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SUMMARY

Oxygenases catalyze, among other interesting reactions, highly selective hydrocarbon
oxyfunctionalizations, which are important in industrial organic synthesis but difficult to
achieve by chemical means. Many enzymatic oxygenations have been described, but few of
these have been scaled up to a commercial level, due to the complexity of oxygenase-based
biocatalysts and demanding process implementation. The topic of this thesis was the specific
oxyfunctionalization of xylenes by the use of xylene monooxygenase (XMO) from
Pseudomonas putida mt-2. Recombinant Escherichia coli expressing the XMO genes xy/M
and xy/4 were found to catalyze the multistep oxidation of xylenes to corresponding alcohols,
aldehydes, and acids. For all steps, the incorporation of molecular oxygen was verified.
Kinetic analyzes to characterize this multistep oxygenation allowed to determine the kinetic
parameters for the individual oxygenation steps. Furthermore, we found that the substrates
toluene and pseudocumene and the corresponding alcohols inhibit aldehyde oxidation and that
elevated toluene and pseudocumene concentrations also weakly inhibit alcohol oxidation.

As an example for a technically demanding biooxidation, we exploited this complex multistep
reaction for the production of 3,4-dimethylbenzaldehyde from pseudocumene. For this
purpose, we combined recombinant whole-cell catalysis in an aqueous-organic two-liquid
phase system with fed-batch cultivation in an optimized medium. A system with bis(2-
ethylhexyl)phthalate as organic carrier solvent allowed the production of 3,4-dimethylbenz-
aldehyde as the predominant product. Process optimization, scale up, and suitable
downstream processing enabled the production of 484 ml 97% pure 3,4-dimethylbenz-
aldehyde on a 30-L scale. A productivity of 31 g L™ day™ and a product concentration of 37 g
L in the organic phase were achieved. The higher biocatalyst activity at the expense of cell
growth as a consequence of a pH increase pointed to a pH-influenced competition for NADH
between XMO and the respiratory chain. A mathematical model including a pH-dependent
metabolic inhibition of the NADH-consuming bioconversions allowed consistent simulation
of experimental biotransformations performed at varying conditions. Moreover, bioconver-
sion kinetics and process simulation based on this model indicated efficient substrate-cell
transfer and the occurrence of direct substrate uptake from organic phase droplets.

This work describes the characterization of a complex oxygenase-based biocatalyst and its
implementation into a process on a technical scale, thus illustrating the general feasibility of

industrial biocatalytic oxyfunctionalization.
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ZUSAMMENFASSUNG

Oxygenasen katalysieren eine Vielzahl interessanter Reaktionen, darunter hoch spezifische
Oxyfunktionalisierungen von Kohlenwasserstoffen. Solche, fiir die chemische Industrie
relevante Reaktionen sind jedoch mit organisch chemischen Methoden schwierig
durchfiihrbar. Viele enzymatische Oxygenierungen wurden beschrieben, aber wenige davon
sind komerzialisiert. Dies liegt an der Komplexitdt solcher Biokatalysatoren und an der
anspruchsvollen Prozessfithrung. Thema der vorliegenden Forschungsarbeit war die
spezifische Oxyfunktionalisierung von Xylolen mit der Xylolmonooxygenase (XMO) aus
Pseudomonas putida mt-2. Rekombinante Escherichia coli, die die XMO-gene xy/M und xylA
exprimieren, ermdglichten die Mehrstufenoxidation von Xylolen zu den entsprechenden
Alkoholen, Aldehyden und Séuren. Bei allen Reaktionsschritten wurde der Einbau von
Luftsauerstoff nachgewiesen. Die Kinetik dieser Mehrstufenoxygenierung wurde analysiert,
was die Bestimmung der kinetischen Parameter erlaubte. Zudem wurde gefunden, dass die
Substrate Toluol und Pseudocumol und deren Alkohole die Aldehydoxidierung inhibieren,
und dass erhohte Xylolkonzentrationen auch die Alkoholoxidierung inhibieren.

Wir nutzten diese komplexe Mehrstufenreaktion fiir die Produktion von 3,4-Dimethylbenzal-
dehyd aus Pseudocumol, ein Beispiel fiir eine technisch anspruchsvolle Biooxidation. Dabei
kombinierten wir rekombinante Ganzzellkatalyse in einer Emulsion mit Fed-Batch-Kultivie-
rung in einem optimierten Medium. Ein System mit Bis(2-ethylhexyl)phthalséure als organi-
scher Phase erlaubte die Produktion von 3,4-Dimethylbenzaldehyd als Hauptprodukt. Pro-
zessoptimierung, Scale-up und eine geeignete Produktaufarbeitung ermdglichten die Herstel-
lung von 484 ml 3,4-Dimethylbenzaldehyd (97% rein) im 30-L Massstab. Dabei wurden eine
Produktivitit von 31 g L™ d”' und eine Produktkonzentration in der organischen Phase von 37
g L™ erreicht. Erhohte spezifische Biokatalysatoraktivitit auf Kosten des Zellwachstums als
Folge einer pH-Erhohung deutete an, dass XMO und die Atmungskette um NADH konkurrie-
ren. Ein mathematisches Modell, das eine pH-abhingige Inhibition der NADH-verbrauchen-
den Reaktionen einschliesst, erlaubte eine gute Korrelation zwischen Simulationen und Expe-
rimenten. Prozesssimulationen basierend auf diesem Modell wiesen ausserdem auf effizienten
Substrat-Zell-Transport sowie direkte Substrataufnahme aus der organischen Phase hin.

Diese Arbeit beschreibt die Charakterisierung eines komplexen oxygenase-basierten
Biokatalysators und dessen Anwendung in technischem Massstab, was die industrielle

Eignung der biokatalytischen Oxyfunktionalisierung veranschaulicht.
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CHAPTER 1

INTRODUCTION

Bruno Biihler

Chapter 1.2 partly as published by A. Schmid, F. Hollmann, J. B. Park, and B.
Biihler in Current Opinion in Biotechnology, 2002, 13:359-366.
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1.1. GENERAL INTRODUCTION

There are several reasons that make enzymes valuable catalysts interesting for applications in
organic synthesis: a highly selective operation in complex reaction mixtures, their chemo-,
regio-, and enantioselectivity, the prevalent absence of side reactions leading to simpler
separation processes and higher yields, and savings in energy and waste treatment costs owing
to mild reaction conditions. However, biological systems also have limitations, as does any
other highly specialized catalyst. One drawback arises from the high selectivity of enzymes,
which may effect the requirement for many special enzymes to cover the diversity of
chemical reactions desired in organic chemistry. In future however, such requirements may be
accomplished by the large pool of enzymes in nature, their increasing commercial availability,
and progresses in biocatalyst design. Other critical issues - especially encountered in
applications of oxidoreductases — include, e.g., poor water-solubilities and high toxicities of
substrates and products, low biocatalyst stability, especially when membrane associated
enzymes are used, and the need for cofactor regeneration. Biocatalyst engineering as well as
biochemical reaction engineering have provided solutions to a number of such problems.

This thesis deals with different aspects of biocatalyst design and characterization as well as of
biochemical reaction engineering. The goal was to develop a biocatalyst and a process
suitable for the production of aromatic aldehydes - ingredients in flavors and fragrances and
interesting building blocks in organic synthesis - from cheap substrates such as xylenes.
Specific aspects addressed in this work include the characterization of a microbial degradation
pathway with a focus on the application of part of it for the regiospecific multistep oxidation
of xylenes to corresponding benzaldehydes, recombinant whole-cell biocatalysis on the basis
of Escherichia coli, biocatalyst activity and stability, in vivo cofactor regeneration, and the
handling of toxic and scarcely water-soluble substrates and products. The objectives of this
introduction are to give an overview over the present status and future directions of
biocatalysis in the chemical industry, to highlight the potential of biocatalysis for
oxyfunctionalization of hydrocarbons, to provide an insight into the mechanism of oxygenase
catalysis, and to summarize possible solutions to problems encountered in the application of

oxygenases.
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1.2. BIOCATALYSIS IN THE CHEMICAL INDUSTRY

The chemical industry, one of the biggest economic sectors worldwide, is highly developed,
but introduction of new technologies continues, including biocatalysis. This allows access to
new market segments and products in analytical but even more in synthetic applications.
Recent reviews on biocatalysis focus on different topics like enzyme classes (Liese, et al.,
2000; Wandrey, et al., 2000), specific features of biocatalysts (Zaks, 2001), optimization of
biocatalysts (Burton, et al., 2002), and selected aspects of bioprocesses (Panke and Wubbolts,
2002). Representative processes of BASF, DSM, and Lonza have been discussed with respect
to technological and economical perspectives of industrial enzyme applications (Schmid, et
al., 2001). Rasor and Voss reviewed enzyme catalyzed processes in the pharmaceutical
industry describing reactions and conditions in detail (Rasor and Voss, 2001).

In the following, recent industrial processes based on enzyme catalysis are highlighted, the
role of sustainability is discussed, and an overview on research and development activities
with industrial relevance is given. Of the increasing number of commercialized processes
(Straathof, et al., 2002), representative examples are presented. Applications of enzymes in
the analytical field and for small-scale lead compound preparation and derivatization in the

pharmaceutical industry are not considered.

1.2.1. IMPACT OF ENZYMES AS CATALYSTS IN THE CHEMICAL INDUSTRY

Enzyme applications, which are in different development stages, are found mainly in the
organics, drugs, and cleaners market segments. Rapid developments are expected in the
polymer field (e.g. 1,3 propanediol) culminating in applications in all segments, excluding
only bulk products with prices below 1 $/kg (Thayer, 2001). Today, the market of basic,
intermediate, fine, and speciality chemicals and polymers made by bioprocesses accounts
already for 2% of the chemical market, or $25 billion in revenue, excluding revenues from

chemicals like ethanol made by traditional fermentation (Bachmann, et al., 2000).
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1.2.2. BIOPROCESSES AND THE ENVIRONMENT

The sustainability of a process relates to energy and raw material use, waste production,
process stability/safety, and product quality. These factors often translate into a reduction of
production costs and then contribute to improved competitiveness, especially in highly
regulated countries. In a recent report, the OECD illustrates this with various examples and
case studies (Griffiths, 2001).

Process improvements such as increase in yield and reductions in raw material demand,
emissions, and waste result in process cost savings and can give bioprocesses advantages over
traditional chemical routes. This was shown by Ciba (UK) for the synthesis of acrylic acid on
pilot-scale using nitrilase. Budel Zink (NL) are using sulphate reducing bacteria to treat 30 m’
wash tower acid per hour and recover 8.5 tons/d of ZnS, an impressive application in the
industry sector of inorganics. Today, bioprocesses based on genetically modified organisms
(GMOs) are economically feasible, thanks to internationally harmonized guidelines as in the
European Union. A successful example is the setup of a new plant (on stream since early
2001) for the enzymatic production of 7-aminocephalosporanic acid (7-ACA) by Biochemie
in Frankfurt. The bioprocess uses no toxic raw materials, operates under mild reaction
conditions, and produces significantly less waste. Another example is the one-step
manufacture of riboflavin from glucose by Hoffmann La-Roche (in Grenzach, Germany)
using a mutant of Bacillus subtilis. Thanks to a reduction of 50% of production costs and fast
approval through legislation, a new plant with a capacity of 2000 tons/yr started production in
May 2000. Sustainability is achieved via the reduction of emissions by 33 and 50% (volatile
organic compounds and waste water, respectively). In this case, an existing process was

replaced based on new research findings.

1.2.3. COMMERCIALIZED APPLICATIONS OF ENZYMES IN THE CHEMICAL

INDUSTRY

Today, key reactions in bioprocesses running on production scale are mostly hydrolytic, or
the processes are based on fermentations of cheap starting materials like glucose (Table 1.1).
Mechanistic exceptions are the hydroxylations of trimethylaminobutyrate and heteroaromatic
compounds by Lonza, using oxygen derived from water (Lonza, 2003). DSM is using

ammonia lyase for the production of L-aspartic acid and is implementing a process for the
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enantioselective production of cyanohydrins (DSM, 2002a). A series of processes operate on
the multihundred or thousand tons per year scale, which illustrates the technological
feasibility and increasing acceptance of biocatalysis for industrial organic synthesis (Table
1.1).

A representative review on the activities of Degussa Fine Chemicals in the field of amino acid
production (Drauz, et al., 2002) shows the broad technology basis used, ranging from
chemical resolution via kinetic resolution with acylases and hydantoinases, which were in part
successfully engineered to invert enantioselectivity (Arnold, et al., 2000), to oxidoreductions
for L-fert-leucine production and selective addition reactions using L-aspartase. Reaction
conditions for bioprocesses are often determined by highly interdependent parameters. Thus,
mathematical description is one important basis for optimization. Practical process
development and control necessitates simple models based on a limited number of constants.
Such a model based on only 5 constants was presented for the synthesis of cephalexin. The
model could be used to optimize reaction conditions and identify high starting material
concentrations as necessary to increase yields (Schroen, et al., 2001).

A frequently underestimated point is the importance of integrated process development as a
main factor for success of industrial biocatalysis. Avecia (a former part of ICI) stated that the
'key determining factor is not the identification of an appropriate enzyme but the speed of
scale up’ (Griffiths, 2001). Another important point for Avecia was the close collaboration
with academic institutions, which contributed to the successful development of a process for
the production of (S)-chloropropionic acid (2000 tons/yr). Close networking with external
collaborators is rather common for European chemical industries and often allows the

implementation of new technologies (Table 1.2).

1.2.4. INDUSTRIAL ENZYME APPLICATIONS IN THE EXPLORATORY PHASE

Selected developments are highlighted in Table 1.2. New reactions evaluated in industry now
include epoxidations (Panke, et al., 2002) and C-C bond formations (Fessner and Helaine,
2001), processes often limited in productivity by product inhibition. Due to the need for high
product concentrations in commercial processes, in situ extraction techniques, as discussed in
section 1.4.4 of the introduction, are now applied on the pilot-scale (Held, et al., 1999a; Held,
2000; Panke, et al., 2002).
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Synthetic applications of isolated oxygenases have to be based on efficient cofactor
regeneration techniques. In addition to enzymatic recycling systems, electrons can also be
derived from Zn, mediated by cobalt(Ill)-sepulchrate, as in the case of Cytochrome P450
BM3 monooxygenase (Schwaneberg, et al., 2000; Urlacher and Schmid, 2002), from the
cathode, mediated by pentamethylcyclopentadienyl-rhodium-bipyridine, as shown for
hydroxybiphenyl 3-monooxygenase (Hollmann, et al., 2001), or from cheap sources of
reduction equivalents like formate using the same mediator, as illustrated for the asymmetric
synthesis of chiral epoxides by the FAD-dependent oxygenase component of styrene
monooxygenase (Hollmann, et al., 2003).

Catalysts can efficiently be engineered on the enzyme level by directed evolution. The
activity of hydantoinase, used for the production of L-methionine by Degussa, was increased
fivefold with inversion of the enantioselectivity using random mutagenesis and saturation
mutagenesis (May, et al., 2000). A detailed analysis of cellular metabolism can be the entry
point for catalyst improvements at the whole-cell level. Roche used a Bacillus subtilis gene
chip for the analysis of gene expression and regulation, which allowed the detection of
differential expression of vitamin-regulated genes including the identification of potentially
important new transcripts (Lee, et al., 2001). In Corynebacterium glutamicum, phosphoenol-
pyruvate carboxylase and pyruvate carboxylase (PCx) both contribute to lysine production via
oxaloacetate. Carbon flux analysis based on "C-NMR analysis revealed PCx to be rate
limiting for the overall flux through the anaplerotic reaction sequences. Overexpression of the
PCx gene resulted in 50% higher lysine accumulation in a lysine production strain and a
150% increase in the production of the threonine precursor homoserine in a threonine
production strain (Peters-Wendisch, et al., 2001). Descriptions of traditional methods for
whole-cell catalyst improvements are very rare. Recently, Zelder and Hauer (Zelder and
Hauer, 2000) reviewed the application of environmentally directed mutations for biocatalyst
and process improvement. The authors pointed out that microbial adaptation still plays an
important role in the selection of improved strains for biotechnological processes and the
maintenance and selection of production strains. Sequencing of genomes of established and
optimized production strains will bring new possibilities for catalyst improvement based on a
more detailed understanding of regulatory systems and key enzymes in metabolism. Thus, the
sequencing of the Corynebacterium glutamicum genome by Integrated Genomics and BASF
is expected to enable optimization of the current lysine process in Kunsan, Korea (100 000

tons/yr).
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1.2.5. POTENTIAL OF BIOCATALYSIS AND FUTURE PERSPECTIVES

Today, applications of enzymes in the chemical industry are already well established and,
given the current developments, the number of biocatalytic processes will continue to increase
rapidly.

Widespread application of enzymes in the chemical industry will also depend on the
possibility to couple enzymatic with chemical steps. Chemo-enzymatic reaction sequences
profit from the high technical development level of both chemical and enzymatic reactions.
DSM uses well established amidase catalysis to produce enantiopure C,-tetrasubstituted o-
amino acids containing terminal double bonds reacting to cyclic oligopeptides by Grubbs
olefin metathesis (Table 1.1) (Kaptein, et al., 2001). Lonza uses a sequence of nitrile
hydratase catalysis, chemical hydrogenation, and amidase catalyzed reactions to obtain
enantiopure pipecolic and piperazine carboxylic acids from aromatic nitrile precursors
(Lonza, 2003). Making biocatalysis compatible with chemical multistep synthesis is one of
the important future challenges for this new technology.

Nature but also strain collections harbor a large pool of still unused but industrially interesting
enzymes. The diversity of natural compounds suggests the existence of a, yet undiscovered,
potential of functional group biocatalysis (Parales, et al., 2002; Hou, et al., 2003). Beside
selective enrichments and isolation of desired enzymes, the identification of new reactions can
be based on high throughput approaches, which need efficient assays for detecting desired
activities. Robust activity assays are also an important requirement for the practical
application of powerful enzyme engineering techniques [reviewed recently by Arnold
(Arnold, 2001) and Hilvert and colleagues (Taylor, et al., 2001)]. Examples are assays using
new fluorogenic and chromogenic substrates and applications of pH and pM indicator
methods (Table 1.2) (Wahler and Reymond, 2001b; a). The characterization and application
of new enzymes catalyzing reactions with commercial potential will significantly broaden the
spectrum of industrial biocatalysis.

Enzyme-catalyzed reactions yet hardly applied in but of special interest for the chemical
industry include carbon-carbon bond formation and the application of oxidoreductases,
especially the introduction of molecular oxygen into (unfunctionalized) hydrocarbons by
oxygenases under mild reaction conditions. An interesting C-C bond formation reaction was
reported for the preparation of (R)-phenylacetylcarbinol by carboligation of pyruvate and

benzaldehyde using various pyruvate decarboxylases (Rosche, et al., 2001). Continuous
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production of (R)-phenylacetylcarbinol from acetaldehyde and benzaldehyde could be
achieved using a mutant of pyruvate decarboxylase from Zymomonas mobilis in an enzyme
membrane reactor (EMR) with space-time yields of 81 g L™ d' (Goetz, et al., 2001). This
thesis and the subsequent part of the introduction deal with the specific enzymatic

oxyfunctionalization of hydrocarbons.
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1.3. OXYFUNCTIONALIZATION OF HYDROCARBONS

Biocatalytic oxyfunctionalization of hydrocarbons is of special interest in organic synthesis
because readily available petrochemicals can be transformed to functionalized building blocks
in a highly regio- and enantioselective way by the insertion of oxygen from molecular oxygen
into hydrocarbons under mild conditions. Chemical oxyfunctionalization of hydrocarbons via
carbonylation or oxygen addition usually requires the use of expensive and hazardous
reactants and catalysts and often yields product mixtures complicating product isolation
(Fujiyama, et al., 1983; Fujiyama and Matsumoto, 1984; Carelli, et al., 1999; Thomas, et al.,
1999; Hartmann and Ernst, 2000; Thomas, et al., 2001). Due to the high potential of microbial
degradation pathways of aromatic and aliphatic hydrocarbons for environmental (Shannon
and Unterman, 1993; Guieysse, et al., 2001) and preparative applications (Witholt, et al.,
1990; Schmid, et al., 2001), biocatalytic oxygenation reactions gained a lot of scientific

interest during the last decades.

