibition by benzoate hinders the use of

growing cells for biotransformation. In general, no by-

product formation was observed, i.e., 4-hydroxyquinaldine

was the sole product. In conclusion, the use of resting

P. putida KT2440 (pKP1) grown on benzoate was considered

Fig. 2 Quinaldine 4-oxidase activities of various recombinant Pseu-
domonas strains grown on various growth substrates and induced with

2-methylbenzoate. Resting cell assays were carried out for 10 min

with 1% (w/v) glucose as energy source and a cell concentration of

0.5 g l-1. Black bar P. putida KT2440 (pKP1), dark grey bar
P. putida S12 (pKP1), grey bar Pseudomonas sp. strain VLB120 (pKP1)
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to be suitable for the development of a Qox-based bio-

catalytic process.

Qox-based whole-cell biocatalysts show a high

stability, moderate biological variance, and Michaelis–

Menten type kinetics

In a previous study, different colonies of freshly trans-

formed Pseudomonas strains showed variations in recom-

binant oxygenase activities. Variations were lower for

solvent-sensitive P. putida KT2440 as compared to sol-

vent-tolerant P. putida DOT-T1E and P. putida S12

(Meyer, D., personal communication). To investigate the

reproducibility of Qox activity, nine different colonies of

recombinant P. putida KT2440 (pKP1) grown on agar

plates were tested in parallel for quinaldine hydroxylation

with glucose as the energy source and after growth on

benzoate. The specific activity of the nine cell preparations

(20.7 ± 4.5 U gCDW
-1 ) showed a variation of 21.7%. The

experimental error in the activity measurements was

determined to be 2.3% considering 30 independent exper-

iments. These results point to moderate biological variance.

To investigate the stability of the microbial biocatalyst

under reaction conditions, the time course of substrate

depletion and product formation was followed in resting-cell

reactions. Both substrate depletion and product formation

followed a linear trend for 2 h, whereupon the hydroxylation

rate decreased (Fig. 4). The long-term stability in the

absence of hydroxylation was investigated by incubating the

cells in buffer with and without glucose at 30�C. After 42 h

of incubation with glucose, the resting cells still showed 64%

of the initial activity, whereas this value was 11% without

glucose. These results indicate a high stability of metaboli-

cally active cells (consuming glucose), which is compro-

mised when product accumulation occurs.

The kinetics of in vivo quinaldine hydroxylation by

benzoate-grown cells was analyzed by varying quinaldine

concentrations from 2.8 lM to 4 mM. The cells showed

Michaelis–Menten type kinetics (Fig. 5) with apparent val-

ues for the maximal reaction rate Vmax and the substrate

uptake constant Ks of 19.04 ± 0.29 U gCDW
-1 and 64 ± 4

lM, respectively (Table 2). Since the kinetic parameters

were determined for whole cells, Vmax and Ks are referred to

as apparent.

Biocatalyst performance is affected by product

inhibition and toxicity

Solvents having a logPoct (the logarithm of the partition

coefficient of a solvent in an octanol–water system) between

1 and 4 are considered to be toxic for microbial cells [28, 42].

Fig. 3 Quinaldine 4-oxidase activities of P. putida KT2440 (pKP1)

utilizing various growth substrates and energy sources with (a) and

without (b) induction by 2-methylbenzoate. Resting cell assay

without an energy source was only carried out with cells grown on

benzoate. Growth substrates: Black bar glucose, dark grey bar citrate,

grey bar benzoate, light grey bar succinate

Fig. 4 Substrate consumption and product formation by resting

P. putida KT2440 (pKP1). Resting cell assay was performed with a

cell concentration of 0.47 g l-1. Filled square quinaldine, filled circle
4-hydroxyquinaldine, filled star total
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Quinaldine and 4-hydroxyquinaldine, with logPoct values of

2.59 and 1.65, respectively [46], are expected to be toxic to

microbial cells. Since product accumulation compromised

biocatalyst stability and viability may affect electron trans-

fer, substrate and product toxicities were investigated in

more detail. Growth was monitored in cultures of P. putida

KT2440 incubated with different substrate and product

concentrations. Both quinaldine and 4-hydroxyquinaldine

affected growth, i.e., half maximal specific growth rates

(lmax/2) were observed at concentrations of 2.5 and 1 mM

and complete inhibition above 4 and 1.75 mM, respectively.

At toxic product concentrations, we observed reduced initial

Qox activities, which were unaffected at toxic substrate

concentrations (results not shown), indicating product inhi-

bition at the enzyme level. To overcome substrate and

product toxicity/inhibition, a two-liquid phase system,

which allows maintaining low concentrations in the aqueous

phase, was applied.