1.3.1. BACTERIAL HYDROCARBON DEGRADATION; POTENTIAL FOR

APPLICATIONS IN ORGANIC SYNTHESIS

The catabolic sequences employed by microbes for the aerobic degradation of hydrocarbons
as well as xenobiotics often can be separated into two parts. Here, we refer to these two parts
as upper and lower pathway, following the nomenclature of the TOL degradation pathway
(Ramos and Timmis, 1987). The genes of the TOL pathway are located on the catabolic
plasmid pWWO of Pseudomonas putida mt-2 (Burlage, et al., 1989; Ramos, et al., 1997;
Greated, et al., 2002). This plasmid harbors upper and lower (meta cleavage) pathway genes
on two separate operons, the upper operon and the meta operon, encoding enzymes involved
in the degradation of toluene and xylenes by these organisms (Fig. 1.1) (Franklin, et al., 1981;
Harayama, et al., 1984; Abril, et al., 1989; Harayama, et al., 1989; Harayama and Rekik,
1990).

A general comparison of the major pathways for catabolism of, e.g., aromatic compounds in
bacteria, as toluene degradation by P. putida mt-2 (Fig. 1.1), reveals that upper pathways
include diverse enzymes but that the compounds are transformed to a limited number of
central intermediates (Gibson and Subramanian, 1984). Upper pathways are usually initiated

by an oxygenase-catalyzed chemo-, regio-, and stereospecific hydroxylation of the
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Figure 1.1. Degradation of toluene by P. putida mt-2. The upper TOL pathway (A) and the
meta-cleavage pathway (B) both are encoded on the catabolic plasmid pWWO. The ortho-
cleavage pathway (C) is encoded on the chromosome. XyIMA, xylene monooxygenase;
XylB, benzyl alcohol dehydrogenase, XylC, benzaldehyde dehydrogenase; XylXYZ, toluate
1,2-dioxygenase; XylL, cis-1,2-dihydroxycyclohexa-3,5-diene-1-carboxylate dehydrogenase;
XylE, catechol 2,3-dioxygenase; XylF, 2-hydroxymuconic semialdehyde hydrolase; XylH, 4-
oxalocrotonate tautomerase; Xyll, 4-oxalocrotonate decarboxylase; XylJ, 2-hydroxypent-2,4-
dienoate hydratase; XylK, 4-hydroxy-2-oxovalerate aldolase; BenABC, benzoate 1,2-
dioxygenase; BenD, benzoate cis-dihydrodiol dehydrogenase; CatA, catechol 1,2-
dioxygenase; CatB, muconate cycloisomerase; CatC, muconolactone delta-isomerase;
CatD/PcaD, 3-oxoadipate enol-lactonase; CatlJ/Pcall, 3-oxoadipate:succinyl-CoA transferase;
CatF/PcaF, 3-oxoadipyl-CoA thiolase.

hydrocarbons, a reaction for which often no organic chemical counterpart is known
(Harayama, et al., 1992; Faber, 2000). Thereby and by the action of additional enzymes such
as dehydrogenases, hydrocarbons are modified up to a stage at which one of the central
metabolites of microbial degradation has been formed. The most abundant central metabolites
in the degradation of aromatics include catechol, protocatechuate, homoprotocatechuate,
gentisate, and homogentisate (Dagley, 1986; Harayama and Timmis, 1987). These
oxyfunctionalized metabolites are channeled into one of two possible lower pathways, either a
meta cleavage-type pathway or an ortho cleavage-type pathway (Harayama and Rekik, 1989;
van der Meer, et al., 1992). Both types of pathways lead to intermediates of central metabolic
routes such as the Krebs cycle and involve ring-cleaving dioxygenases. In the case of P.
putida mt-2, both lower pathways exist. Whereas the enzymes of the meta cleavage pathway
are encoded on the catabolic TOL plasmid, the ortho cleavage pathway is encoded on the
chromosome (Franklin, et al., 1981; van der Meer, et al., 1992).

This generalized scheme of catabolic pathways for aromatic compounds emphasizes the so
called “metabolic funnel” as it is found for many other degradation pathways. It suggests that
microorganisms have extended their substrate range by developing highly diverse upper
pathways, which allow the transformation of initial substrates into one of the central
metabolites. Thus, the variability of the upper pathways contributes to a great extent to the
flexibility of the microbial machinery for degrading xenobiotic compounds and delivers a
versatile toolbox for oxyfunctionalization in organic synthesis. Such oxygenations interesting
for industrial applications include hydroxylations of alkyl-, allyl-, or benzyl carbons (C-H
activation at sp’-hybridized carbon atoms), vinyl group and aromatic (di)oxygenations
(oxygenation of sp>-hybridized carbon atoms), Bayer-Villiger oxidations, and heteroatom

oxygenations (Fig. 1.2).
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Figure 1.2. Some examples of oxygenase-catalyzed biotransformations. A, C-H activation
at sp>-hybridized carbon atoms; B, vinyl group epoxidation; C, Bayer-Villiger oxidation; D,
heteroatom oxygenation; E, aromatic di- and monooxygenation. *, potential introduction of a
chiral center.

A number of excellent reviews with a comprehensive coverage of the literature on
biooxidations have appeared in journals and books summarizing present and possible future
applications of oxygenases (Holland, 1992; 1998; Flitsch, et al., 1999; Holland, 1999; May,
1999; Azerad, 2000; Grogan and Holland, 2000; Holland, 2000; Holland and Weber, 2000;
Flitsch, et al., 2002; Li, et al., 2002). The remaining part of the introduction concentrates
mainly on oxygenases, which introduce oxygen into C-H bonds of sp’-hybridized carbons,

whereas other types of biocatalytic oxyfunctionalization are only marginally considered.
1.3.2. OXYFUNCTIONALIZATION OF sp’-HYBRIDIZED CARBONS

Figure 1.3 shows a simplified tree of oxidoreductase classes with a focus on enzymes capable
to oxyfunctionalize sp’-hybridized carbon atoms. This tree will lead through the present
section of the introduction, which concentrates on mechanistic aspects of C-H activation.
Considering the first level in the tree, such reactions are mainly catalyzed by oxygenases and
peroxidases. However, also oxidases and dehydrogenases have been reported to catalyze the

hydroxylation of benzylic and allylic C-H bonds.
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Oxidoreductases

Dehydrogenases Oxidases Peroxidases Oxygenases

Copper containing FAD-dependent oxygenases; Iron containing

oxygenases no hydroxylation of sp3-carbons oxygenases
Mononuclear; Binuclear; Heme dependent Nonheme iron
e.g., dopamine [3- e.g., copper- oxygenases; oxygenases
monooxygenase based MMO P450 enzymes
Mononuclear; e.g., a- Binuclear; e.g.
ketoglutarate dependent MMO, AMO, XMO
enzymes

Figure 1.3. Simplified tree of oxidoreductase classes with a focus on enzymes capable of
sp’-carbon oxyfunctionalization. MMO, methane monooxygenase; AMO, alkane
monooxygenase; XMO, xylene monooxygenase. The most prominent enzyme classes with
respect to sp>-carbon oxyfunctionalization are shown in bold.

Thereby, dehydrogenases use water as oxygen donor. Examples are 4-cresol dehydrogenase
found in Pseudomonas putida strains or denitrifying bacteria (Hopper, et al., 1985; Bossert, et
al., 1989) and ethylbenzene dehydrogenase of Azoarcus-like strains initiating, interestingly,
an anaerobic catabolic pathway (Johnson, et al., 2001; Kniemeyer and Heider, 2001; Rabus, et
al., 2002). 4-cresol dehydrogenase requires azurin or nitrate as physiological electron
acceptors, whereas the natural electron acceptor of ethylbenzene dehydrogenase is not known
yet.

Oxidases couple the one-, two-, or four-electron oxidation of substrates to the two- or four-
electron reduction of dioxygen to hydrogen peroxide or water. Since oxygen from molecular

oxygen is not introduced into the substrate, hydroxylations are not typical for oxidases.
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However, vanillyl-alcohol oxidase from Penicillium simplicissimum, for instance, catalyzes
both the benzylic desaturation and the benzylic hydroxylation of para-alkylphenols depending
on the nature of the aliphatic side chain (van den Heuvel, et al., 2001a; van den Heuvel, et al.,
2001b). The mechanisms include para-quinone methides as common intermediates and differ
in whether water attacks the methide or not. Thus, the introduced oxygen atom is derived
from water as in the case of dehydrogenases.

Peroxidases use hydrogen peroxide or organic peroxides as oxygen donor and produce one
molecule of water (or alcohol in the case of organic peroxide driven peroxidations) as a co-
product. They catalyze a large variety of reactions including allylic and benzylic
hydroxylations, but no aliphatic hydroxylations have been reported, yet (van Deurzen, et al.,
1997b; Adam, et al., 1999; van Rantwijk and Sheldon, 2000). An advantage of peroxidases is
that they need no regeneration of cofactors such as NAD(P)H, as is the case for, e.g.,
monooxygenases or dehydrogenases. However, a major shortcoming is the low operational
stability of peroxidases, generally resulting from peroxide induced deactivation (van de
Velde, et al., 2001). An example is the facile oxidative deterioration of the porphyrin ring in
heme-dependent peroxidases such as the frequently used chloroperoxidase (van Deurzen, et
al., 1997a; van de Velde, et al., 2000).

Oxygenases derive the oxygen atom introduced into the C-H bonds from molecular oxygen,
produce, in the case of monooxygenases, one molecule of water as a co-product, and can be
found in almost all kinds of living cells, ranging from bacterial to mammalian. Beside the
initiation of hydrocarbon degradation in bacteria (as described above), physiological roles of
oxygenases comprise detoxification, e.g., in mammalian liver cells, and the biosynthesis of
secondary metabolites, hormones, signaling molecules, and many other compounds. Due to
the flexibility needed for the degradation and detoxification of hydrocarbons and xenobiotics,
oxygenases catalyze an even larger variety of oxyfunctionalizations than peroxidases, also
including aliphatic hydroxylations. As shown in Figure 1.3, the main classes of oxygenases
are FAD-, copper-, and iron-dependent. FAD-dependent oxygenases are known to catalyze
epoxidations, aromatic oxygenations, Bayer-Villiger oxidations, and heteroatom
oxygenations, but no oxyfunctionalizations of sp’-hybridized carbons. In contrast, copper
containing oxygenases such as the mononuclear dopamine B-monooxygenase and the
binuclear copper based methane monooxygenase catalyze the hydroxylation of C-H bonds
(Klinman, 1996; Solomon, et al., 1996; Wimalasena and Alliston, 1999). However, the most
abundant and best-studied oxygenases catalyzing C-H oxyfunctionalizations are iron

containing enzymes, on which we concentrate in the following. Iron containing oxygenases



19 Introduction

can be divided in two categories: heme monooxygenases and nonheme iron oxygenases (Fig.

1.3).

1.3.2.1. HEME DEPENDENT OXYGENASES

Heme monooxygenases harbor a protoporphyrin IX tetrapyrrole system containing one
catalytic iron nucleus; the resulting prosthetic group is designated a heme group. The iron is
coordinated by four nitrogen atoms, one from each pyrrole ring, and has two coordination
sites left. The ligands occupying these coordination sites and the surrounding protein structure
that defines the electronic and steric environment of the heme group convey the typical
catalytic spectrum to the enzymes.

Such heme monooxygenases usually belong to the class of cytochrome P450s. Cytochrome
P450 monooxygenases catalyze diverse reactions ranging from participation in the
biosynthesis of hormones in animals and secondary metabolites in plants to the
biodegradation of xenobiotic compounds. Furthermore, P450 enzymes ensure detoxification
of exogenous compounds by rendering these mostly lipophilic compounds water-soluble, thus
facilitating their excretion. Because of this essential function, mammalian cytochrome P450
monooxygenases have been thoroughly studied in the context of drug metabolism (Coon, et
al., 1980; Guengerich, 1987; Ortiz de Montellano, 1995). Increasing attention is given to
microbial P450 monooxygenases and in particular to their application for biotransformations
(Schneider, et al., 1998; Schneider, et al., 1999; Urlacher and Schmid, 2002). Bacterial
cytochrome P450s tend to be soluble whereas the eucaryotic enzymes tend to be membrane
associated (Sono, et al., 1996).

The majority of the cytochrome P450 systems reported to date are multicomponent enzymes
with additional proteins for transport of reducing equivalents from NAD(P)H to the terminal
cytochrome P450 component. Typical electron transfer chains of class I P450 systems
(bacterial or from mammalian adrenal mitochondria) consist of a ferredoxin reductase and a
ferredoxin, whereas class II P450 systems (mammalian hepatic drug-metabolizing isoforms)
include a flavin containing P450 reductase. An exception is cytochrome P450 BM-3 of
Bacillus megaterium which consists of a single polypeptide with a P450 domain and an
electron transport domain of the microsomal type (class II) (Ravichandran, et al., 1993;
Munro, et al., 2002). The fusion-based efficiency of the electron transfer in cytochrome P450
BM-3 provides this enzyme with the highest catalytic activity known for P450
monooxygenases (~285 s' NADPH oxidation activity with arachidonate) (Noble, et al.,
1999).
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Figure 1.4. Intermediate species formed in P450 reactions. The parallelogram represents
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al. (2003).

A number of crystal structures of microbial cytochrome P450s are now available (Poulos and
Raag, 1992; Ravichandran, et al., 1993; Yano, et al., 2000; Yano, et al., 2003). The first X-ray
structure for P450 was that of cytochrome P450.,, (Poulos and Raag, 1992), which was
isolated from P. putida and catalyzes the 5-exo hydroxylation of its natural substrate D-
camphor to 5-exo hydroxycamphor. The P450.,, enzyme has served as a model system for
general studies of cytochrome P450 enzymes in terms of structure, function, and mechanism
(Poulos and Raag, 1992; Schlichting, et al., 2000). The heme group of P450 monooxygenases
is directly involved in the oxidation process by activating molecular oxygen. Up to the
present, the catalytic cycle, by which cytochrome P450-mediated hydroxylation occurs, is
intensively studied (Ortiz de Montellano, 1995; Schlichting, et al., 2000; Newcomb, et al.,

2003). Figure 1.4 shows the various intermediate species formed in P450 reactions.
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The resting iron(IIl) enzyme binds substrate reversibly resulting in a lowering of the reduction
potential of iron. An electron is transferred from NAD(P)H via the electron transfer chain to
P450 to give an iron(Il) species. Reversible binding of oxygen then occurs to give the
superoxide-iron complex. A second reduction reaction gives the peroxo-iron species where
oxygen is in the formal oxidation state of hydrogen peroxide. Protonation of the peroxo-iron
species on the distal oxygen gives the hydroperoxo-iron intermediate. A second protonation
on the distal oxygen and water abstraction results in the iron-oxo species, considered as the
consensus oxidizing species 10 years ago. Alternatively, protonation of the hydroperoxo-iron
species on the proximal oxygen gives iron-complexed hydrogen peroxide, which can
dissociate. This dissociation is reversible, and P450 enzymes can be shunted with hydrogen
peroxide to give an active oxidant.

However, the exact mechanistic details of oxygen insertion into the C-H bond are still the
subject of intense discussion. Recent mechanistic studies, as reviewed by Newcomb et al.
(2003), indicate that the cytochrome P450-catalyzed hydroxylation reaction is complex,
involving multiple mechanisms and oxidants. In addition to the iron-oxo species, the
existence of another electrophilic oxidant, either the hydroperoxo-iron species or iron-
complexed hydrogen peroxide, seems apparent (Fig. 1.4). This other electrophilic oxidant
appears to react by insertion of OH" into the C-H bond to give the protonated alcohol (Vaz, et
al., 1998; Newcomb, et al., 2000). Furthermore, the iron-oxo species is proposed to react
through different spin states, a high-spin quartet state and a low-spin doublet state (Fig. 1.4)
(Oligaro, et al., 2000; de Visser, et al., 2001). The reactions via both states start in a similar
manner that has the appearance of a hydrogen abstraction reaction. After reaching the
transition states for the abstraction, however, the energetics of the two pathways diverge. The
reaction on the low-spin ensemble proceeds through a radical-like species that collapses with
no or a low barrier to give the alcohol product; that is, the reaction is effectively an insertion.
The reaction on the high-spin ensemble has a considerable barrier to collapse. Thus, this
pathway gives a true radical intermediate and resembles the rebound mechanism (Groves and

Han, 1995; Filatov, et al., 1999).

1.3.2.2. NONHEME IRON OXYGENASES

Nonheme iron oxygenases participate in a range of reactions as broad as found for heme
containing oxygenases but are generally much less well understood. However, the
understanding of the biological significance and chemical properties of nonheme iron

oxygenases has increased dramatically in recent years (Ryle and Hausinger, 2002). This
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enzyme category can be divided into two groups, mononuclear nonheme iron enzymes and
binuclear nonheme iron enzymes (Fig. 1.3).

The former group mainly catalyzes dioxygenations and lipoxygenations, but also
hydroxylations (Solomon, et al., 2000). As an example, pterin-dependent hydroxylases
catalyze aromatic oxygenations. Here, we focus on monooxygenases catalyzing
oxyfunctionalizations of sp’-hybridized carbon atoms. Such an activity can also be found
among mononuclear nonheme iron oxygenases, namely in the group of a-ketoglutarate
dependent iron enzymes. Most of these enzymes are hydroxylases and catalyze the coupled
reaction of hydroxylation of a (unactivated) C-H bond in a substrate and oxidative
decarboxylation of the co-substrate a-ketoglutarate, leading to succinate and CO;. Thus, these
enzymes are actually dioxygenases. Recent progress in understanding of structure and
function of such a-ketoglutarate dependent dioxygenases has been reviewed (Schofield and
Zhang, 1999; Prescott and Lloyd, 2000). These enzymes are present in animals, plants, and
microorganisms, catalyze C-H bond oxygenations primarily in large and highly functionalized
molecules, and thus are important for medicine and agriculture. Some o-ketoglutarate
dependent dioxygenases are used in the synthesis of pharmaceutical compounds.

Among the known reactions catalyzed by oxygen dependent binuclear nonheme iron
enzymes, usually containing a bridged diiron center in the active site, are hydrocarbon
monooxygenations, fatty acid desaturations, and ribonucleotide reduction (Wallar and
Lipscomb, 1996; Solomon, et al., 2000). With respect to hydrocarbon oxyfunctionalization,

methane monooxygenase (MMO) is the best-studied nonheme diiron monooxygenase.

Methane monooxygenases catalyze the NADH dependent insertion of one atom of O, into
the exceptionally stable C-H bond of methane to form methanol, the first step in the
degradation of methane by methanotrophs such as Methylosinus trichosporium and
Methylococcus capsulatus. The soluble MMOs typically have a broad substrate spectrum
including saturated and unsaturated, linear, branched, and cyclic hydrocarbons up to about Csg,
as well as aromatic, heterocyclic, and chlorinated compounds (Higgins, et al., 1980; Merkx, et
al., 2001). The MMO system consists of three protein components (Fox, et al., 1989), a
hydroxylase (MMOH) containing a carboxylate- and hydroxo-bridged diiron cluster in the
active site, a reductase (MMOR) channeling electrons from NADH to MMOH, and a small
effector protein termed component B (MMOB) with several roles in MMO catalysis, of which
one involves the enhancement of the electron transfer from MMOR to MMOH (Merkx, et al.,
2001; Wallar and Lipscomb, 2001).
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The first crystal structure for the hydroxylase component was reported by Rosenzweig et al.
(Rosenzweig, et al., 1993) for M. capsulatus MMOH, followed by the crystal structure of
MMOH from M. trichosporium OB3b (Elango, et al., 1997). Furthermore, M. capsulatus
MMOH has successfully been crystallized in different crystal forms, oxidation states, and in
the presence of various substrates and products. Together with spectroscopic studies, this
allowed detailed analyses of structural changes during the catalytic cycle (Merkx, et al.,
2001). Four glutamate and two histidine residues coordinate the diiron centers of MMOHs.
The remainder of the coordination sites is occupied by solvent-derived ligands. Very similar
structures occur in other enzymes using a carboxylate-bridged diiron center to activate
dioxygen such as ribonucleotide reductase and soluble stearoyl-ACP A’ desaturase (Nordlund,
et al., 1990; Lindqvist, et al., 1996; Lombardi, et al., 2000).

The current understanding of the MMO catalytic cycle is shown in Figure 1.5 (Wallar and
Lipscomb, 1996; Brazeau, et al., 2001). The cycle starts with the NADH coupled reduction of
the diferric [Fe(IIT)Fe(III)] form to the diferrous [Fe(II)Fe(II)] form of MMOH involving the
components MMOR and MMOB. Oxygen appears to react in two steps with reduced MMOH.
First, a putative Michaelis complex (compound O) is formed. In compound O, the oxygen is
proposed to bind to the enzyme but not to the dinuclear iron center. Then a terminal superoxo
or a bridging peroxo complex with the diiron cluster (compound P*) is formed (Lee and
Lipscomb, 1999; Brazeau and Lipscomb, 2000). P* decays to compound P which has been
shown to have a diferric cluster by Mdssbauer spectroscopy (Shu, et al., 1997). In addition,
Mossbauer and other spectroscopic studies have suggested that P is a diferric peroxy species
and both the P formation and decay reactions were demonstrated to require a proton,
suggesting that P may be a hydroperoxo adduct, as shown in Figure 1.5 (Lee and Lipscomb,
1999). P spontaneously converts to Q, which has been shown to react with methane to yield
methanol (Lee, et al., 1993). Q was proposed to contain a bis p-oxo Fe(IV), cluster in which
the two single atom oxygen bridges form a so-called “diamond core” (Shu, et al., 1997). Q is
electronically equivalent to the iron-oxo intermediate that is thought to be one of the reactive
species in cytochrome P450 (see Fig. 1.4) (Newcomb, et al., 2003). After the reaction of Q
with the substrate via a putative intermediate R, product bound compound T is formed, and,
with the release of the product, the resting diferric state of MMOH is regenerated in the rate-
limiting step of the cycle (Lee, et al., 1993).

There is currently significant debate regarding the mechanism of the substrate oxidation by Q
(Ryle and Hausinger, 2002). The most definitive studies were those examining MMO-

catalyzed oxidation of norcarane, of which the products derived from radical and cationic
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Figure 1.5. The catalytic cycle of soluble MMO. Oxygen atoms derived from molecular
oxygen are shown in bold. Compounds O, P* P, Q, R, and T are described in the text.
MMOR, reductase component of MMO; MMOB, component B of MMO. Adapted from
(Wallar and Lipscomb, 1996; Brazeau, et al., 2001).

rearrangements clearly differ. The results suggest formation of an initial substrate radical
intermediate (of at least 20 ps lifetime) that undergoes oxygen rebound, intramolecular
rearrangement followed by oxygen rebound, or oxidation to a cationic intermediate that reacts
with hydroxide (Brazeau, et al., 2001). Thus, analogous to P450, multiple mechanisms and
oxidants may be involved in the hydroxylation of different substrates by MMO.
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Alkane monooxygenase (AMO) of P. putida GPol is another member of the family of
binuclear nonheme iron enzymes. It naturally catalyzes the w-hydroxylation of medium chain
length alkanes (Cs-Cj;) to alkanols, the first step in the degradation of alkanes through a set of
enzymes encoded on two alk gene clusters on the catabolic OCT plasmid (Baptist, et al.,
1963; Chakrabarty, et al., 1973; Kok, et al., 1989; van Beilen, et al., 1994b). AMO consists of
an integral membrane protein, the hydroxylase component AlkB, and two soluble proteins,
rubredoxin AlkG and rubredoxin reductase AIkT (Peterson, et al., 1966; Ruettinger, et al.,
1974; Ruettinger, et al., 1977). Its substrate spectrum includes a wide range of linear,
branched, and cyclic alkanes as well as alkyl benzenes (van Beilen, et al., 1994a).
Furthermore, epoxidation of terminal alkenes, sulfoxidations, demethylations, and aldehyde
formation have been reported (Katopodis, et al., 1984; May and Katopodis, 1986; Katopodis,
et al., 1988; Fu, et al., 1991). Wildtype P. putida GPol and recombinant Pseudomonas and E.
coli encoding the alkane monooxygenase genes (alkBGT) optionally combined with the genes
for the alcohol dehydrogenase (alkJ) and the aldehyde dehydrogenase (al/kH) have been used
to produce aliphatic epoxides as well as primary alcohols and acids from alkenes and alkanes
in an aqueous-organic two-liquid phase system (Schwartz and McCoy, 1977; de Smet, et al.,
1983; Favre-Bulle, et al., 1991; Bosetti, et al., 1992; Favre-Bulle and Witholt, 1992; Favre-
Bulle, et al., 1993; Wubbolts, et al., 1996a; Rothen, et al., 1998; Schmid, et al., 1998a).

Studies on the topology of AlkB indicated a structure containing six transmembrane segments
(van Beilen, et al., 1992). In this model, the amino terminus, two hydrophilic loops, and a
large carboxy terminal domain are oriented towards the cytoplasm, and three very short loops
are exposed to the periplasm. As MMOH, AlkB has been proposed to contain an active site
diiron cluster, which is oxo- or hydroxo-bridged (Shanklin, et al., 1997; Hsu, et al., 1999).
However, in contrast to water-soluble proteins of the diiron-carboxylate type (such as soluble
MMO), in which the diiron centers are coordinated via histidines and the carboxyl groups of
aspartate or glutamate, AlkB ligates the diiron core via histidines only. Thus, AlkB was
suggested to represent a new type of nonheme diiron enzyme (Lange and Que, 1998).
Sequence analyses indicated that a variety of nonheme integral membrane enzymes, including
AIkB, contain a highly conserved 8-histidine motif (Shanklin, et al., 1994; Shanklin, et al.,
1997). This motif was shown to be essential for catalytic activity in membrane bound rat
stearoyl-CoA desaturase (Shanklin, et al., 1994). Studies with AlkB suggested that the 8-
histidine motifs provide ligands for the O,-activating diiron clusters in integral membrane
enzymes of this family (Shanklin, et al., 1997). As for the examination of the mechanism of

MMO-catalyzed C-H bond oxygenation, norcarane was tested as substrate to distinguish
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between radical and cation intermediates in AMO catalysis. Analogous to MMO, the results
indicate the intermediacy of a carbon-centered substrate radical, in that case with a lifetime of
approximately 1 ns (Austin, et al., 2000).

Recent genetic experiments have suggested that enzymes with high homology to AIkB,
especially in the histidine-rich region, are widely distributed in nature (Smits, et al., 1999;
Smits, et al., 2002; van Beilen, et al., 2002; Whyte, et al., 2002). Furthermore, sequence
analyses revealed that the class of histidine cluster containing integral membrane proteins
distributes among almost all organisms and includes many oxygen requiring enzymes such as
epoxidases, acetylases, ketolases, decarboxylases, methyl oxidases, desaturases, hydroxylases,
and enzymes capable of both hydroxylation and desaturation (Broun, et al., 1998; Shanklin
and Whittle, 1999; Broadwater, et al., 2002). The dual ability for hydroxylation and
desaturation also was found for soluble castor stearoyl-ACP A’ desaturase and MMO (Jin and
Lipscomb, 2001; Behrouzian, et al., 2002), underscoring the similarity of the mechanisms
among nonheme diiron enzymes of the soluble type, with diiron clusters rich in carboxylate
ligands such as MMO, and the membrane-bound type, with histidine-coordinated diiron

centers such as AMO.

Xylene monooxygenase (XMO) is another example for an integral membrane nonheme
diiron enzyme containing a histidine cluster (Shanklin, et al., 1994). XMO initiates the
degradation of toluene and xylenes in P. putida mt-2 by hydroxylation of a methyl side chain
of the aromatic ring. Xylene degradation proceeds via an upper and two lower pathways, the
meta- and the ortho cleavage pathways (Fig. 1.1). The upper pathway also includes XyIB, a
homodimeric member of the zinc-containing long chain alcohol dehydrogenase family (Shaw
and Harayama, 1990; Shaw, et al., 1992; Shaw, et al., 1993), and XylC, a homodimeric
benzaldehyde dehydrogenase (Shaw and Harayama, 1990; Shaw, et al., 1992; Shaw, et al.,
1993), and yields benzoic acids. These carboxylic acid derivatives are then transformed to
substrates of the Krebs cycle through the two lower pathways (Fig. 1.1). Using E. coli
recombinants, XMO was shown to oxidize toluene and xylenes but also m- and p-ethyl-,
methoxy-, nitro-, and chlorosubstituted toluenes, as well as m-bromosubstituted toluene to
corresponding benzyl alcohol derivatives (Kunz and Chapman, 1981; Wubbolts, et al.,
1994b). Furthermore, styrene is transformed into (S)-styrene oxide with an enantiomeric
excess of 95% (Wubbolts, et al., 1994a; Wubbolts, et al., 1994b). E. coli recombinants
containing XMO have been observed to catalyze the second step in the upper pathway, the

oxidation of benzyl alcohols to corresponding aldehydes (Harayama, et al., 1986; Harayama,
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et al., 1989). Even the conversion of benzaldehyde to benzoate, the third step in the upper
pathway, could be observed, but was attributed to E. coli enzymes (Harayama, et al., 1989).
Further studies performed in vitro with partially purified XMO showed no activity towards
benzyl alcohol (Shaw and Harayama, 1995). The reasons for this discrepancy remained
unclear.

XMO consists of two polypeptide subunits, encoded by xy/M and xyl4 (Harayama, et al.,
1989; Suzuki, et al., 1991). XylA, the NADH:acceptor reductase component, was
characterized as electron transport protein transferring reducing equivalents from NADH to
XyIM (Shaw and Harayama, 1992). XyIM, the hydroxylase component, is located in the
membrane, and its activity with a pH optimum of 7 depends on phospholipids (Wubbolts,
1994; Shaw and Harayama, 1995). XyIM has a 25% amino acid sequence homology with
AlkB (Suzuki, et al., 1991) and contains six membrane-spanning helices in analogy to AlkB,
(Wubbolts, 1994). Especially the location of the histidine residues of XyIM matches those of
AlkB, and the common histidines are distributed in 4 clusters of HXX(X)(H)H. Such
similarities also suggest similar mechanisms.

The one-step oxygenation of styrene catalyzed by recombinant XMO in growing cells of E.
coli was applied to produce (S)-styrene oxide on a 1.5-L scale with 25% (vol/vol) hexadecane
as a second organic phase (Panke, et al., 1999b). Thereby, maximal productivities of up to 2 g
per liter aqueous phase and hour and product concentrations of around 180 mM in the organic
phase were reached. Furthermore, the wild-type strain P. putida mt-2 was used to oxidize
methyl groups on aromatic heterocycles to the corresponding carboxylic acids (Kiener, 1992;
1995). With cells growing on p-xylene, a 5-methyl-2-pyrazinecarboxylic acid titer up to 24 g
L' was reached for the biotransformation of 2,5-dimethylpyranzine on a 15-m’-production
scale. This system exploits the inability of the wild-type strain to further degrade
heteroaromatic carboxylic acids. In P. putida mt-2, all three enzyme activities of the upper
xylene degradation pathway are responsible for the three-step oxidation. Recently, wildtype
P. putida mt-2 was shown to oxidize 2-methylquinoxaline to 2-quinoxalinecarboxylic acid in
a similar manner, thus expanding the substrate spectrum of XMO to bicylcic heteroaromatic
compounds containing a methyl group (Wong, et al., 2002). Thereby, a product concentration

of around 10 g L™ and a yield of 86% were reached on an 8-L scale.
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1.4. APPLICATION OF OXYGENASES

The development of oxygenase-based bioprocesses suitable for industry faces hurdles that are
not experienced by biocatalytic processes involving easy-to-use enzymes such as hydrolases,
isomerases, or lyases. Oxygenases are often unstable, consist of multiple components, of
which some might be membrane-bound, and require costly cofactors such as NAD(P)H
(Duetz, et al., 2001). These issues constrict the use of isolated enzymes in practical
applications (Faber, 2000). Despite promising progress in the application of isolated
oxygenases including sophisticated cofactor regeneration systems (Schwaneberg, et al., 2000;
Hollmann, et al., 2001; Urlacher and Schmid, 2002; Hollmann, et al., 2003), efforts towards
the industrial application of oxygenases mainly have focused on whole-cell biocatalysis
during the past two decades. This section of the introduction addresses general aspects in the
practical application of oxygenases with a focus on in vivo biooxidation, which is a main
topic of this thesis.

Critical issues include the structural complexity of substrates and the desired specificity of
reactions, which require elaborate procedures for biocatalyst selection and/or engineering both
involving efficient screening or selection strategies. Furthermore, intrinsic oxygenase
properties such as often low catalytic rates, uncoupling, and multiple oxidation have to be
considered. Physiological aspects in whole-cell biooxidations include product degradation,
effects of (heterologous) expression and activity of oxygenases, cofactor recycling, and
toxicity of substrates and products. The listed intrinsic oxygenase properties and physiological
aspects can be tackled using biocatalyst engineering at the molecular level and biochemical
process engineering. Moreover, bioprocess engineering faces challenges such as high oxygen
requirements of the whole-cell biocatalyst, the danger of explosion hazard, and downstream

processing. Below, these critical issues and strategies to overcome them are discussed.

1.4.1. BIOCATALYST SELECTION

New processes can be based on the availability of an interesting new enzyme or the incidental
identification of interesting products followed by the isolation of the responsible enzymes.
Alternatively, it will be necessary to screen for organisms or enzymes catalyzing a desired
reaction, or new enzyme activities may be developed by protein design or directed evolution.

Due to the diverse physiological roles of oxygenases, it is a highly demanding task to find an
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oxygenase that is suitable for a specific biocatalytic process among the available and yet to be
discovered enzymes. Since screening for oxygenase products often requires highly sensitive
assays due to structural product properties, low product levels, or excretion of unrelated
hydroxylated compounds by microorganisms, high-throughput methods based on NMR or
MS are of great interest (van Beilen, et al., 2003). New developments, such as high cell
density microtiterplate cultures enabling high oxygen transfer rates (Duetz, et al., 2000; Doig,
et al., 2002b), also facilitate the screening process. Various screening strategies are applied for
oxygenases. These include traditional enrichment cultures, screening of literature and
databases, high-throughput screening of a large collection of microbes, and screening of

oxygenase clone libraries (van Beilen, et al., 2003).

1.4.2. INTRINSIC OXYGENASE PROPERTIES

Enzymes have evolved to fulfill very specific and selective metabolic functions. Thus, in vivo
enzyme activities and the regulation thereof fundamentally depend on the metabolic state of
the cells and the position of in vivo reaction equilibria with respect to metabolic flux.
Requirements of industrial applications of enzymes often differ from intrinsic enzyme
properties evolved for optimal survival of a species in a specific environment. Biocatalyst
engineering and biochemical process engineering provide a growing tool set to accomplish

such application-related requirements.

1.4.2.1 SPECIFIC ACTIVITY

A key aspect in the application of oxygenases is the specific catalytic rate, which is typically
relatively low compared with hydrolytic enzymes, for instance. The specific activity of
whole-cells can be increased by overexpression of oxygenases to high activity levels. This
was attempted, e.g., by heterologous expression of xylene monooxygenase of P. putida mt-2
and styrene monooxygenase of Pseudomonas sp. strain VLB120 in E. coli resulting in
specific activities for styrene epoxidation of 91 and 70-180 U (g of CDW)', respectively
(Panke, et al., 1998b; Panke, et al., 1999b; Panke, et al., 2000). However, although such
activities are relatively high, they did not reach or exceed the maximally measured activities
of 185 U (g of CDW) ™! and 200 U (g of CDW)™ for toluene degradation by wildtype P. putida
mt-2 (Duetz, et al., 1998) and styrene oxidation by wildtype P. putida S12 containing a
styrene monooxygenase similar to the VLBI120-enzyme (No6the and Hartmans, 1994),
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respectively. Thus, heterologous overexpression does not necessarily lead to higher activities,
for which possible reasons are discussed in the subsequent sections. High-level expression in
the natural host is another promising approach. An example is the overexpression of toluene
dioxygenase and toluene cis-dihydrodiol dehydrogenase, the first two enzymes in the toluene
degradation pathway of P. putida F1, in a mutant of the natural host unable to degrade 3-
methylcatechol produced from toluene. Insertion of multiple gene copies of the two enzymes
into the chromosome allowed a 5.5-fold increase of the specific activity as compared to the
mutant containing single gene copies (Hiisken, et al., 2001a) and a maximal specific activity
of 243 U (g of CDW) ™" under optimized conditions (Hiisken, et al., 2002a).

A further possibility to enhance catalytic rates is protein engineering either by rational design
or by directed evolution using a rapidly growing toolbox of molecular techniques (Arnold,
2001; Farinas, et al., 2001a; Bolon, et al., 2002; Patnaik, et al., 2002). Protein engineering can
be used to address, beside the catalytic rate, also other enzyme properties such as specificity
and stability (Cherry, 2000; Powell, et al., 2001; Cirino and Arnold, 2002; Zhao, et al., 2002).
A remarkable example for an oxygenase tackled by protein engineering is the single
component enzyme cytochrome P450 BM-3, which naturally hydroxylates long-chain fatty
acids at subterminal positions. The substrate range of this enzyme was engineered allowing
the hydroxylation of naturally poor or non-substrates such as smaller chain fatty acids (Ost, et
al., 2000; Li, et al., 2001b), indole (L1, et al., 2000), alkanes (Farinas, et al., 2001b), alicyclic,
aromatic, and heteroaromatic compounds (Appel, et al., 2001), and polycyclic aromatic
hydrocarbons (Carmichael and Wong, 2001; Li, et al., 2001a). Multiple rounds of directed
evolution have produced P450 BM-3 mutants capable of hydroxylating a variety of alkanes
(C3 to C8) at initial turnover rates exceeding those of the wild-type enzyme towards the
natural, fatty acid substrates and those of any known alkane hydroxylase (Glieder, et al.,
2002). This mutant enzyme also showed higher activities towards fatty acids as compared to
the wildtype enzyme. There are also examples of nonheme monooxygenases that have
recently been engineered by directed evolution (Canada, et al., 2002; Meyer, et al., 2002a;
Meyer, et al., 2002b). The flavoenzyme 2-hydroxybiphenyl 3-monooxygenase (HbpA) of P.
azelaica HBP1 catalyzes the regioselective ortho-hydroxylation of a wide range of 2-
substituted phenols to the corresponding catechols. Random mutagenesis resulted in enzyme
variants with improved or novel activities towards 2-fert-butylphenol, guaiacol, and 2-sec-
butylphenol (Meyer, et al., 2002a), as well as indole and derivatives thereof (Meyer, et al.,
2002b). Continuous product removal by solid phase adsorption on a hydrophobic resin

allowed the multi-gram scale production of 3-tert-butylcatechol using an improved variant of
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HbpA in recombinant E. coli (Meyer, et al., 2003). The nonheme diiron enzyme toluene
ortho-monooxygenase (TOM) of Burkholderia cepacia G4 converts toluene to 3-
methylcatechol in a two-step reaction; it also oxidizes naphthalene and trichloroethylene,
making TOM a potential biocatalyst for bioremediation (Luu, et al., 1995). TOM’s ability to
hydroxylate naphthalene and to degrade chlorinated compounds was improved using error-
prone DNA shuffling (Canada, et al., 2002). Novel and improved molecular and
computational techniques can be regarded as valuable tools for the optimization of enzyme

activities and specificities of oxygenase-based biocatalysts.