Biocatalyst performance in a two-liquid phase system

Organic phase selection is crucial for the development

of a suitable two-liquid phase bioprocess setup. Thus, 12

commonly used organic solvents with a logPoct C 4,

namely 1-decanol, 1-dodecanol, octane, decane, dodecane,

hexadecane, ethyldecanoate, methyllaureate, ethyloleate,

dibutylphthalate, dihexylphthalate, and dioctylphthalate, were

evaluated. 4-hydroxyquinaldine was either not or hardly

soluble in organic solvents other than 1-decanol (log

Poct = 4) and 1-dodecanol (log Poct = 5). A bulk second

phase of 1-decanol present at an organic:aqueous phase

ratio of 1:3 reduced the growth rate of P. putida KT2440

by 23%, whereas 1-dodecanol did not affect the growth

rate at all. The partition coefficients for quinaldine and

4-hydroxyquinaldine were determined to be 229 ± 33 and

237 ± 11 in the 1-decanol-M9 system and 182 ± 10 and

130 ± 12 in the 1-dodecanol-M9 system. Based on these

solubility, toxicity, and partitioning aspects, 1-decanol and

1-dodecanol were considered suitable for two-liquid phase

bioprocessing.

To investigate the performance of P. putida KT2440

(pKP1) in a two-liquid phase process setup, resting cells

grown on benzoate in batch and fed-batch mode were

applied in bioreactors at two organic:aqueous phase ratios

(1:3 and 1:5). With both solvents, specific product forma-

tion rates were constant for 3–6 h, but then decreased

dramatically (Fig. 6). Since 4-hydroxyquinaldine was the

sole product and was not further degraded as shown in

separate experiments (results not shown), the decrease in

product formation rate during the two-liquid phase bio-

transformation was due to loss of biocatalyst activity,

indicating a limitation or inhibition. Oxygen was not lim-

iting as the DOT level remained above 90%. Oxygen

intake only by stirring (no active aeration) sufficed to

sustain such high dissolved oxygen concentrations indi-

cating a rather low oxygen demand. Initial biocatalyst

activities did not depend on the phase ratio (Table 3). Thus,

decreasing the ratio led to faster product accumulation in

the organic phase but lower total product concentrations

after 18 h. The maximal specific activity with 1-dodecanol

was higher than with 1-decanol. However, the average

productivities achieved over the first 6 h were similar with

the two solvents. Although activities were lower than in the

single aqueous phase system, the two-liquid phase system

allowed the formation of substantial product amounts at

reasonable productivities.

Fig. 5 Kinetics of quinaldine 4-oxidase catalysis in whole-cells of

recombinant P. putida KT2440. Activities were determined by resting

cell assays as described in the Materials and methods. The solid line

shows a weighed non-linear regression for enzyme kinetic data by

means of OriginPro 7.5

Table 2 Kinetic parameters for Qox

Biocatalyst Km app [lM] kcat app [s-1] Reference

Qox isolated from A. ilicis Rü61a 34 16.7 [38]

Qox isolated from P. putida KT2440 (pKP1) 35 29.4 [38]

Qox isolated from P. putida KT2440 (pKP1) 38 19.3 [26]

Whole cells of P. putida KT2440 (pKP1) (benzoate grown) 64 9.4a This study

a Estimated for intracellular Qox based on Qox content
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Discussion

Biocatalyst characterization

To date, research on Qox focused on biochemical and

structural aspects of the isolated enzyme involving the

addition of a suitable artificial electron acceptor such as

p-iodonitrotetrazoliumviolet (INT) [12, 13, 26, 38, 50].

Here, recombinant whole cells containing Qox were used

to overcome the requirement for an artificial electron

acceptor. For this purpose, an appropriate host strain had to

be identified.

Attempts for functional expression of genes encoding

Qox and other Mo-MCD-containing enzymes in E. coli

failed [3, 6, 18, 38]. Obviously, E. coli is unable to syn-

thesize Mo-MCD or integrate it into the apoprotein. The

different Pseudomonas strains tested in this study showed

large variations in the achieved Qox activity, presumably

due to the variation in their regulatory background. The Pm

promoter and the positive regulator XylS originate from the

TOL plasmid of P. putida mt-2 [2, 17]. Pseudomonas

putida KT2440 is a TOL plasmid-cured derivative of

P. putida mt-2 [1]. This may explain the higher activities

achieved with P. putida KT2440 as compared to the other

Pseudomonas strains tested.