1.4.2.2 UNCOUPLING

In oxygenase catalysis, the reduction of molecular oxygen by two or four electrons can be
uncoupled from substrate oxidation resulting in the formation of hydrogen peroxide or water.
For whole-cell biocatalysis, this uncoupling has to be minimized because it leads to a loss of
reduction equivalents from the host cell, an increased oxygen demand, and the production of
toxic hydrogen peroxide (Lee, 1999). Uncoupling can occur in the absence of substrate and
often is induced by compounds with a bad fit in the active site (Lee, 1999). This compound
can be a poor substrate or a non-substrate such as the product of the oxygenase reaction
(Suske, et al., 1997). Uncoupling can also occur when a crucial residue is mutated and thus
can be a side effect of directed evolution (Miles, et al., 2000; Meyer, et al., 2002b). On the
other hand, enzyme engineering can be used to reduce uncoupling as shown for HbpA
(Meyer, et al., 2002a) and cytochrome P450cam (Jones, et al., 2001). Process engineering
solutions such as in situ product removal can also reduce product-induced uncoupling as in
the case of catechol production by recombinant E. coli containing HbpA (Held, et al., 1999b).
The investigation of the exact molecular mechanisms of uncoupling may allow the
development of biocatalyst and process engineering solutions for the minimization of

uncoupling.

1.4.2.3 MULTIPLE OXIDATION

Several oxygenases catalyze multiple oxidations of hydrocarbon substrates, which is a
problem if a specific alcohol is the desired product. Such multiple oxidation activity may be
due to a low (regio)specificity resulting in oxidation at multiple sites or in overoxidation of an
alcohol product to the corresponding aldehyde and acid.

Both, oxidation at diverse carbon atoms and overoxidation were found for P450 BM-3,

oxidizing fatty acids to subterminal hydroxy- and oxoproducts with a product diversity
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depending on the dissolved oxygen concentration (Boddupalli, et al., 1992; Schneider, et al.,
1999). Many other P450 enzymes have been reported to catalyze multiple oxidation of the
same substrate. Examples are the oxidations of linalool and camphor to 8-oxolinalool and 5-
ketocamphor, respectively (Ullah, et al., 1990), of ethanol via acetaldehyde to acetic acid
(Bell-Parikh and Guengerich, 1999), and of fatty acids to diacids (Shet, et al., 1996).
Furthermore, several P450 enzymes catalyze multistep reactions involved in steroid oxidation,
e.g., P450s 27, 24, 19, 170, 14a, 11B and P450scc (Hume, et al., 1984; Kellis and Vickery,
1987; Fischer, et al., 1989; Cali and Russell, 1991; Holmberg-Betsholtz, et al., 1993;
Akiyoshi-Shibata, et al., 1994; Imai, et al., 1998; Yamazaki, et al., 1998).

Histidine cluster containing nonheme diiron enzymes have also been reported to catalyze
multiple oxidations. For example, C-4 sterol methyl oxidase of Saccharomyces cerevisiae
catalyzes the three-step oxidation of a methyl group to the carboxylic acid (Bard, et al., 1996).
As mentioned above, alkane monooxygenase (AMO) oxidizes terminal alkanols to alkanals
(May and Katopodis, 1986), and early reports suggested that xylene monooxygenase (XMO)
catalyzes alcohol and aldehyde oxidations (Harayama, et al., 1986; Harayama, et al., 1989). In
the case of XMO, such activities later were attributed to dehydrogenases present in the E. coli
host (Harayama, et al., 1989; Shaw and Harayama, 1995).

The highest natural oxygenation activities were observed with enzymes, in which oxygenase
and electron transfer components are fused naturally as in P450 BM-3 (Munro, et al., 2002)
and nitric oxide synthase (Ortiz de Montellano, et al., 1998), enzymes showing significant
overoxidation. The P450-catalyzed multistep oxidations of ethanol and of some steroids are
considered to involve little or no dissociation of the reaction intermediates from the enzymes
(Imai, et al., 1998; Yamazaki, et al., 1998; Bell-Parikh and Guengerich, 1999). Van Beilen et
al. (2003) argued that the separation of the different cofactors in separate proteins, which
slows down electron transfer, may be a result of evolutionary pressure towards mechanisms
that allow the product to leave the enzyme before it is further oxidized. This suggests a trade-
off between catalytic rate and reaction specificity (e.g., overoxidation). Thus, increasing the
catalytic rate by protein engineering might lead to significant overoxidation, which mostly is

undesired.
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1.4.3. PHYSIOLOGICAL ASPECTS — BIOCATALYST STABILITY

1.4.3.1. PRODUCT DEGRADATION

Oxygenases are generally part of catabolic or anabolic pathways involving downstream
enzyme activities, which may lead to product degradation. The use of wildtype strains is
useful when dead end products are produced, as in the oxidation of aromatic heterocycle
methyl groups to the corresponding carboxylic acids by wildtype P. putida mt-2, which
harbors the xylene degradation pathway (Kiener, 1992). However, when degradation of the
desired product takes place, it will be necessary to block through-conversion of the desired
intermediate by mutagenesis of the wildtype strain, or by introducing the genes of the desired
enzymes into a host that is not able to degrade the product. In some cases, genetic engineering
of the selected wildtype strain to avoid product consumption may be difficult due to, for
instance, the presence of multiple enzyme activities attacking the product or unknown
genetical properties. Then, heterologous expression, in vitro use, or further screening are
possible alternatives. Further reasons that may favor heterologous expression are demanding
cultivation, poor growth on minimal media, and suspected pathogenicity of the strain of

interest.

1.4.3.2. RECOMBINANT BIOCATALYSIS

Heterologous expression of oxygenases can be difficult and, as mentioned above,
overexpression in a recombinant host does not necessarily result in higher activities than in
the wildtype. The molecular environment in recombinant hosts may differ from the wildtype
strain, which might complicate the stable and functional expression of oxygenases in
recombinants. Critical factors include protein folding, protein stability, genetic stability, the
ratio of multiple components, cofactor incorporation, the interactions of membrane-associated
components with the host membrane, the requirement for additional proteins, and the
formation of reactive oxygen species.

In the case of AMO, the enzyme components were less stable and the specific activity of the
limiting oxygenase component AlkB was five or six times lower in recombinant E. coli than
in P. putida GPol (Staijen, et al., 2000). Furthermore, the addition of sufficient iron is crucial
(Staijen and Witholt, 1998). High-level expression of membrane bound components such as
AlkB of AMO may destabilize the membrane and thus affect cell growth. AMO expression in

P. putida and E. coli altered the membrane lipid composition and reduced the growth rate and
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the stability of the AMO genes (Nieboer, et al., 1993; Chen, et al., 1995; Chen, et al., 1996).
However, overexpression of AMO in E. coli compensated the lower specific enzyme activity
and recombinants as active as the wildtype were constructed.

Genetic instability can be addressed by the insertion of the oxygenase genes into the
chromosome of the host (Panke, et al., 1999a; Hiisken, et al., 2001a). Correct and sufficient
cofactor incorporation into recombinant oxygenases might necessitate, beside the supply of
metals such as iron, the addition of other cofactor precursors such as 6-aminolevulinic acid in
the case of heme proteins (Richardson, et al., 1995). Reasonable expression of eucaryotic
P450 oxygenases in the cytosol instead of low levels in the membrane was reached by
removing hydrophobic residues from the N-terminus (Miles, et al., 2000). A reactivating
component was required as an additional protein in the case of catechol-2,3-dioxygenase
(Hugo, et al., 1998). High specific styrene monooxygenase activities of 180 U (g of CDW)
in recombinant E. coli were reached by additionally expressing two genes encoding
regulators, which control expression of the styrene monooxygenase genes at the
transcriptional level (Panke, et al., 1998b). This procedure also alleviated a block that
prevented translation when a heterologous promoter was used. High oxygenase activities are
expected to enforce the formation of active oxygen species such as hydrogen peroxide, which
affect host and oxygenase stability (Lee, 1999). This may limit the benefit of oxygenase
overexpression.

However, despite the mentioned critical points, which need to be investigated in more detail,
there are numerous reports on successful expression of oxygenases in recombinant hosts,
especially in E. coli (Wahbi, et al., 1996; Parikh, et al., 1997; Shet, et al., 1997; Iwata, et al.,
1998; Miles, et al., 2000; Doig, et al., 2001; Doig, et al., 2002a).

1.4.3.3. COFACTOR RECYCLING IN WHOLE CELLS

Maximal turnover rates of NAD(P)H in whole cells were estimated based on exponential
growth on glucose at a rate (1) of 2 h™ and a yield of 0.5 g of cells per g of glucose (Duetz, et
al., 2001). This calculation resulted in a maximal NAD(P)H regeneration rate of 720 U (g of
CDW)', which has been considered to be sufficient to cover the demand of active
heterologous oxygenases. Thereby, it was assumed that such a NAD(P)H regeneration
capacity can be used for biotransformation instead of growth. However, processes exploiting
in vivo oxygenation are often based on growing cells, in order to maintain high biocatalyst
activities (Favre-Bulle, et al., 1991; Favre-Bulle and Witholt, 1992; Kiener, 1992; Favre-
Bulle, et al., 1993; Wubbolts, et al., 1996a; Panke, et al., 1999b; Phumathon and Stephens,
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1999; Panke, et al., 2000; Hiisken, et al., 2001b; Hiisken, et al., 2002a; Hiisken, et al., 2002b;
Panke, et al., 2002). Furthermore, results obtained in several studies on whole-cell
oxygenations at high specific rates indicate that resting cells or cells reaching the stationary
phase after batch or fed-batch growth steadily loose their oxygenase activities despite of the
supply of an energy source (Bosetti, et al., 1992; Favre-Bulle and Witholt, 1992; Wubbolts, et
al., 1994a; Wubbolts, et al., 1996a; Prichanont, et al., 1998; Phumathon and Stephens, 1999;
Hiisken, et al., 2001a; Hiisken, et al., 2002a; Maruyama, et al., 2003). This can be due to
decreasing intracellular oxygenase levels and/or NAD(P)H shortage as a consequence of a
reduced NAD(P)H regeneration rate, when the cells adapt their metabolic activity to the
actual growth stage. Thus, the use of growing cells with high metabolic activities may
guarantee the maintenance of high oxygenase levels and/or high NAD(P)H regeneration rates.
However, during cell growth, various reactions, especially oxidative phosphorylation, also
consume reduction equivalents (Russell and Cook, 1995). The presence of an active
NAD(P)H-consuming oxygenase will thus have an impact on cell metabolism, decrease
growth yields on energy sources, cause stress, and reduce growth rate, viability, and metabolic
activity (Bosetti, et al., 1992; Phumathon and Stephens, 1999). Moreover, due to the
complexity and flexibility of cell metabolism (Russell and Cook, 1995), a certain extent of
oxygenase activity in growing cells might also cause an increase of the glucose uptake rate in
order to accomplish the increased NAD(P)H demand. In such a case, overall NAD(P)H
turnover rates might become higher than 720 U (g of CDW)™.

Up to the present, the interrelationship between cell growth, oxygenase overexpression, and
intracellular NAD(P)H regeneration is poorly understood. Further investigations are required
to elucidate if and to what extent cofactor recycling is limiting in whole-cell biooxidations.
Based on this research, bioprocess engineering in order to optimally exploit cell metabolism
and the introduction of additional cofactor regeneration activity may help maximizing in vivo

oxygenation rates.

1.4.3.4. TOXICITY OF SUBSTRATES AND PRODUCTS

The majority of potentially interesting substrates and products of oxidative biotransformations
is poorly water-soluble and/or toxic to living cells (Lilly, 1982; Nikolova and Ward, 1993;
Salter and Kell, 1995; Lilly and Woodley, 1996; Leon, et al., 1998). This represents a major
challenge for biochemical reaction engineering as whole cells are adapted to aqueous
environments and process efficiency may be impaired in the presence of toxic chemicals.

Typically, these drawbacks are circumvented by regulated substrate addition (Hack, et al.,
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2000; Carragher, et al., 2001) and in situ product removal (Freeman, et al., 1993; Lye and
Woodley, 1999), which is discussed below in section 1.4.4.

Small apolar substrates can readily diffuse into the cell membrane, which may be beneficial in
the sense that no substrate uptake system is required and that substrate uptake does not limit
biotransformation, which both may be the case for larger and polar substrates. However, as
mentioned above, small apolar compounds often are toxic to living cells owing to different
effects, of which membrane disintegration is believed to be the most prominent (Laane, et al.,
1987; Sikkema, et al., 1995). Solvent toxicity correlates with its log P, the logarithm of the
partition coefficient of a solvent in an octanol-water mixture (Laane, et al., 1987; Sikkema, et
al., 1995). Solvents with a log P, below 4.0 such as toluene (log Poct = 2.69), styrene (log Pyt
= 2.95), and xylenes (log Poct = 3.12 - 3.2) are extremely toxic for most microorganisms
because they disrupt the cell membrane structure. However, several bacterial strains can resist
the presence of a solvent with a log Py < 4. Such strains are termed solvent-tolerant. Ramos
et al. recently published an excellent review on mechanisms of solvent tolerance in gram-
negative bacteria (Ramos, et al., 2002). According to the current knowledge, the major
mechanisms of solvent tolerance are adaptive alterations of the membrane fatty acids and
phospholipid headgroup composition, energy-dependent efflux pumps exporting toxic
compounds to the external medium, and formation of vesicles loaded with toxic compounds.
Such mechanisms have mainly been characterized for Pseudomonas and E. coli strains and
may be exploited in biocatalysis involving toxic organic substrates and products (de Bont,
1998; Ramos, et al., 2002).

The transfer of genes involved in solvent tolerance into a strain of interest may result in a
more stable and more efficient biocatalyst. For example, the transfer of the genes for a solvent
efflux system of solvent-resistant P. putida S12 into solvent-sensitive P. putida strains
resulted in partial acquisition of solvent resistance by these strains (Kieboom, et al., 1998).
Since often multiple mechanisms contribute to the solvent tolerance of a specific strain
(Ramos, et al., 2002), transferring the genes for the biocatalytically active enzymes into a
solvent-tolerant host may be even more promising. Following this strategy, the genes of P.
putida F1 involved in the conversion of toluene to 3-methylcatechol were introduced into P.
putida S12 (Wery, et al., 2000). Biotransformations were performed in a two-liquid phase
system with octanol (log Po.t = 2.92) as second organic phase. However, overexpression of the
genes of interest in a mutant of the relatively solvent-tolerant natural host (see section 1.4.2.1)
proved to be more efficient in terms of biocatalyst activity as well as final product

concentration achieved (Hiisken, et al., 2001b). The highly solvent-tolerant strain P. putida
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DOT-TIE may be another promising host. This well-characterized strain contains several
systems contributing to solvent-tolerance such as three efflux pumps (Ramos, et al., 1998;
Mosqueda and Ramos, 2000; Rojas, et al., 2001) and a cis/trans isomerase acting on
phospholipids and thus counteracting the increased membrane fluidity in the presence of
organic solvents (Junker and Ramos, 1999). Further studies on the exploitation of such
mechanisms of solvent tolerance in production strains are required to assess the feasibility of

this promising approach for biocatalysis in the presence of low log P, solvents.

1.4.4. BIOPROCESS ENGINEERING ASPECTS

1.4.4.1. IN SITU PRODUCT REMOVAL

By removing the product from the aqueous biocatalyst environment, in situ product recovery
methods can increase the productivity and/or yield of a biocatalytic reaction by different
modes. These modes include overcoming inhibitory or toxic effects, reducing uncoupling,
shifting unfavorable reaction equilibria, reducing the total number of downstream-processing
steps, and minimizing product losses due to degradation, overoxidation, or uncontrolled
release. Which in situ product removal technique is suitable for a specific system depends on
the physical and chemical properties of the product (Freeman, et al., 1993). Such properties
include volatility, molecular weight or size, solubility, charge, hydrophobicity, and specific
functional groups of the molecule. In situ product removal techniques comprise evaporation
via vacuum fermentation, gas stripping, or pervaporation, as well as size selective permeation,
reversible complex formation, adsorption to or generation of a solid phase, and extraction into
a second liquid phase. The latter two possibilities are the best-studied methods, have been
considered the most appropriate techniques for in situ product recovery (Lye and Woodley,

1999), and will now be discussed in more detail.

1.4.4.2. SOLID PHASE EXTRACTION

Product removal by immobilization via adsorption onto polymeric matrices such as ion-
exchange or hydrophobic resins has been demonstrated for a large variety of compounds
including antibiotics, plant metabolites, fine chemicals, and even proteins (Voser, 1982;
Hecht, et al., 1987; Freeman, et al., 1993; Lye and Woodley, 1999; Held, 2000).

An illustrative example including oxygenase catalysis is the production of 3-methylcatechol

from toluene using toluene dioxygenase and cis-dihydrodiol dehydrogenase present in the
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catechol-2,3-dioxygenase deficient mutant P. putida 2313 (Robinson, et al., 1992). Cycling a
glucose fed-batch culture over a column containing activated charcoal allowed a 3—4-fold
increase of the amount of 3-methylcatechol produced as compared to a process setup without
in situ product removal. Thereby, toluene was continuously added in the vapor phase via an
additional air stream, and a productivity of 0.094 g L™ h™' was reached on a 5 L scale.

A similar approach was used for the conversion of fluorobenzene via fluorobenzene-cis-
glycol to fluorocatechol by resting P. putida ML2 (Lilly and Woodley, 1996; Lynch, et al.,
1997). The presence of fluorine as a substituent prevented further oxidation by catechol 1,2-
dioxygenase present in the cells. The toxic effects of the substrate were minimized by
continuously feeding fluorobenzene in order to maintain its concentration at a low nontoxic
level. The polar and highly toxic product was removed by circulating the reaction mixture
over a packed bed of the activated carbon Norit pK13. This procedure allowed a remarkable
productivity of 1.1 gL h™ ona 2 L scale.

An example illustrating the scalability of this in situ product removal method is the
production of highly toxic substituted catechols from equally toxic phenols by recombinant E.
coli containing HbpA (Held, et al., 1998; Held, et al., 1999b). The substrates were fed at a rate
slightly below the maximal biooxidation rate. Efficient product removal and stabilization was
achieved by pumping the reaction mixture, containing the biocatalyst, through an external
loop with a fluidized bed of the hydrophobic resin Amberlite™ XAD-4. Successful scale up
to 300 L allowed the production of 1 kg of 3-phenylcatechol from 2-phenylphenol with a
reaction yield of 83% and an average productivity of 0.4 g L™ h' (Held, et al., 1999a; Held,
2000).

1.4.4.3. TWO-LIQUID PHASE CONCEPT

Two-liquid phase systems can consist of an aqueous and an organic or two aqueous phases. In
aqueous two-phase systems, the formation of two separate phases is achieved by adding two
different high molecular weight compounds, such as dextran or polyethylene glycol, that are
hygroscopic but immiscible in each other (Andersson and Hahn-Héigerdal, 1990; Kaul and
Mattiason, 1991). In the present work, the two-liquid phase system is referred to as a system
consisting of an aqueous medium and an organic, water-immiscible solvent, since only this
system has been used for whole-cell biooxidations.

Organic-aqueous two-liquid phase systems present a valuable biotechnological tool for
biotransformations of apolar compounds (Schwartz and McCoy, 1977; de Smet, et al., 1981b;
Witholt, et al., 1990; Witholt, et al., 1992; Liu, et al., 1996; Wubbolts, et al., 1996a; Schmid,
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et al., 1998a). The concept allows high overall concentrations of toxic apolar chemicals within
the two-liquid phase system, by regulating substrate and product concentrations in the
aqueous biocatalyst microenvironment, and simple product recovery (Furuhashi, et al., 1986;
Woodley and Lilly, 1990; Leon, et al., 1998). Furthermore, the partitioning behavior of
substrate and product can be exploited to avoid product inhibition, to guide equilibrium
reactions into a desired direction, and to enhance the enantiomeric excess (Kawakami and
Nakahara, 1994; Salter and Kell, 1995; Faber, 2000; Gerrits, et al., 2001b; Willeman, et al.,
2002a). The choice of an appropriate organic phase is crucial and depends on a variety of
parameters including toxic or inhibitory effects of the solvent on the cells (see section
1.4.3.4), solvent capacity for and partition coefficients of substrate and product, degradability
by the biocatalyst, density difference to water, boiling point, flammability, toxicity to the
operator, and price (Salter and Kell, 1995; Schmid, et al., 1998a).

Several studies on biotransformations based on oxygenase catalysis reported the use of the
two-liquid phase concept. Selected examples are described below and summarized in Table
1.3. For reliable comparison of the different bioconversions, productivities with respect to the
aqueous phase volume are given. Furthermore, the varying degree of development has to be
considered.

In early studies, this concept was used to accumulate epoxyalkanes from alkenes via whole-
cell catalysis based on wildtype P. putida GPol able to grow on alkanes and also 1-alkenes
(Schwartz and McCoy, 1977; de Smet, et al., 1981a; de Smet, et al., 1981b; de Smet, et al.,
1983). Thereby, pure alkene (de Smet, et al., 1981b; de Smet, et al., 1983) or alkene dissolved
in cyclohexane (Schwartz and McCoy, 1977) were added as a second phase. In the former
case, repeated exchange of the aqueous phase with a fresh culture (Cell Renewal Procedure)
allowed to enhance the final product concentration (de Smet, et al., 1983). In this study, the
highest overall productivity (0.08 g L' h™, corresponding to 0.16 g Laq'1 h! with respect to
the aqueous phase) was reached with an organic phase volume fraction of 50% (vol/vol)
resulting in a product concentration in the organic phase of 45 g L. This concentration
could be increased up to 150 g Lorg'l by reducing the organic phase volume fraction to 10%
(vol/vol). An enantiomeric excess of 70% has been determined for the (R)-1,2-epoxyoctane
product (de Smet, et al., 1981a), whereas 84% have been reported for (R)-7,8-epoxy-1-octene
(May, et al., 1976).

In a commercial epoxidation process, the Japan Energy Corporation (formerly Nippon
Mining) uses wildtype Rhodococcus rhodochrous B-276, formerly known as Nocardia

corralina B-276 (Furuhashi, et al., 1981), for the conversion of various alkenes (Furuhashi,
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1986; 1992). The alkene monooxygenase of this strain has a very large substrate spectrum and
is, in contrast to alkane monooxygenases such as the P. putida enzyme, specific for double
bonds and also catalyzes subterminal epoxidations. C¢-C), alk-1-enes and various aromatic
olefins were diluted in a non-toxic carrier solvent (e.g. hexadecane or other alkanes) and
converted by glucose-grown resting cells (Furuhashi, et al., 1986), whereas C,3-C;g alk-1-enes
were directly added to a culture growing on these alkenes (Furuhashi, 1984). Enantiomeric
excesses between 60 and 99% were reported for the products. With respect to the total
volume, a product titer of 30 g L' and a productivity of 0.25 g Ly h™' were achieved for
(R)-1,2-epoxyoctane production on a 4 m’ scale. For (R)-1,2-epoxytetradecane production in a
5 L fermenter, the respective numbers were 80 g Lto{1 and 0.56 g Lto{1 ht. Glucose-grown R.
rhodochrous B-276 have also been used in the epoxidation of smaller olefins (Cs to Cs),
which were added via gas phase. Epoxide stripping via intense aeration resulted in
productivities of up to 17 mmol L™ h™" (for propylene oxide) and was followed by extensive
solvent absorption and distillation (Furuhashi, 1992). Thus, the use of the two-liquid phase
concept as well as gas stripping renders Japan Energy able to commercially produce a large
variety of epoxides.

More recent examples are the production of alkanols (Bosetti, et al., 1992) and octanoate
(Favre-Bulle, et al., 1991; Favre-Bulle and Witholt, 1992; Wubbolts, et al., 1996a) from
corresponding alkanes present as a second organic phase using growing recombinant P.
putida and E. coli, respectively. The attained octanol productivity amounted to 0.088 g L,
h' during the first 10 h and to 0.053 g Laq'l h' over the total production period with low cell
concentrations of around 1 (g of CDW) Laq'1 (Bosetti, et al., 1992). With cell concentrations
of around 38 (g of CDW) Laq'l, an octanoate productivity of 1.33 g Laq'1 h! was reached for 5
h (Wubbolts, et al., 1996a). The production of octanoate, which accumulates in the aqueous
phase, was also established in a continuous mode at a rate of 0.5 and 0.6 g Laq'l h! in the
presence (Favre-Bulle, et al., 1993) and in the absence (Rothen, et al., 1998) of yeast extract,
respectively. The production of octanol from octane was further studied with respect to
downstream processing via phase separation and distillation (Mathys, et al., 1998a; Mathys, et
al., 1998b), and with respect to industrial process design including a comprehensive economic

evaluation (Mathys, et al., 1999).
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Table 1.3. Examples for in vivo oxygenase catalysis in two-liquid phase systems.*

Productivit Final Catalyst, scale‘, and
Substrate Product [g Laq'l h'l]z [Product]b lgeferences
Growing P. putida GPol;
0.13 39¢g Lorg'1 scale: 100 ml (Schwartz and
J /AO McCoy, 1977)
(CH,); (CH,); Continuous cultivation of P.

/ / 0.23

| 0.16
) /Ao
(CH2)5 (CHZ)S

cH) (CHZ)T/\OH 0.053
COOH 1.33
(CH, (I)/ (CH, (I’/
0.6

© 0 0.12

9.5

2

45 g Loy !

45 g Lo '

0.25 [Li'l/ 30 g Loy

5¢g Lorg'1

6.6 gLy,

19¢g Laq'1

0.18 g Lorg '

57 g Ly

6g Lorg'l
0.27 gLy

2.1 gLorg
042 gLy’

323 g Loy

putida GPol in a membrane
reactor; scale: 2 L (Doig, et
al., 1999a)
Growing P. putida GPol;
scale: 10-100 ml (de Smet,
et al., 1983)
Resting R. rhodochrous B-
276; scale: 4000 L
(Furuhashi, 1992)

Growing recombinant P.
putida; scale: 0.6 L (Bosetti,
et al., 1992)

Fed-batch culture of recom-
binant E. coli; scale: 0.65 L
(Wubbolts, et al., 1996a)
Continuous culture of re-
combinant E. coli; scale: 3 L
(Rothen, et al., 1998)

Resting Mycobacterium
M156; scale: few ml
(Prichanont, et al., 1998)

Resting P. putida UV4;
scale: 1.7 L (Lilly and
Woodley, 1996)

Growing mutant of P. putida
F1; scale: 0.8 L (Hiisken, et
al., 2001b)

Same strain growing in a
membrane bioreactor; scale:
1.8 L (Hiisken, et al., 2002b)

Growing recombinant E.
coli; scale: 30 L (Panke, et
al., 2002)
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Legend of Table 1.3:

*See text for further details concerning the individual examples listed. Subscripts: aq,
aqueous phase; org, organic phase.

“ overall productivity with respect to total production period and aqueous phase volume.

» final product concentration in the respective phase.

“ working volume including both phases.

4 epoxide accumulated in the organic phase reservoir (1 L, aqueous phase volume: 1 L).

¢ after 3 exchanges of the aqueous phase with a fresh culture (Cell Renewal Procedure).

/ phase ratio was not reported; productivity and final product concentration are given with
respect to the total volume.

In another study, phenyl glycidyl ether was produced from allyl phenyl ether by the use of
resting cells of Mycobacterium M156 (Prichanont, et al., 1998). Hexadecane was chosen as
organic carrier solvent, and specific epoxidation rates in the range of 5 to 6 U (g of CDW)”
were reached for 1.5 to 2 h, whereupon activity was lost. This translates to an aqueous phase
based productivity of about 0.12 g Laq'1 h™! for the applied small-scale system with an aqueous
phase volume fraction of 50% (vol/vol).

Toluene dioxygenase was used to produce toluene cis-glycol from toluene at productivities of
9.5and 0.21 g Laq'1 h! for P. putida UV4 and recombinant E. coli, respectively (Collins, et
al., 1995; Lilly and Woodley, 1996; Tsai, et al., 1996; Phumathon and Stephens, 1999). The
second organic phase consisted of tetradecane, and the rather polar product accumulated in
the aqueous phase. Thus, in this case, the two-liquid phase setup was chosen only to
continuously provide toxic substrate but not for in situ product extraction. 9.5 g Laq'1 h' is the
highest productivity reported for oxygenase based whole-cell biocatalysis in a two-liquid
phase system and was achieved with 10-11 (g of CDW) Laq'1 resting cis-dihydrodiol
dehydrogenase deficient P. putida UV4 during a production period of 6 h resulting in a
product concentration of 57 g Laq'1 (Lilly and Woodley, 1996). This translates into a specific
activity of 120 U (g of CDW)". With E. coli, a strategy including a toluene feed via vapor
phase and no organic phase yielded the best results (productivity: 0.32 g L, h™") (Phumathon
and Stephens, 1999).

The same enzyme in combination with cis-dihydrodiol dehydrogenase was used to produce 3-
methylcatechol in the presence of a second octanol phase. Therefore, the genes encoding these
enzymes were overexpressed in a mutant of the natural host P. putida F1 (Hiisken, et al.,
2001b) or introduced into solvent-tolerant P. putida S12 (Wery, et al., 2000) as described in
the sections 1.4.2.1 and 1.4.3.4, respectively. The exposure of the cells to the two-liquid phase
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system resulted in a long lag/adaptation time of up to 24 h without product formation. This
may be due to the rather polar and thus slightly toxic solvent, which had to be chosen to
sufficiently extract the relatively polar and toxic product, 3-methylcatechol. Productivities
ranged from 0.067 g L,,' h™ with recombinant P. putida S12 to 0.11 g L,y h™ with the
mutant of P. putida F1. Using the latter strain in an aqueous one-phase system resulted in a
similar productivity (0.1 g L™ h™) but in a lower overall product concentration (1.24 as
compared t0 3.10 g L, in the two-liquid phase system).

A remarkable example for the use of the two-liquid phase concept for oxyfunctionalization is
the enantioselective production of (S)-styrene epoxide from styrene. Therefore, two different
enzymes were used in recombinant E. coli: XMO of P. putida mt-2 allowing an enantiomeric
excess of 95% (Wubbolts, et al., 1994a; Wubbolts, et al., 1996a; Panke, et al., 1999b) and
styrene monooxygenase of Pseudomonas sp. VLB120 with an even better enantiomeric
excess (> 99%) for styrene epoxidation (Panke, et al., 1998b; Panke, et al., 2000). In contrast
to the Rhocococcus enzyme (see above), which catalyzes (R)-specific epoxidation of styrene,
these enzymes are (S)-specific. Styrene monooxygenase, an optimized expression system,
glucose-based fed-batch cultivation, the choice of bis(2-ethylhexyl)phthalate as organic
carrier solvent present at a volume fraction of 50% (vol/vol), scale up to pilot-scale (30 L
working volume), and downstream processing including phase separation and vacuum
distillation enabled the production of 307 g (S)-styrene oxide (purity: >97%) (Panke, et al.,
2002). The mean aqueous phase based productivity in the 16 h of biotransformation amounted
to2g Laq'l h'. Furthermore, stable whole-cell biocatalysts have been developed for the
continuous production of (§)-styrene oxide (Panke, et al., 1999a). Xylene and styrene
monooxygenase genes have been stably integrated into the chromosome of P. putida KT2440.
The resulting biocatalysts showed specific activities rivalling those of multicopy plasmid
based E. coli recombinants. However, the productivity of a preliminary continuous culture of
P. putida containing the XMO genes on the chromosome was considerably lower (0.048 g
Laq'1 h'l) as compared to fed-batch cultures of recombinant E. coli.

A potential drawback of two-liquid phase biotransformations is the formation of stable
emulsions, which may complicate phase separation. A possibility to avoid emulsification is to
separate the two phases by a membrane (Vaidya, et al., 1992; Vaidya, et al., 1993; Vaidya, et
al., 1994; Doig, et al., 1998; Doig, et al., 1999b; Leodn, et al., 2001). The biocatalyst can also
be entrapped in the membrane (especially in the case of isolated enzymes) and/or, in the case
of more polar products, membranes can be used for product removal via cross-flow filtration,

which allows biocatalyst retention during continuous operation (Lopez and Matson, 1997;
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Giorno and Drioli, 2000; Goetz, et al., 2001; Iwan, et al., 2001; Woltinger, et al., 2001).
However, mass transfer limitation and biofilm formation may impair efficiency and scale up
of biotransformations based on a membrane setup (Willaert, et al., 1999; de Carvalho and da
Fonseca, 2002; Canovas, et al., 2003).

Separation of aqueous and organic phase by a membrane was applied for the epoxidation of
1,7-octadiene to 1,2-epoxy-7,8-octene by P. putida GPol growing continuously in a
membrane bioreactor (Doig, et al., 1999a). The organic phase consisted of a mixture of the
biotransformation substrate 1,7-octadiene and the growth substrate heptane, which both
partitioned over the membrane into the aqueous growth medium. In order to avoid mass
transfer limitation, the two constituents of the organic phase were additionally fed directly
into the aqueous medium. A dense silicone rubber membrane was used to contact the two
phases and no phase breakthrough of either liquid, a major challenge associated with this
technology, was observed. A productivity of 0.23 g Laq'1 h™' was achieved, after optimization
of the aqueous phase dilution rate.

The use of a membrane was also evaluated in the process described above for the production
of 3-methylcatechol from toluene (Hiisken, et al., 2002b). Toluene was added via the air
stream, and product extraction over the membrane was mass transfer limited. With a 1:2 ratio
of the separated octanol and aqueous phases, the overall productivity was increased by 40% as
compared to the two-liquid phase process with direct phase contact. The aqueous phase based
productivities, however, were in a similar range (Table 1.3). The lack of the lag phase in the
membrane-based process was attributed to reduced phase toxicity, when direct contact of the
cells with the octanol phase is prevented.

Thus, the use of a membrane to separate the organic from the aqueous phase can, beside the
avoidance of emulsion formation, further reduce toxic effects of the product and the carrier
solvent. Moreover, this strategy allows decoupling the dilution rates of the two phases in
continuous and semi-continuous processes. However, regarding an industrial application, the
often limiting mass transfer over the membrane has to be improved, thus alleviating the need
for large membrane areas.

In conclusion, as emphasized by the described processes involving toxic apolar reactants, in
situ product removal methods facilitate the in vivo application of oxygenases, extend the
applicability of biocatalytic oxyfunctionalization, and thus considerably enhance the
commercial potential of such processes. Further research and development in this promising
field is supposed to enable the straightforward implementation of a variety of oxygenase-

based biooxidation processes in the chemical industry.
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1.4.4.4. OXYGEN TRANSFER AND EXPLOSION HAZARD

Many potential substrates and/or enzyme inducers for oxygenase catalysis are volatile and
flammable. Since whole-cell biocatalysts performing oxygenation reactions require oxygen
for the biotransformation as well as for endogenous respiration, high oxygen input rates are
essential. The consequential danger of explosion hazard can be essentially overcome by the
addition of inert carrier solvents such as hexadecane and bis(2-ethylhexyl)phthalate. In such
systems, substrates and/or inducers can be added up to a volume fraction of 30% (vol/vol) of
the organic phase without the danger of an explosion hazard (Schmid, et al., 1998a; Panke, et
al., 2002). Furthermore, substrate concentrations can be maintained at a level below 30%
(vol/vol) by a tailored feeding regime. In order to address safety issues in and to improve the
performance of aerobic bacterial bioprocesses involving flammable organic solvents, Schmid
et al. together with Bioengineering AG (Wald, Switzerland) have developed a high-pressure
explosion proof bioreactor (Schmid, et al., 1999).

However, oxygen input into production scale bioreactors at high rates remains a big
challenge. Based on air as oxygen source, an upper limit for oxygenase activity in living cells
of 500 U per liter aqueous medium, corresponding to a productivity of 3 g L™ h™ for a 100 g
mol” product, was estimated for standard industrial scale reactors (van Beilen, et al., 2003).
This estimation included endogenous respiration of 10 g cells per liter and assumed an oxygen
transfer coefficient (k_a) of 200 h™'. Improving the specific activity of whole-cell biocatalysts
and thus lowering the cell concentration was considered to reduce the relative amount of
oxygen required for respiration, which increases the upper limit for volumetric oxygenase
activity. On the other hand, higher oxygen input rates may be achieved by technical solutions

and via aeration by oxygen enriched air, if economically feasible.
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1.4.5. PERSPECTIVES OF BIOCATALYTIC OXYFUNCTIONALIZATION

Enzymes are optimized by nature for the survival of a species in a specific ecological
environment and not to meet the requirements of industrial biocatalytic processes.
Nevertheless, biochemical process engineering and modern DNA technology provide a
variety of tools to develop and optimize a biocatalyst and a process setup (Burton, et al.,
2002; Panke and Wubbolts, 2002; Patnaik, et al., 2002; Schmid, et al., 2002). The combined
use of different concepts may allow the application of complex oxygenase systems for
challenging reactions with high commercial potential such as the biosynthesis of chiral
compounds, the specific oxyfunctionalization of complex molecules, and also the synthesis of
medium-price chemicals (Mathys, et al., 1999). Recent developments and the large pool of
oxygenases in nature (Ellis, et al., 2001; Hou, et al., 2003) augur well for the development of

many and varied industrial biooxidation processes in the near future.
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1.5. SCOPE OF THIS THESIS

This work was focused on the design and characterization of a whole-cell biocatalyst and a
process for the regiospecific multistep oxidation of xylenes to benzaldehydes as an example
for a complex biooxidation reaction with commercial potential. This was an approach to
further assess the general feasibility of biocatalytic oxyfunctionalization for industrial
applications.