The achieved Qox activity was not only dependent on

the host strain, but also on the energy source used in resting

cell biotransformations and the growth substrate. The car-

bon source-dependent repression of the Pm promoter-

dependent xyl regulatory system has already been reported

for P. putida mt-2 growing on glucose [22] and succinate at

non-limiting concentrations [14]. The lack of Qox activity

in glycerol-grown P. putida KT2440 (pKP1) may be

explained by slow expression kinetics [55]. It was also

reported that the expression profile from Pm was consid-

erably higher when succinate was used as the carbon

source as compared to glycerol and glucose [22, 55]. A

two- to fivefold-higher Qox activity with succinate-grown

cells compared to glucose-grown cells confirms these

findings (Fig. 2). When benzoate was used as the carbon

source, Qox activities were fivefold and 25-fold higher as

compared to succinate-, and glucose-grown cells, respec-

tively (Fig. 2), which can be ascribed to relieved catabolite

repression. Ramos et al. reported that XylS-mediated

induction of Pm depends on the type of inducer with

2-methylbenzoate showing a 1.5-fold higher induction ratio

(ratio of enzyme level in induced cells compared to unin-

duced cells) than benzoate [40, 41]. However, growth on

and long-term induction with benzoate was adequate for

achieving high Qox activities and additional induction with

2-methylbenzoate did not improve activities of benzoate-

grown cells (Fig. 3).

Interestingly, we observed that the Qox activity was

reduced by half when benzoate was present during the

hydroxylation reaction catalyzed by resting cells. This

inhibitory effect of benzoate can not be on the DNA level,

but may be ascribed to competitive inhibition on the

enzyme level. A steady-state kinetic study is necessary to

understand the type of inhibition. As a consequence,

growth and reaction phases should be separated to achieve

efficient hydroxylation.

The estimated apparent Ks for whole cells was in the

same range but twice as high as the Km of purified Qox

(Table 2), which can be due to the cell membrane forming a

diffusional barrier for the transport of substrate and product.

Based on the calculated Vmax (19.04 ± 0.29 U gCDW
-1 ) and

assuming that 1.15% of the total protein content was Qox

[38], kcat was estimated to be 9.4 s-1, which again is in the

same range but somewhat lower than the values reported for

isolated Qox [26, 38]. Factors potentially limiting Qox

Fig. 6 Biotransformation of quinaldine to 4-hydroxyquinaldine by

resting P. putida KT2440 (pKP1) with a 1-decanol, b 1-dodecanol as

the organic phase present at an organic:water ratio of 1:5 (filled
square quinaldine, filled circle 4-hydroxyquinaldine, filled triangle
total)
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activity in whole cells include substrate uptake and the

availability of the unknown electron acceptor.

Biocatalyst performance and possible limiting factors

Toxic/inhibitory effects of quinaldine and 4-hydroxy-

quinaldine were overcome by the use of 1-decanol (log

Poct = 4) or 1-dodecanol (log Poct = 5) as carrier sol-

vents. Both solvents are on the toxicity border for solvent

sensitive cells. However, solvent-sensitive P. putida

KT2440 was able to endure bulk amounts of 1-decanol

and 1-dodecanol. An RND-type efflux pump (PP1386-

PP1385) [43] and an ABC transporter similar to efflux

pumps for organic solvents (PP0960-PP0958) [19] were

reported to be active in P. putida KT2440. Such efflux

systems presumably enable the use of solvents with a

moderately low log Poct.

We observed that Qox activities of resting cells in a two-

liquid phase system (6.9 and 4.9 U gCDW
-1 with 1-dodecanol

and 1-decanol, respectively) were considerably lower than

the activity of resting cells in single aqueous phase systems

(20.7 ± 4.5 U gCDW
-1 with substrate concentrations below

the toxicity limit). The substrate concentrations in the

organic phase decreased from 170 to 90 mM and from 165

to 80 mM in the course of the two-liquid phase biotrans-

formations with 1-dodecanol and 1-decanol, respectively.

These concentrations correspond to aqueous substrate

concentrations of 0.74–0.50 and 0.92–0.62 mM in the

respective two-liquid phase systems. Considering the

kinetic studies, Qox activities in the range of Vmax would

be expected for these substrate concentrations (Fig. 5).

Possible reasons for the reduced activities in the two-liquid

phase system include a limitation in benzoate availability

and thus reduced induction during growth, substrate mass

transfer limitations, and toxic effects of substrate, product,

and solvent. The low Qox activities achieved in the two-

liquid phase system further decreased in the course of the

biotransformations after 6 and 4 h with 1-decanol and

1-dodecanol, respectively. Possible reasons for this activity

decrease include substrate mass transfer limitation and

toxification of the whole-cell biocatalyst due to product

accumulation.