Chapter 2 describes a further characterization of the upper xylene degradation pathway of P.
putida mt-2 and shows that xylene monooxygenase (XMO) expressed in recombinant E. coli
catalyzes the multistep oxygenation of toluene and pseudocumene to corresponding benzyl
alcohols, benzaldehydes, and benzoic acids. In Chapter 3, the kinetics of this multistep
reaction are analyzed and the potential of recombinant E. coli containing XMO for the
production of the individual oxidation products is highlighted. Chapter 4 describes the
development and optimization of an efficient two-liquid phase fed-batch process, which
exploits the complex kinetics of the multistep oxidation of pseudocumene for the production
of one specific oxidation product, 3,4-dimethylbenzaldehyde. Scale up of this process to a
technical scale (30 L) including suitable downstream processing is topic of Chapter 5. Finally,
a process model was developed in order to address several issues such as the mechanism of
substrate uptake, cell metabolism, and bioconversion kinetics, which may influence the

performance of this multistep biooxidation process (Chapter 6).
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CHAPTER 2

XYLENE MONOOXYGENASE CATALYZES THE
MULTISTEP OXYGENATION OF TOLUENE AND
PSEUDOCUMENE TO CORRESPONDING ALCOHOLS,

ALDEHYDES AND ACIDS IN ESCHERICHIA coLI JM101.

Bruno Biihler, Andreas Schmid, Bernhard Hauer, and Bernard

Witholt
Journal of Biological Chemistry, 2000, 275(14):10085-10092.
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SUMMARY

Xylene monooxygenase of Pseudomonas putida mt-2 catalyzes the methylgroup
hydroxylation of toluene and xylenes. In order to investigate the potential of xylene
monooxygenase to catalyze multistep oxidations of one methyl group, we tested recombinant
E. coli expressing the monooxygenase genes xy/M and xylA under the control of the alk
regulatory system of P. putida GPol. Expression of xylene monooxygenase genes could
efficiently be controlled by n-octane and dicyclopropylketone. Xylene monooxygenase was
found to catalyze the oxygenation of toluene, pseudocumene, the corresponding alcohols, and
the corresponding aldehydes. For all three transformations, '*O incorporation provided strong
evidence for a monooxygenation type of reaction, with gem-diols as the most likely reaction
intermediates during the oxygenation of benzyl alcohols to benzaldehydes. In order to
investigate the role of benzyl alcohol dehydrogenase (XylB) in the formation of
benzaldehydes, xy/B was cloned behind and expressed in concert with xy/MA. In comparison
to E. coli expressing only xyIMA, the presence of xylB lowered product formation rates and
resulted in back formation of benzyl alcohol from benzaldehyde. In Pseudomonas putida mt-
2, XylB may prevent the formation of high concentrations of the particularly reactive
benzaldehydes. In the case of high fluxes through the degradation pathways and low aldehyde
concentrations, XylB may contribute to benzaldehyde formation via the energetically
favorable dehydrogenation of benzyl alcohols. The results presented here characterize XyIMA

as an enzyme able to catalyze the multistep oxygenation of toluenes.



51 Multistep Oxygenation Catalyzed
by Xylene Monooxygenase

INTRODUCTION

Xylene monooxygenase (XMO), encoded by the plasmid pWWO of Pseudomonas putida mt-
2, 1s a key enzyme system in the degradation of toluene and xylenes. XMO is a member of the
alkyl-group hydroxylase family and hydroxylates the methyl side chain of the aromatic ring.
This is the first step towards the production of a carboxylic acid (upper degradation pathway
for xylenes) (Fig. 2.1), which is then transformed to substrates of the Krebs cycle through the
meta cleavage pathway. The upper pathway enzymes are encoded by the upper operon (Fig.
2.1), whereas the meta cleavage pathway is encoded by the meta operon (Abril, et al., 1989;
Harayama, et al., 1989; Harayama, et al., 1992; Ramos, et al., 1997; Williams, et al., 1997).
XMO consists of two polypeptide subunits, encoded by xy/M and xyl4A (Harayama, et al.,
1989; Suzuki, et al., 1991). XylA, the NADH:acceptor reductase component, was
characterized as electron transport protein transferring reducing equivalents from NADH to
XyIM (Shaw and Harayama, 1992). XyIM, the hydroxylase component, is located in the
membrane, and its activity depends on phospholipids and ferrous ion with a pH optimum of 7
(Wubbolts, 1994; Shaw and Harayama, 1995). The XyIM amino acid sequence has a 25%
homology with AlkB, the hydroxylase component of alkane hydroxylase of Pseudomonas
putida (oleovorans) GPol (Suzuki, et al., 1991). Alkane hydroxylase is the first enzyme in the
degradation of medium chain length alkanes through a set of enzymes encoded on two alk
gene clusters on the catabolic OCT plasmid (Baptist, et al., 1963; Chakrabarty, et al., 1973;
Kok, et al., 1989; van Beilen, et al., 1994b). Sequence analyses indicated that at least 11
nonheme integral membrane enzymes, including AlkB and XylM, contain a highly conserved
8-histidine motif (Shanklin, et al., 1994; Shanklin, et al., 1997). This motif was shown to be
essential for catalytic activity in rat stearoyl-CoA desaturase (Shanklin, et al., 1994). Based on
studies of AlkB, the integral membrane enzymes of this family were proposed to contain
diiron clusters as Os-activating sites, for which the 8-histidine motifs provide ligands
(Shanklin, et al., 1997).

The second enzyme in the upper pathway is benzyl alcohol dehydrogenase (BADH), a
homodimeric member of the zinc-containing long chain alcohol dehydrogenase family (Shaw
and Harayama, 1990; Shaw, et al., 1992; Shaw, et al., 1993). This enzyme is encoded by the
xylB gene. The third enzyme in the upper pathway, benzaldehyde dehydrogenase (BZDH), is
also a homodimer and is encoded by the xy/C gene (Shaw and Harayama, 1990; Shaw, et al.,

1992).
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Figure 2.1. Upper TOL pathway. The consecutive oxidation of toluene to benzyl alcohol,
benzaldehyde, and benzoic acid by enzymes of the upper TOL pathway and the organization
of the xy/ genes of the upper TOL operon are shown. Py, upper TOL operon promoter; xy/UW,
genes with unknown function; xy/C, gene encoding BZDH; xy/M, gene encoding the terminal
hydroxylase component of XMO; xy/l4, gene encoding the NADH:acceptor reductase
component of XMO; xylB, gene encoding BADH; xyIN, gene for a protein involved in
substrate uptake (Kasai, et al., 2001).

Using Escherichia coli recombinants, XMO was shown to oxidize not only toluene and
xylenes but also m- and p-ethyl-, methoxy-, nitro-, and chlorosubstituted toluenes, as well as
m-bromosubstituted toluene to corresponding benzyl alcohol derivatives (Kunz and Chapman,
1981; Wubbolts, et al., 1994b). Styrene is transformed into (S)-styrene oxide with an
enantiomeric excess of 95% (Wubbolts, et al., 1994b; Panke, et al., 1999b). In addition, XMO
was observed to catalyze the second step in the upper pathway, the oxidation of benzyl
alcohols to corresponding aldehydes in vivo (Harayama, et al., 1986; Harayama, et al., 1989).
Even the conversion of benzaldehyde to benzoate, the third step in the upper pathway, could
be observed, but was attributed to E. coli enzymes (Harayama, et al., 1989). Further studies
performed in vitro with partially purified XyIMA showed no activity towards benzyl alcohol
(Shaw and Harayama, 1995). The reasons for this discrepancy remain unclear.

To investigate the ability of E. coli recombinants expressing xy/MA to catalyze the multistep
oxidation of one methyl group of toluene and xylenes in more detail, we used a recently
developed expression system, expressing XMO genes via the alk regulatory system of P.

putida (oleovorans) GPol (Panke, et al., 1999b). Expression of the first of the two previously
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mentioned alk gene clusters is under control of alkBp, the alk promoter, and is initiated in the
presence of the functional regulatory protein AlkS, which is encoded on the second alk gene
cluster, and alkanes or other inducers such as dicyclopropylketone (DCPK) (Grund, et al.,
1975; Wubbolts, 1994; Yuste, et al., 1998). In the present study, we show that XMO
expressed via the alk regulatory system catalyzes the transformation of toluene and
pseudocumene to the corresponding alcohols, aldehydes, and acids by consecutive
monooxygenation reactions. Furthermore, we investigated the kinetics of these reactions in
the absence and presence of BADH and show that the presence of BADH results in back
formation of benzyl alcohol from benzaldehyde, thus lowering net aldehyde formation rates.
The thermodynamics and the physiological role of the BADH catalyzed reaction and the
involvement of a gem-diol intermediate in the XMO catalyzed alcohol oxygenation are

discussed.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids used are listed in Table 2.1. To test the
enzymatic activities of XyIMA containing recombinants of E. coli IM101, an E. coli K-12
derivative, we used pBR322 derived expression vectors equipped with the alk regulatory
system.

Media, growth conditions, and materials. Bacteria were either grown on Luria-Bertani (LB)
broth (Difco, Detroit, MI) or on M9 minimal medium (Sambrook, et al., 1989) containing a 3-
fold concentration of phosphate salts (M9*) and 0.5% (wt/vol) glucose as single carbon
source. When necessary, cultures were supplemented with kanamycin (final concentration, 50
mg L), ampicillin (100 mg L), chloramphenicol (30 mg L), thiamine (0.001% wt/vol), 1
mM indole, or 0.5 mM isopropyl-B-D-1-thiogalactopyranoside. Solid media contained 1.5%
(wt/vol) agar. Liquid cultures were routinely incubated on horizontal shakers at 200 rpm and
30 or 37°C.

Restriction and DNA modification enzymes were obtained from Boehringer Mannheim
(Rotkreuz, Switzerland), NEB (Schwalbach, Germany), Gibco (Basel, Switzerland), AGS
(Heidelberg, Germany), or Promega (Zurich, Switzerland). The QIAprep Spin Miniprep Kit

of Qiagen (Basel, Switzerland) was used to obtain small-scale plasmid DNA preparations
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Table 2.1. Bacterial strains and plasmids.

Strain or plasmid Characteristics Source or reference

Strains
E. coli DH5a supE44 AlacU169 (P80lacZAM15) hsdR17
recAl endAl gyrA96 thi-1 relAl
E. coli IM101 supkE thi-1 A(lac-proAB) F’[traD26 proAB”

(Hanahan, 1983)

(Sambrook, et al.,

1989
lacl® lacZAM15] )
Plasmids
pSPZ3 alkS alkBp xylMA ori pMB1; Km'
. (Panke, et al., 1999b)
pRMAB pSPZ3; xylB; Km This stud
is stu
PRS PSPZ3; AxyIMA —— dy
is stu
pCKO4 lacZo. Pu xylWCMABN, pSC101 oriV; Cm" (Panke, et al i,998 )
anke, et al., a
pGEM7Z{(+) ColEI f1 ori lacZa; Ap' P
romega
pGEMAB pGEM7ZA(+); xylA*B; Ap" , g
This study

A*, the plasmid contains only a part of the xy/4 gene.

following the supplier’s protocol. Chemicals were obtained from Fluka (Buchs, Switzerland)
(toluene, >99.5%; benzyl alcohol, >99%; benzaldehyde, >99%; benzoic acid, >99.5%;
pseudocumene, ~99%; 3,4-dimethylbenzoic acid, ~97%), Aldrich (Buchs, Switzerland) (3,4-
dimethylbenzyl alcohol, 99%), and Lancaster (Muehlheim, Germany) (3,4-
dimethylbenzaldehyde, 97%).

DNA manipulation and constructs. Standard techniques were used for restriction analysis,
cloning, and agarose gel electrophoresis (Sambrook, et al., 1989). Construction of pSPZ3
(Fig. 2.2), a pBR322 derivative, is described elsewhere (Panke, et al., 1999b). To insert the
alcohol dehydrogenase gene xy/B into the plasmid pSPZ3 directly downstream of the xy/A4
gene, the 2.3-kilobase Xhol/Fspl fragment of pCKO4 (Panke, et al., 1998a) containing xy/B
was first introduced into the Xhol- and Smal-digested vector pGEM-7Zf(+) (Promega, Zurich,
Switzerland) to yield pPGEMAB. From this construct, the 2.3-kilobase fragment was cut out
with XAol and BamHI and ligated into the Xhol- and BamHI-digested plasmid pSPZ3. The
resulting plasmid was called pPRMAB (Fig. 2.2). As a negative control, pRS containing no xyl
genes was constructed: pPRMAB was digested with BamHI and Smal and treated with Klenow

enzyme. After isolation of the bigger fragment the vector was religated.
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Figure 2.2. Expression plasmids pSPZ3 and pRMAB; xyI/MA and xyI[MAB under the
control of the alk regulatory system. a/kBp, promoter of the alk operon; alkS, gene for the
positive regulator AIkS. xyIM* and xylA, genes coding for the xylene monooxygenase (*
indicates that in xy/M a Ndel site is removed); xy/B, gene encoding BADH; Km, kanamycin
resistance gene; 74¢, phage T4 transcriptional terminator.

Determination of enzyme activities in whole-cell assays. Whole-cell biotransformations
were carried out with E. coli JM101 recombinants that were incubated in 40 or 100 ml of
medium in the presence of kanamycin. At an optical density at 450 nm (ODys¢) of ~0.3, cells
were induced by the addition of 0.05% (vol/vol) DCPK or 0.1% (vol/vol) n-octane (10°-1%
(vol/vol) for induction tests) and the incubation was continued for 3-3.5 h, at which time
ODyso had typically increased to 0.8-0.9. The cells were harvested and resuspended to a cell
dry weight (CDW) of 2.5 g L' in 50 mM potassium phosphate buffer, pH 7.4, containing 1%
(wt/vol) glucose. Aliquots of 1 or 2 ml were distributed in stoppered Pyrex tubes and
incubated horizontally on a rotary shaker at 250 rpm and 30°C. After 5 min, substrate was
added to a final concentration of 1.5 mM from a 20-fold stock solution in ethanol. Due to the
low solubility of 3,4-dimethylbenzoic acid in H,O, substrates were added to a final
concentration of 0.5 mM and CDW was reduced to 1 g L' when the formation of 3,4-
dimethylbenzoic acid was expected. The reaction was carried out for 5 min in the shaker and
then stopped by placing the samples in ice and immediately adding 40 or 80 pl of a perchloric
acid stock solution (10% vol/vol) to bring the suspension to pH 2.

One unit (U) is defined as the activity that produces 1 pumol of total products in 1 min.
Specific activity was expressed as activity per g CDW [U (g of CDW)™']. Experiments were

repeated at least three times independently.
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Product formation as a function of time. Cells were grown, induced, collected,
resuspended, and incubated with substrate as described for the whole-cell activity assays. To
follow product formation over time, cell aliquots were incubated with the same substrate for
different time periods (5, 10, 20, 30, 40, and 80 min). The reactions were stopped as described
for the whole-cell activity assays and analyzed.

Analysis of metabolites. For high-performance liquid chromatography (HPLC) analysis,
cells were removed by centrifugation (7800 % g, 8 min), and the supernatants were analyzed.
For the separation of benzyl alcohol, benzaldehyde, and benzoic acid, we used a Nucleosil
C18 column (pore size, 100 A; particle size, 5 um; inner diameter, 25 cm x 4 mm)
(Macherey-Nagel, Oensingen, Switzerland) with a mobile phase of 69.9% H,O, 30%
acetonitrile, 0.1% H3;PO4 at a flow rate of 0.7 ml min'. For the separation of 3,4-
dimethylbenzyl alcohol, 3,4-dimethylbenzaldehyde, and 3,4-dimethylbenzoic acid, we used
the same column at the same flow rate with a mobile phase of 64.9% H,O, 35% acetonitrile,
0.1% H3PO4. Detection was done using UV light at 210 nm.

For gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) analysis,
an equal volume of ice-cold ether containing 0.1 mM dodecane as an internal standard was
added to samples. After addition of saturating amounts of sodium chloride, the water phase
was extracted by vigorous shaking for 5 min at 30°C, and the phases were separated by
centrifugation. The organic phase was dried over anhydrous sodium sulfate and analyzed. Gas
chromatography was used to separate toluene/pseudocumene, the respective alcohols,
aldehydes, and acids.

GC analysis was done on a gas chromatograph (Fisons Instruments, England) equipped with a
fused silica capillary column OPTIMA-5 (25 m; inner diameter, 0.32 mm; film thickness,
0.25 um) of Macherey-Nagel (Oensingen, Switzerland) with splitless injection and hydrogen
as the carrier gas. The following temperature profile was applied: from 40 to 70°C at
15°C/min, from 70 to 105°C at 5°C/min, and from 105 to 240°C at 20°C/min. Compounds
were detected with a flame ionization detector.

GC-MS analysis was performed on a Fisons MD 800 mass spectrometer and a gas
chromatograph (Fisons Instruments, England) equipped with a CP-Sil 5CB column
(Chrompack, the Netherlands) using split injection (20:1) and helium as the carrier gas. The
temperature program was the same as described for GC analysis. Substances were identified
by comparison of retention times with those of commercially available standards in both

HPLC analysis and GC analysis and by GC-MS analysis.
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80 incorporation. E. coli IM101 (pSPZ3) was grown, induced, harvested, and resuspended
as described for the determination of enzyme activities in whole-cell assays. 1 ml of cell
suspension was transferred to a Pyrex tube with a total volume of 8.3 ml, which was then
sealed by using a butyl rubber stopper and a screw-on hole cap. Throughout the following
steps, the cell suspension was mixed with a magnetic stirrer. The air in the head space of the
Pyrex tube was removed to a reduced pressure of 20 mbar and replaced with nitrogen three
times. The headspace was once again evacuated and brought to 80% of ambient pressure with
nitrogen; following that, the Pyrex tube was filled with pure oxygen enriched with '*0, (85
atom % '°0). Following the final gas exchange, the cell suspension was incubated
horizontally on a rotary shaker at 250 rpm and 30°C for 15 min to equilibrate the reaction
medium. After equilibration, substrate was added by injection through the rubber stopper and
the suspension was again incubated at 250 rpm and 30°C for different time periods depending
on the substrate (toluene, 3 min; benzyl alcohol, 5 min; benzaldehyde, 90 min;
pseudocumene, 5 min; 3,4-dimethylbenzyl alcohol, 20 min; 3,4-dimethylbenzaldehyde, 20
min). Incubation time was chosen as to allow a maximal formation of the desired products.
Identical experiments were done with air in the headspace. The reactions were stopped by
placing the samples on ice and immediately adding 40 pl of a perchloric acid stock solution

(10% vol/vol) immediately followed by GC-MS analysis as described above.

RESULTS

Growth and induction kinetics of E. coli JM101 (pSPZ3).

XMO activities were investigated in E. coli IM101 xyIMA recombinants. The alk regulatory
system, which can be induced by n-octane or DCPK, was chosen to control the expression of
the XMO genes, xyIMA, on the plasmid pSPZ3 (Fig. 2.2).

XMO activity was followed after induction with 0.1% (vol/vol) n-octane (Fig. 2.3A) or 0.05%
(vol/vol) DCPK (results not shown). XMO activity was quickly induced by both compounds,
reaching a constant level of around 115 and 105 U (g of CDW)™ for n-octane and DCPK,
respectively, after 3-3.5 h induction time. The growth rates of the induced cells were clearly

reduced when compared to that of noninduced cells.
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Figure 2.3. Growth and induction Kkinetics of XMO in E. coli JM101 (pSPZ3). Panel A
shows the XMO activity and the cell concentration at different time intervals after induction
by n-octane, whereas panels B and C show the same values 3.5 h after induction by different
amounts of n-octane and DCPK, respectively. For each activity point a single culture was
grown. The activity assays were performed as described under “Materials and Methods”.
Pseudocumene (1.37 mM) was added to a suspension of resting cells of E. coli IM101
(pSPZ3) [2.04-2.44 (g of CDW) L] in 50 mM potassium phosphate buffer, pH 7.4,
containing 1% (wt/vol) glucose. The specific activities are based on product formation during
the initial 5 min of reaction. The arrow in panel A indicates when 0.1% (vol/vol) n-octane was
added to induce XyIMA synthesis. Closed circles, cell concentrations in uninduced cultures;
open circles, cell concentrations in induced cultures; crosses, specific activities of induced
cultures.

The dependence of XMO activity on inducer concentrations was determined by growing E.
coli IM101 (pSPZ3) to 0.09 (g of CDW) L™ and inducing the cells with different amounts of
n-octane and DCPK. After further growth for 3.5 h, cell concentrations and XMO activities
were determined for each inducer concentration (Fig. 2.3, B and C). Very low
monooxygenase activities [< 6 U (g of CDW)'] were measured when less than 0.0001%
(vol/vol) octane or 0.001% (vol/vol) DCPK was added to the culture medium. Maximal
induction was observed at DCPK concentrations above 0.005% (vol/vol), whereas for n-
octane this value was observed at octane volume fractions above 0.001% (vol/vol).

The cell densities decreased in inducer concentration ranges where enzyme activities
increased to a maximum. For higher concentrations of n-octane, they reached a constant
value, whereas higher concentrations of DCPK provoked a further decrease of cell densities
(Fig. 2.3, B and C). We therefore checked the direct influence of different inducer
concentrations on the growth of E. coli IM101 without plasmid. High volume fractions of n-
octane, up to 1% (vol/vol), had no influence on cell growth. In contrast, concentrations of
DCPK above 0.01 % (vol/vol) led to a decreased growth rate. At a DCPK concentration of
0.5% (vol/vol), the cell concentration decreased from 0.09 to 0.073 (g of CDW) L™ during the

3.5 h of induction, indicating that high DCPK concentrations are toxic to E. coli host strains.
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Oxygenation of toluene and derivatives by xylene monooxygenase (XMO).

E. coli IM101 xylMA recombinants were routinely induced by 0.1% (vol/vol) n-octane after
growth to a cell density of 0.09 (g of CDW) L. After incubation for another 3-3.5 h and
concomitant growth to 0.23-0.27 (g of CDW) L™, product formation rates were determined.
XMO was shown to oxygenate toluene to benzyl alcohol, benzyl alcohol to benzaldehyde, and
benzaldehyde to benzoic acid (Table 2.2). For the first two oxygenation reactions, activities as
high as 95-100 U (g of CDW)" were observed, whereas the oxygenation of benzaldehyde
occurred at a lower rate of 10 U (g of CDW)™. For pseudocumene, the results were similar:
Pseudocumene was oxygenated to 3,4-dimethylbenzyl alcohol, 3,4-dimethylbenzyl alcohol to
3.,4-dimethylbenzaldehyde, and 3,4-dimethylbenzaldehyde to 3,4-dimethyl-benzoic acid. The
hydroxylation of pseudocumene was also observed to take place at a rate of 100 U (g of
CDW), whereas 3,4-dimethylbenzaldehyde was formed more slowly at a rate of 50 U (g of
CDW)" and oxygenated to 3,4-dimethylbenzoic acid at a clearly higher rate [55 U (g of
CDW) '] than the oxygenation of benzaldehyde to benzoic acid. When the acids were added
as substrates, no reaction products and no depletion of acids were detected.

As negative controls, the biotransformations were performed with uninduced E. coli IM101
carrying the plasmid pSPZ3 and with induced E. coli JM101 without plasmid. As an
additional control to exclude any effect of the alk regulatory system on E. coli, we constructed
plasmid pRS, still containing the a/kS gene but lacking the xy/ genes. No conversion products
were detected in any of these control experiments when toluene, pseudocumene, or the
corresponding alcohols were added as substrates (Table 2.2). However, when aldehydes were
added as substrates in these experiments, they were reduced to alcohols at a constant rate
(Table 2.3). The formation of 3,4-dimethylbenzoic acid could also be shown, but at a very low
rate of 2-2.5 U (g of CDW)™" (Table 2.3). It can be concluded that at least 95% of acid formed
by induced E. coli IM101 (pSPZ3) is due to the presence of XMO. No significant differences
with respect to products formed and rates of formation between the routinely used inducer,
0.1% (vol/vol) n-octane, and the alternatively used 0.05% (vol/vol) DCPK were observed

(results not shown).
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Table 2.2. Oxidation of toluene and derivatives by xylene monooxygenase.

Substrate Specific activity” [U (g of CDW)"]
E. coli IM101 (pSPZ3) E. coli IM101 (pSPZ3) E. coli IM101 (pRS)
induced” uninduced induced”

Toluene 100 0 0
Benzyl alcohol 95 0 0
Benzaldehyde 10 SB¢ SB¢
Pseudocumene 100 0 0
3,4-Dimethyl- 50 0 0
benzyl alcohol
i Dmein: 5

“ The activity assay was performed as described under “Materials and Methods”. One unit
is defined as the activity that produces 1 umol products in 1 min. Specific activity was
calculated as an average activity based on the amount of products per g of CDW, formed in
the first 5 min of reaction.

b Cells were induced by the addition of 0.1% (vol/vol) n-octane.

“ SB, see below (Table 2.3).

Table 2.3. Transformations of aldehydes in control experiments.

Specific activity’ [U (g of CDW)']

Product Benzaldehyde as substrate 3,4-Dimethylbenzaldehyde as substrate
formed E. coli IMI01 _ E. coli IM101 E. coli IM101 E. coli IM101
(pSPZ3) uninduced (pRS) induced”  (pSPZ3) uninduced  (pRS) induced”
Alcohol 19 15 9.4 8.3
Acid 0.5 0 22 2.4

% see footnote a in Table 2.2.
b see footnote b in Table 2.2.
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80 incorporation experiments.

These experiments were done to determine how in the above reactions alcohols, aldehydes,
and acids are formed from toluene, pseudocumene, and possibly also other substituted
toluenes. One possibility is the consecutive incorporation of single atoms from dioxygen into
a methyl substituent of the aromatic ring via a monooxygenase reaction. A second possibility
is that aldehydes and acids are formed from benzyl alcohol and 3,4-dimethylbenzyl alcohol
via oxidation reactions catalyzed by dehydrogenases.

Toluene, pseudocumene, and the corresponding alcohols and aldehydes were incubated with
whole cells of E. coli IM101 (pSPZ3) with normal air or an '*0,-enriched atmosphere (85
atom % '*0) as described under “Materials and Methods”. Following incubation, reaction
mixtures were extracted with diethyl ether and analyzed by gas chromatography-mass
spectrometry. Products showing mass spectra characteristic of benzyl alcohol, benzaldehyde,
benzoic acid, 3,4-dimethylbenzyl alcohol, 3,4-dimethylbenzaldehyde, and 3.,4-
dimethylbenzoic acid have been detected. Panels A and B of Figure 2.4 show the mass spectra
of 3,4-dimethylbenzyl alcohol formed from pseudocumene after incubation with air (A) and
with an '"®0,-enriched atmosphere (B). The fragmentation patterns of the two spectra clearly
show that one atom of dioxygen was incorporated into 3,4-dimethylbenzyl alcohol during the
course of the reaction. The ratio of the M" + 2 to M" molecular ion peaks (Fig 2.4B) is 85:15
for both the m/z 136 (3,4-dimethylbenzyl alcohol) and the m/z 121 (methyl-benzyl alcohol
species) peaks.

We observed a rapid exchange of oxygen during incubation of benzaldehyde and 3,4-
dimethylbenzaldehyde with H,'®O (60 atom % '®0), the exchange being faster for
benzaldehyde than for 3,4-dimethylbenzaldehyde. After 5 and 20 min of incubation, 40 and
50%, respectively, of the oxygen in benzaldehyde was '*O. For 3,4-dimethylbenzaldehyde,
these values amounted to 11 and 25%. This rapid oxygen exchange in aldehydes precluded a
quantitative measurement of '°O incorporation into the aldehydes during the oxidation of
toluene, pseudocumene, and the corresponding alcohols by XMO.

Nevertheless, the mass spectra of 3,4-dimethylbenzaldehyde formed from 3,4-dimethylbenzyl
alcohol (Fig. 2.4, C and D) showed a minor enrichment of '*O in the aldehyde (2.1%) for the
reaction under an '*0,-enriched atmosphere (D). Assuming a monooxygenase reaction for the
oxidation of the alcohols with the formation of a diol followed by spontaneous unspecific
dehydration, 42.5% M + 2 ion enrichment would be expected in the absence of oxygen
exchange with solvent water. When pseudocumene was added as substrate, after two

oxygenation steps only 5% enrichment of the M' + 2 ion was observed for 3,4-
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Figure 2.4. Mass spectra of products formed by E. coli JM101 (pSPZ3) in air (A, C, and
E) and in an '®Oj-enriched atmosphere (B, D and F). Pancls A and B show the mass
spectrometry analysis of 3,4-dimethylbenzyl alcohol produced from pseudocumene, panels C
and D the analysis of 3,4-dimethylbenzaldehyde produced from 3,4-dimethylbenzyl alcohol,
and panels E and F the analysis of 3,4-dimethylbenzoic acid produced also from 3,4-
dimethylbenzyl alcohol.

dimethylbenzaldehyde (expected: 72%) (results not shown). This low level of '*O enrichment
in the aldehyde can again be explained by the rapid exchange of oxygen in aldehydes.

When 3,4-dimethylbenzaldehyde was added as substrate in an '*O,-enriched atmosphere, the
molecular ion value of the emerging acid increased by 2 atomic mass units over the value
obtained in air (results not shown). In this case, the ratio between M + 2 and M" was 85:15,
indicating that the XMO catalyzed formation of the acid from the aldehyde requires the
introduction of one oxygen atom from molecular oxygen. When two such monooxygenation
steps are involved in the XMO catalyzed formation of 3,4-dimethylbenzoic acid from 3,4-

dimethylbenzyl alcohol, the incorporation of two '*O atoms into the acid is expected in an
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180,-enriched atmosphere. Ignoring the rapid exchange of oxygen in aldehydes, this would
result in a ratio of 8.6:55.3:36.1 between the three molecular ion values 150, 152, and 154 of
the formed acid. We indeed observed the incorporation of two '*O atoms into the acid in an
180,-enriched atmosphere (Fig. 2.4, E and F). The ratio of the three normalized molecular ion
values 150, 152, and 154 was 10:80:10 (F).

For toluene and its derivatives as substrates and products analogous results were obtained.
Again, formation of benzyl alcohol from toluene and of benzoic acid from benzaldehyde in an
'80,-enriched atmosphere resulted in an increase of the molecular ion value by 2 atomic mass
units. Because of the already mentioned fact that the oxygen exchange in benzaldehyde is
faster than in 3,4-dimethylbenzaldehyde, the intensity of the observed M' + 2 ion of
benzaldehyde formed from toluene under '*O,-enriched atmosphere was lower (3.4%) than
for 3,4-dimethylbenzaldehyde formed from pseudocumene. For benzaldehyde formed from

benzyl alcohol, the M" + 2 ion was completely absent (results not shown).

Kinetics of oxygenation reactions in E. coli JM101 (pSPZ3).

To follow product formation over time, cells were incubated with the same substrate for
different time periods. When toluene or pseudocumene were added as substrates, the
consecutive accumulation of the corresponding alcohols, aldehydes, and acids was observed
(Figs. 2.5A and 2.6A). As also found in the activity assays, benzyl alcohol, 3,4-
dimethylbenzyl alcohol, and benzaldehyde were formed at high rates, 3.4-
dimethylbenzaldehyde and 3,4-dimethylbenzoic acid were formed at intermediate rates, and
benzoic acid accumulated slowly. In the first 5 min, products were formed from either
pseudocumene or toluene with a specific activity of 100 U (g of CDW)™ (Table 2.2). Between
5 and 10 min, benzaldehyde was formed at a rate of 80 U (g of CDW)"', whereas 3,4-
dimethylbenzaldehyde was formed more slowly [37 U (g of CDW)™']. Acid formation started
when toluene or pseudocumene had completely disappeared, at rates of 3.2 and 21 U (g of
CDW)! for benzoic acid and 3,4-dimethylbenzoic acid, respectively, between 10 and 30 min.
A low level of benzyl alcohol always remained. Between 40 and 80 min, the level of benzyl
alcohol started to increase again, whereas the benzaldehyde level decreased (Fig. 2.5A).
Pseudocumene, 3,4-dimethylbenzyl alcohol, and 3,4-dimethylbenzaldehyde were completely
used up to form 3,4-dimethylbenzoic acid (Fig. 2.6A).
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Figure 2.5. Oxidation of toluene by E. coli JM101 (pSPZ3) (A) and E. coli JM101
(pPRMAB) (B). The assay was performed as described under “Materials and Methods”.
Toluene (1.37 mM) was added to a suspension of resting E. coli IM101 (pSPZ3/pBRMAB)
[2.07-2.14 (g of CDW) L] in 50 mM potassium phosphate buffer, pH 7.4, containing 1%
(wt/vol) glucose. Circles, toluene; squares, benzyl alcohol; triangles, benzaldehyde;
diamonds, benzoic acid; crosses, sum of the four concentrations.

When 3,4-dimethylbenzyl alcohol was added as the substrate, 3,4-dimethylbenzaldehyde was
formed at a rate of 50 U (g of CDW)™" (Table 2.2), whereas 3.,4-dimethylbenzoic acid was
formed at a rate of 23 U (g of CDW)" between 10 and 30 min (Fig. 2.6C). With benzyl
alcohol as a substrate, the benzaldehyde formation rate amounted to 95 U (g of CDW) ™" and
benzoic acid formed at a constant rate of 2.9 U (g of CDW)™' (results not shown). In contrast
to benzyl alcohol, 3,4-dimethylbenzyl alcohol was completely converted to the acid in this
same time period.

3,4-Dimethylbenzoic acid was formed at a rate of 55 U (g of CDW)™' (Table 2.2) when 3,4-
dimethylbenzaldehyde was added as substrate (Fig. 2.6E), and after 20 min already was the
predominant species. Slow and constant formation of benzoic acid [3 U (g of CDW)'] was
observed when benzaldehyde was added as substrate (results not shown). Here, the initial rate

in the first 5 min was 10 U (g of CDW)™' (Table 2.2).
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Figure 2.6. Oxidation of pseudocumene, the corresponding alcohol and the
corresponding aldehyde by E. coli JM101 (pSPZ3) (A, C, and E) and E. coli JM101
(pPRMAB) (B and D). The assay was performed as described in “Materials and Methods”.
Substrates (0.46 mM) were added to a suspension of resting E. coli JMI101
(pSPZ3/pBRMAB) [0.86-0.92 (g of CDW) L'] in 50 mM potassium phosphate buffer, pH
7.4, containing 1% (wt/vol) glucose. A and B show the oxidation of pseudocumene, C and D
show the oxidation of 3,4-dimethylbenzyl alcohol, and E shows the oxidation of 3,4-
dimethylbenzaldehyde. Circles, pseudocumene; squares, 3,4-dimethylbenzyl alcohol;
triangles, 3,4-dimethylbenzaldehyde; diamonds, 3,4-dimethylbenzoic acid; crosses, sum of
the four concentrations.

Conversions of toluene and pseudocumene by E. coli JM101 (pRMAB).

We tested whether the presence of BADH together with XMO increased or decreased the rate
of aldehyde formation from toluene and pseudocumene. The latter is a distinct possibility
because several other alcohol dehydrogenases catalyze reactions with an equilibrium on the
side of the alcohol at physiological pH. Consequently, BADH might decrease the net rate of
aldehyde formation. On the other hand, a two-step oxidation of toluene (pseudocumene) via
benzyl alcohol (3,4-dimethylbenzyl alcohol) to benzaldehyde (3,4-dimethylbenzaldehyde)
catalyzed by XMO in concert with BADH might result in increased formation rates of the
aldehydes since reduced nicotinamide cofactors oxidized by XMO would be regenerated by
BADH. To clarify these questions, we cloned the BADH gene xy/B into pSPZ3 directly
downstream of the xy/4 gene. The resulting plasmid was called pPRMAB (Fig. 2.2).
Biotransformations by E. coli IM101 carrying plasmid pRMAB were in fact clearly different
from those by E. coli IM101 (pSPZ3). Toluene was transformed to its corresponding products
with an initial specific activity of 87 U (g of CDW)™. The corresponding values for benzyl
alcohol, pseudocumene, and 3,4-dimethylbenzyl alcohol were 66, 73 and 42 U (g of CDW)™',
respectively. The presence of BADH clearly reduced the level of oxidation products formed
by XMO. Here also we followed product formation over 80 min. When toluene was added,
we observed consecutive accumulation of benzyl alcohol, benzaldehyde, and benzoic acid
(Fig. 2.5B). Between 5 and 10 min, benzaldehyde was formed at a rate of 34 U (g of CDW)™'
and the acid accumulated at a rate of 1 U (g of CDW)™ between 10 and 40 min. After about
20 min, the level of benzyl alcohol started to increase again. After 80 min, almost no
benzaldehyde remained and a very low amount of benzoic acid was formed. When benzyl
alcohol was added as a substrate, analogous results were obtained (results not shown); the

level of the aldehyde decreased after about 20 min, whereas the alcohol was formed. Clearly,



Chapter 2 68

expression of BADH together with XMO caused a considerable reduction of benzaldehyde to
benzyl alcohol, indicating that formation of benzaldehyde is not enhanced by additional
BADH.

When pseudocumene was added as a substrate, we again observed consecutive accumulation
of 3,4-dimethylbenzyl alcohol, 3,4-dimethylbenzaldehyde, and 3,4-dimethylbenzoic acid (Fig.
2.6B). Between 5 and 10 min, 3,4-dimethylbenzaldehyde was formed at a rate of 15 U (g of
CDW)™. The acid accumulated at about the same rate [13 U (g of CDW)™'] between 30 and 40
min. After the rapid formation of the alcohol, the aldehyde level remained quite high for 20
min. Nevertheless, at the end of the reaction, alcohol and aldehyde were completely
transformed to the acid. 3,4-Dimethylbenzaldehyde and 3,4-dimethylbenzoic acid were
formed when 3,4-dimethylbenzyl alcohol was added as substrate (Fig. 2.6D). Between 20 and
30 min, the acid was formed with a specific activity of 8 U (g of CDW)™, and the aldehyde
concentration never exceeded the alcohol concentration. The continued presence of 3,4-
dimethylbenzyl alcohol indicates that besides the oxygenations there is a simultaneous

reduction of aldehyde to alcohol for which BADH seems to be responsible.

DISCUSSION

The alk regulatory system as an expression system for XMO.

E. coli recombinants expressing the xy/MA genes have been used to oxidize styrene to (S)-
styrene oxide on a 2-L reactor scale (Wubbolts, et al., 1994a; Wubbolts, et al., 1996b).
However, activity has been limited, and this is probably due to insufficient expression of the
xyl genes in E. coli. The alk regulatory system of P. putida (oleovorans) GPol is not subject
to catabolite repression in E. coli, and expression of the alk genes in glucose grown E. coli
W3110 via the alk regulatory system permits accumulation of the membrane located alkane
hydroxylase AlkB up to 10-15% of total cell protein (Nieboer, et al., 1993; Staijen, et al.,
1999). The alk regulatory system has therefore been used to increase the volumetric activities
of E. coli recombinants producing (S)-styrene oxide, based on a 5-fold increase of the
expression of xy/MA via the alk regulatory system, resulting in styrene oxidation activities of
up to 91 U (g of CDW) ™' (Panke, et al., 1999b).