Oxygen limitation could be excluded as a possible rea-

son for lower or decreasing hydroxylation rates, since the

DOT level remained high, although oxygen intake was

accomplished by stirring only. Obviously, no active aera-

tion via a sparger was necessary to meet the oxygen

demand during biotransformations, emphasizing the

potential of Qox to overcome a prominent limitation, i.e.,

oxygen supply and transfer in technical applications.

If substrate mass transfer is limiting in two-liquid

phase systems, biotransformation rates correlate with the

interfacial area, which depends on organic phase fraction,

stirring speed, and amount of biomass [54]. In order to

increase the surface area and thus mass transfer [49], a

high agitation speed was applied during the two-liquid

phase biotransformations. Initial specific and volumetric

rates did not depend on the organic:aqueous phase ratio

(Table 3), which indicates that substrate mass transfer

over the phase boundary was not limiting during the two-

liquid phase biotransformation. It is clear that toxic

aqueous substrate and product concentrations should be

avoided for high biocatalyst activities [32]. During the

two-liquid phase biotransformations, the substrate and

product concentrations in the aqueous phase were below

toxic levels. When the accumulated 4-hydroxyquinaldine

concentration was above 80 and 70 mM (corresponding to

aqueous concentrations of 0.3 and 0.5 mM) with 1-deca-

nol and 1-dodecanol as the organic phase, respectively,

Qox activity decreased remarkably. In the single aqueous

phase system, the Qox activity decreased when both

substrate and product concentrations amounted to 0.9 mM

(Fig. 4). These results indicate that the hydroxylation

activity of Qox might be affected by a combined effect of

phase and/or molecular toxicity of substrate, product, and

solvent during the two-liquid phase biotransformations.

Furthermore, product inhibition might occur and this

remains to be investigated.

Table 3 Comparison of two-liquid phase biotransformations with resting cells of P. putida KT2440 (pKP1) as the biocatalyst and 1-decanol and

1-dodecanol as carrier solvents

Parameter 1-decanol 1-dodecanol

1:3 1:5 1:3 1:5

Initial specific activity [U gCDW
-1 ] 4.8 ± 0.4 (0–3 h) 4.8 ± 0.8 (0–6 h) 6.8 ± 0.3 (0–3 h) 6.9 ± 0.8 (0–4 h)

Product concentration in organic phase [mM] (6 h) 31.8 79.2 43.1 79.6

Total product concentration [mM] (6 h) 8.1 13.5 11.0 13.7

Total product concentration [mM] (18 h) 19.5 17.2 19.5 17.3

Productivity [g ltot
-1 h-1] (6 h) 0.2 0.4 0.3 0.4

Values in brackets give time ranges or time points, for which the parameters given are valid
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Current status and feasibility of the Qox-based

hydroxylation process

To evaluate the efficiency of the Qox-based bioprocess

among the industrially applied processes for carbon oxy-

functionalization, an operational window was defined as

proposed previously [44, 56] (Fig. 7). For the lower

boundaries of the operational window, the minimum

space–time yield (STYmin), the minimum product con-

centration (cmin), and the minimum reasonable process time

(tmin) were set at 0.1 g l-1 h-1, 1 g l-1, and 1 h, respec-

tively [25, 51]. The maximum space–time yield (STYmax)

was theoretically estimated to be 1529.4 g l-1 h-1 based

on activity data for quinoline 2-oxidoreductase [18]. The

maximum process time (tmax) of 350 h was adapted from

L-phenylalanine dehydrogenase-based L-phenylalanine

production [23]. This operational window was used to

evaluate the Qox-based bioprocess and to compare it

with dehydrogenase-based processes operated by Lonza

Ltd. (Switzerland) for nicotinic acid hydroxylation

(closed symbols, see legend of Fig. 7 for details) [30]

and oxygenase-based processes (open symbols, processes

1–8) [8, 25, 27, 33, 34, 36, 37, 47, 53]. All processes

except three P450-based bioprocesses lie within the area

representing potentially feasible and industrially applica-

ble bioprocesses. The Qox-based process with a produc-

tivity of 0.4 g l-1 h-1 for 6 h is comparable to the

dehydrogenase-based processes by Lonza and various

oxygenase-based processes (processes 1–5 in Fig. 7) in

terms of process time and productivity, whereas the

achieved product concentration is rather low. It is

important to emphasize that the Qox-based process has a

high potential for improvement of all three parameters by

eliminating the limitations encountered during the two-

liquid phase biotransformation and increasing cell con-

centrations. Considering the application point of view,

the ability of Qox to catalyze carbon oxyfunctionalization

with low requirements for molecular oxygen makes it a

very interesting enzyme for industrial oxyfunctionaliza-

tion processes.

The class of pterin-dependent hydroxylating dehydro-

genases comprises a broad range of industrially interesting

enzymes for the hydroxylation of highly activated carbon

(e.g., xanthine, nicotine-, 6-hydroxynicotinate-, isonicoti-

nate-, and nicotinate dehydrogenases), moderately acti-

vated heteroaromatic ring carbon (e.g., Qox, quinoline 2-,

isoquinoline 1-, quinoline 4-carboxylate 2-, and quinaldic

acid 4-oxidoreductases), and even rather unactivated ben-

zylic carbon (e.g., ethylbenzene dehydrogenase) [5, 15].

Together with the high process efficiency achieved in this

study (with Qox) and by Lonza (with nicotinate dehydro-

genase), this emphasizes the broad scope of these water

incorporating enzymes.
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6. Bläse M, Bruntner C, Tshisuaka B, Fetzner S, Lingens F (1996)

Cloning, expression, and sequence analysis of three genes

encoding quinoline 2-oxidoreductase, a molybdenum-containing

hydroxylase from Pseudomonas putida 86. J Biol Chem

271:23068–23079. doi:10.1074/jbc.271.38.23068

7. Blatny JM, Brautaset T, Winther-Larsen H, Haugen K, Valla S

(1997) Construction and use of a versatile set of broad-host-range

cloning and expression vectors based on the RK2 replicon. Appl

Environ Microbiol 63(2):370–379

8. Bühler B, Bollhalder I, Hauer B, Witholt B, Schmid A (2003) Use

of the two-liquid phase concept to exploit kinetically controlled

multistep biocatalysis. Biotechnol Bioeng 81:683–694. doi:

10.1002/bit.10512

9. Bühler B, Schmid A (2004) Process implementation aspects for

biocatalytic hydrocarbon oxyfunctionalization. J Biotech

113:183–210. doi:10.1016/j.jbiotec.2004.03.027

10. Bühler B, Witholt B, Hauer B, Schmid A (2002) Characterization

and application of xylene monooxygenase for multistep bioca-

talysis. Appl Environ Microbiol 68(2):560–568. doi:10.1128/

AEM.68.2.560-568.2002

11. Bühler B, Park JB, Blank LM, Schmid A (2008) NADH avail-

ability limits asymmetric biocatalytic epoxidation in a growing

recombinant Escherichia coli strain. Appl Environ Microbiol

74(5):1436–1446. doi:10.1128/AEM.02234-07

12. Canne C, Stephan I, Finsterbusch J, Lingens F, Kappl R, Fetzner

S, Hüttermann J (1997) Comparative EPR and redox studies of

three prokaryotic enzymes of the xanthine oxidase family:

quinoline 2-oxidoreductase, quinaldine 4-oxidase, and isoquino-

line 1-oxidoreductase. Biochem 36:9780–9790. doi:10.1021/

bi970581d

13. de Beyer A, Lingens F (1993) Microbial metabolism of quinoline

and related compounds: XVI. Quinaldine oxidoreductase from
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46. Schultz OE, Jung C, Möller KE (1970) Estimation of partition

coefficients by using quantum molecular sizes. Z Naturforsch B

25(9):1024–1026

47. Shibasaki T, Mori H, Ozaki A (2000) Enzymatic production of

trans-4-hydroxy-L-proline by regio- and stereospecific hydrox-

ylation of L-proline. Biosci Biotech Biochem 64:746–750.

doi:10.1271/bbb.64.746

48. Smits THM, Balada SB, Witholt B, van Beilen JB (2002)

Functional analysis of alkane hydroxylases from Gram-negative

and Gram-positive bacteria. J Bacteriol 184(6):1733–1742.

doi:10.1128/JB.184.6.1733-1742.2002

49. Smolders AJJ, Pinheiro HM, Noronha P, Cabral JMS (1991)

Steroid bioconversion in a microemulsion system. Biotechnol

Bioeng 38:1210–1217. doi:10.1002/bit.260381013

50. Stephan I, Tschisuaka B, Fetzner S, Lingens F (1996) Quinaldine

4-oxidase from Arthrobacter sp. Rü6la, a versatile procaryotic
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