In the present study, we used related constructs and reached specific activities between 100

and 120 U (g of CDW)™ for toluene and pseudocumene as substrates. Compared to earlier
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studies with E. coli expressing xy/MA, this corresponds to a 10 to 20-fold activity increase
(Harayama, et al., 1986; Wubbolts, et al., 1994b). Cells were rapidly induced by both n-octane
and DCPK, but n-octane was a better inducer than DCPK, because with n-octane maximal
induction is reached at lower concentrations than with DCPK (Fig. 2.3). Induced cells grew
more slowly, indicating a stress effect either of the gene products or of the inducers
themselves. Growth was reduced most when XMO expression was maximal. This stress effect
has been described before (Wubbolts, et al., 1994b; Nieboer, 1996). Additionally, DCPK
concentrations in excess inhibit cell growth. For n-octane in water this is not the case, most

probably because of its very low solubility.

XMO catalyzes the oxygenation not only of toluene and xylenes but also of the
corresponding alcohols and aldehydes.

The results obtained in the present study show that XMO has aromatic alcohol and aldehyde
oxidation activities to form the corresponding acids via monooxygenation reactions.
Uninduced E. coli IM101 (pSPZ3) and induced E. coli IM101 (pRS) as controls did not carry
out these biotransformations.

The oxidation of benzyl alcohols by XMO has been reported by Harayama et al. (Harayama,
et al.,, 1986; Harayama, et al., 1989), but in a later study including in vitro experiments, the
authors concluded that XMO is not responsible for such activity (Shaw and Harayama, 1995).
Instead, chromosomally encoded dehydrogenases of the E. coli host, which transform benzyl
alcohol to benzoate, were supposed to be responsible for the transformation of benzyl alcohol
to benzoate (Harayama, et al., 1989). However, the incorporation of '*O into the products,
observed in this study and discussed below, provides strong evidence for a monooxygenation
type of reaction catalyzed by XMO.

In control experiments, in which aldehydes were incubated with uninduced E. coli IM101
(pSPZ3) and induced E. coli IM101 (pRS), we observed the reduction of aldehydes to
alcohols. These transformations, rather than the oxidation of alcohols, can be explained by the
action of E. coli alcohol dehydrogenases that catalyze an equilibrium lying, for
thermodynamic reasons, on the side of the alcohols. The net formation of benzyl alcohol in
the end of the biotransformation of toluene by E. coli IM101 (pSPZ3) (Fig. 2.5A) can also be
attributed to E. coli dehydrogenases, and this activity becomes significant because XMO loses
activity with time.

Two significant differences were observed between the consecutive oxygenation of toluene

and pseudocumene. 3,4-Dimethylbenzyl alcohol is oxygenated more slowly than benzyl
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alcohol and 3,4-dimethylbenzoic acid is formed at a clearly higher rate than benzoic acid.
This indicates that there are differences in the effect of varying substitutions on the specific
activities of XMO towards oxidized substrates (alcohols and aldehydes) compared to that
towards unoxidized substrates like toluene and pseudocumene, which are hydroxylated at a
very similar rate.

Another interesting finding is that the acids were not formed until toluene or pseudocumene
had disappeared more or less completely. This points to a higher affinity of XMO for toluene

and pseudocumene than for the corresponding aldehydes.

The presence of BADH results in the back formation of benzyl alcohol from
benzaldehyde.

In cells containing BADH, the aldehydes accumulate at a clearly lower rate. BADH seems to
drastically increase the effect of the E. coli dehydrogenases; the equilibrium of this
dehydrogenase reaction seems to lie on the side of the alcohol. In fact, the Gibbs energy
change of the dehydrogenation of benzyl alcohol, calculated according to the group
contribution method of Mavrovouniotis (Mavrovouniotis, 1990; 1991), is 5 kcal/mol or,
calculated according to the Gibbs energies of formation given by Dean (Dean and Lange,
1985), 4 kcal/mol. (The Gibbs energy change of the oxygenation of benzyl alcohol amounts to
-100 kcal/mol.) On the basis of these values, an equilibrium constant between benzyl alcohol
and benzaldehyde of around 10 can be assumed. The estimated ratio between the
equilibrium concentrations of benzaldehyde and benzyl alcohol including an NAD/NADH
ratio of 10.6 in E. coli under aerobic conditions and glucose excess (Leonardo, et al., 1996)
amounts to 1:100. In addition, BADH was reported to have lower Ky, and higher V.« values
for the reverse reaction (from aldehydes to alcohols) compared with the forward reaction,
whereas the optimal pH, at which the measurements were performed, was 9.4 for the forward
and 5.7 for the reverse reaction (Shaw and Harayama, 1990; Shaw, et al., 1992; Shaw, et al.,
1993). For benzyl alcohol and benzaldehyde, Shaw et al. (Shaw, et al., 1993) found K, values
of 155 and 65 uM and Vpux values of 320 and 4800 pmol min" mg™ for the forward and the
reverse reaction, respectively, in 100 mM glycine.

After only 20 min, there was net formation of benzyl alcohol by E. coli IM101 (pRMAB).
This was not observed for E. coli IM101 (pSPZ3) as the biocatalyst (Fig. 2.5B).

Here, the following question arises: what could be the physiological roles of BADH and
BZDH in the natural host P. putida (pWWO0), when XMO alone is able to catalyze all

reactions from the unoxidized substrates to the carboxylic acids? Concerning BZDH, the
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answer seems to be evident: In the absence of BZDH and in the presence of unoxidized
substrate (e.g. toluene and pseudocumene), the corresponding aldehydes would not be
oxidized because of their low affinity to XMO. In addition, for benzaldehyde, the oxygenation
rate is quite low, which could also be the case for other aromatic aldehydes. Thus, BZDH may
be necessary for the efficient formation of acids in its native host. When the fluxes from the
alcohols to the acids and through the meta cleavage pathway are high, which again requires
highly active BZDH, the concentrations of intermediates like benzaldehyde would be very
low, and BADH could also catalyze a part or even most of the aldehyde formation. The
dehydrogenation of alcohols and aldehydes is favorable for the host because reducing
equivalents are produced rather than consumed, as is the case for the first oxygenation step. In
addition, accumulation of these toxic intermediates in the cytosol is prevented. In the case of
high concentrations of these intermediates, BADH could, by aldehyde reduction, preserve low

concentrations of the particularly reactive aldehydes.

The most probable mechanism for alcohol oxidation includes the formation of a gem-
diol as an intermediate.

The quantitative 'O incorporation into aromatic alcohols and acids characterized the
formation of these compounds as monooxygenation reactions. Alcohol oxidation to carbonyl
products is usually mediated by pyridine nucleotide-dependent dehydrogenases like BADH.
However, XMO catalyzes the NADH-dioxygen-dependent oxidation of benzyl alcohol and
3,4-dimethylbenzyl alcohol to the corresponding aldehydes (Table 2.2). Similar reactions are
also catalyzed by the alkane hydroxylase of P. putida (oleovorans) GPol, which was reported
to catalyze the oxygenative formation of medium chain length alkanals from terminal alkanols
(May and Katopodis, 1986), and by ammonia-grown cells of Nitrosomonas europea, which
also oxidizes toluene through benzyl alcohol to benzaldehyde (Keener and Arp, 1994). Rabbit
liver P-450 (forms 2B4 and 2E1) (Vaz and Coon, 1994) and purified naphthalene dioxygenase
from Pseudomonas sp. strain NCIB 9816-4 (Lee and Gibson, 1996) were reported to oxidize
benzyl alcohol and 1-phenylethyl alcohol. Because of the rapid exchange of oxygen in
aldehydes, both studies concentrated on the 1-phenylethyl alcohol oxidation to evaluate
possible mechanisms. Vaz and Coon suggested that the mentioned forms of P-450 oxidize the
alcohol to a carbon radical followed by coupling of oxygen to form a gem-diol intermediate
which undergoes nonstereospecific dehydration to yield acetophenone (Vaz and Coon, 1994).
Another possible mechanism, not utilized by either of the two P-450 forms, involves

desaturation to form an enol intermediate followed by tautomerization to acetophenone.
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Figure 2.7. Monooxygenation of benzyl alcohol by XMO; proposed formation of a gem-
diol. XMO indicates xylene monooxygenase of P. putida mt-2 expressed in E. coli IM101
(pSPZ3).

In the case of naphthalene dioxygenase and 1-phenylethyl alcohol, despite the fact that no '*O
from molecular dioxygen was found to be incorporated into acetophenone, Lee and Gibson
(Lee and Gibson, 1996) suggested that both mechanisms could contribute to product
formation. They argued that stereospecific dehydration of putative gem-diol intermediates,
which has been proposed for other oxidations (Spain, et al., 1989; Robertson, et al., 1992),
could occur with the aid of a basic amino acid residue in the active site of the enzyme. Lee
and Gibson as well as Vaz and Coon suggested that the formation of a gem-diol intermediate
could account for the oxidation of benzyl alcohol to benzaldehyde by naphthalene
dioxygenase and the two forms of P-450, respectively. In the case of XMO, the signals for the
M" + 2 ion in the mass spectrum of 3,4-dimethylbenzaldehyde (2.1%) (Fig. 2.4D) and for the
M" + 4 ion in the mass spectrum of 3,4-dimethylbenzoic acid (10%) (Fig. 2.4F), formed from
the corresponding alcohol, indicate the monooxygenation of the alcohol and as a result the
formation of a gem-diol intermediate followed by nonstereospecific dehydration yielding the
aldehyde (Fig. 2.7). After 20 min of incubation of 3,4-dimethylbenzaldehyde in water
containing 60% H,'*0O under conditions similar to those of the enzymatic reaction, but with
3,4-dimethylbenzyl alcohol, potassium phosphate, glucose, and the cells omitted, only 25% of
the oxygen was exchanged. Therefore, it can not be completely excluded that stereospecific

dehydration also contributes to aldehyde formation. The results presented in this study
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strongly suggest that the most probable mechanism for alcohol oxidation by XMO includes
the formation of a gem-diol as an intermediate.

The ability of XMO to catalyze three consecutive oxygenation steps at high rates makes it a
very interesting nonheme iron enzyme. The in vitro characterization of this enzyme is an
approach that, based on the high activity of XMO, will hopefully allow a detailed analysis of

this interesting reaction.
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SUMMARY

Xylene monooxygenase of Pseudomonas putida mt-2 catalyzes multistep oxidations of one
methyl group of toluene and xylenes. Recombinant E. coli expressing the monooxygenase
genes xy/M and xylA catalyze the oxygenation of toluene, pseudocumene, the corresponding
alcohols, and the corresponding aldehydes, all by a monooxygenation type of reaction (see
Chapter 2). Using E. coli expressing xyIMA we investigated the kinetics of this one-enzyme
three-step biotransformation. We found that unoxidized substrates like toluene and
pseudocumene inhibit the second and the third oxygenation steps and that the corresponding
alcohols inhibit the third oxygenation step. These inhibitions might promote the energetically
more favorable alcohol and aldehyde dehydrogenations in the wildtype. Growth of E. coli was
strongly affected by low concentrations of pseudocumene and its products. Toxicity and
solubility problems were overcome by the use of a two-liquid phase system with bis(2-
ethylhexyl)phthalate as carrier solvent, allowing high overall substrate and product
concentrations. In a fed-batch based two-liquid phase process with pseudocumene as
substrate, we observed the consecutive accumulation of aldehyde, acid, and alcohol. Our
results indicate that, depending on the reaction conditions, the product formation could be

directed to one specific product.
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INTRODUCTION

During the last decades, the microbial degradation pathways of aromatic and aliphatic
hydrocarbons have received a lot of scientific interest because of the high potential of the
involved enzyme systems for environmental (Shannon and Unterman, 1993) and preparative
applications (Witholt, et al., 1990; Schmid, et al., 2001). These pathways are usually initiated
by an oxygenase-catalyzed chemo-, regio-, and stereoselective hydroxylation of the
hydrocarbons, a reaction for which often no organic chemical counterpart is known
(Harayama, et al., 1992; Faber, 2000).

The xylene degradation pathway of Pseudomonas putida mt-2 and its initiating oxygenase,
the xylene monooxygenase (XMO), are among the best-studied examples for aromatic
hydrocarbon degradation (Williams and Murray, 1974; Worsey and Williams, 1975; Burlage,
et al., 1989; Ramos, et al., 1997). The enzymes for xylene degradation are encoded on a
catabolic plasmid, the TOL plasmid pWWO0. XMO is the first enzyme in the upper
degradation pathway for toluene and xylenes, in which a carboxylic acid is formed (Abril, et
al., 1989; Harayama, et al., 1989; Williams, et al., 1997). The upper pathway also involves
benzyl alcohol dehydrogenase and benzaldehyde dehydrogenase, which catalyze the oxidation
of benzyl alcohols via benzaldehydes to benzoic acids (Shaw and Harayama, 1990; Shaw, et
al., 1992; Shaw, et al., 1993). The carboxylic acid is then transformed to substrates of the
Krebs cycle through the meta cleavage pathway (Franklin, et al., 1981; Harayama, et al.,
1984; van der Meer, et al., 1992; Ramos, et al., 1997).

XMO consists of two polypeptide subunits, encoded by xy/M and xyl4 (Harayama, et al.,
1989; Suzuki, et al., 1991). XylA, the NADH:acceptor reductase component is an electron
transport protein transferring reducing equivalents from NADH to XylM (Shaw and
Harayama, 1992). XylM, the hydroxylase component, is located in the membrane, and its
activity depends on phospholipids and ferrous ion with a pH optimum of 7 (Wubbolts, 1994;
Shaw and Harayama, 1995).

The substrate spectrum of XMO was investigated, with focus on preparative applications:
XMO expressed in E. coli oxidizes toluene and xylenes but also m- and p-ethyl-, methoxy-,
nitro-, and chlorosubstituted toluenes, as well as m-bromosubstituted toluene to corresponding
benzyl alcohol derivatives (Kunz and Chapman, 1981; Wubbolts, et al., 1994b). Furthermore,
styrene is transformed into (S)-styrene oxide with an enantiomeric excess (ee) of 95%

(Wubbolts, et al., 1994a; Wubbolts, et al., 1994b). The one-step oxygenation of styrene
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catalyzed by recombinant XMO in growing cells of E. coli was applied to produce (S)-styrene
oxide on a 2-liter scale with hexadecane as second organic phase (Panke, et al., 1999b).

The wild-type strain P. putida mt-2 was used to oxidize methyl groups on aromatic
heterocycles to the corresponding carboxylic acids (Kiener, 1992). In large-scale
fermentations, a 5-methyl-2-pyrazinecarboxylic acid titer up to 20 g L' was reached. This
system exploits the inability of the wild-type strain to further degrade heteroaromatic
carboxylic acids. In P. putida mt-2, all three enzyme activities of the upper xylene
degradation pathway are responsible for the three-step oxidation. Early reports suggested that
XMO also catalyzes alcohol and aldehyde oxidations (Harayama, et al., 1986; Harayama, et
al., 1989). Later, such activities were attributed to dehydrogenases present in the E. coli host
(Harayama, et al., 1989; Shaw and Harayama, 1995). Recently, we verified by in vivo
experiments that XMO indeed catalyzes the oxidation of benzyl alcohols and benzaldehydes,
both via a monooxygenation type of reaction (Chapter 2). E. coli cells expressing XMO genes
under the control of the alk regulatory system (Grund, et al., 1975; Wubbolts, 1994; Yuste, et
al., 1998; Staijen, et al., 1999) were used for these experiments.

Potential preparative in vivo applications of XMO are hampered by low water solubilities and
high toxicities of possible substrates and products, limiting the performance of aqueous
systems. Nonconventional reaction media such as an aqueous-organic two-liquid phase
system are promising alternatives (Schwartz and McCoy, 1977; de Smet, et al., 1981b). A
second immiscible phase can act as a reservoir for substrate and products, regulating the
concentration of such compounds in the biocatalyst microenvironment, minimizing toxicity,
and simplifying product recovery (Witholt, et al., 1992; Wubbolts, et al., 1996a; Leon, et al.,
1998).

In the present study, we characterized the multistep oxidation of substrates like pseudocumene
and toluene by whole cells of E. coli containing XMO with the aims of clarifying the natural
role of such a multistep catalysis and identifying possible applications. The biotechnological
conversion of pseudocumene is of special interest because a controlled regio- and
chemospecific multistep oxidation of only one methyl group is difficult to achieve by purely
chemical methods. We determined the kinetics of the one-enzyme multistep reaction and
analyzed the whole-cell biocatalyst in a two-liquid phase biotransformation on a 2-liter scale.
Our results indicate that, depending on the reaction conditions, product formation may be

directed to one specific product, either benzylic alcohols, aldehydes, or acids.
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MATERIALS AND METHODS

Bacterial strain and plasmid. E. coli IM101 (supE thi A(lac-proAB) F’[traD36 proAB" lacl’
lacZAM15]) (Messing, 1979), an E. coli K-12 derivative, was used as recombinant host strain.
As expression vector, we used the pBR322-derived plasmid pSPZ3 containing the XMO
genes xyIM and xyl4 under the control of the alk regulatory system (Panke, et al., 1999b). The
QIAprep Spin Miniprep Kit (Qiagen, Basel, Switzerland) was used to prepare plasmid DNA
following the supplier’s protocol.

Media and growth conditions. Bacteria were either grown in Luria-Bertani (LB) broth
(Difco, Detroit, MI) or in M9* minimal medium, which was identical to M9 mineral medium
(Sambrook, et al., 1989) except that it contained a threefold-higher concentration of phosphate
salts to increase the buffer capacity and did not contain calcium chloride. Glucose was added
to the M9* mineral medium at a concentration of 0.5% (wt/vol) as single carbon source or to
complex media at a concentration of 1% (wt/vol) for catabolite repression of tryptophanase
synthesis in E. coli. Tryptophanase is involved in the formation of indole on complex media;
indole can subsequently be converted to indigo by XMO (Mermod, et al., 1986; Mc Fall and
Newman, 1996). When necessary, cultures were supplemented with kanamycin (final
concentration, 50 mg L), thiamine (10 mg L™), and 1 ml L' of trace element solution US*,
which contained 1 M hydrochloric acid and (per liter) 4.87 g of FeSO47H,0, 4.12 g of
CaCl,-2H,0, 1.50 g of MnCl,-4H,O, 1.05 g of ZnSO4, 0.30 g of H3BO;, 0.25 g of
Na;Mo0O42H,0, 0.15 g of CuCly:2H,0 and 0.84 g of disodium EDTA-2H,0. Solid media
contained 1.5% (wt/vol) agar. Liquid cultures were routinely incubated in baffled Erlenmeyer
flasks shaken at 200 rpm and 30°C.

Chemicals. Chemicals were obtained from Fluka (Buchs, Switzerland) (toluene, >99.5%;
benzyl alcohol, >99%; benzaldehyde, >99%; benzoic acid, >99.5%; pseudocumene, ~99%;
3.,4-dimethylbenzoic acid, ~97%; bis(2-ethylhexyl)phthalate (BEHP), 97%), Aldrich (Buchs,
Switzerland) (3,4-dimethylbenzyl alcohol, 99%), Lancaster (Muehlheim, Germany) (3,4-
dimethylbenzaldehyde, 97%) and Acros Organics (Geel, Belgium) (n-octane, >98.5%).
Analysis of metabolites. For the separation of n-octane, toluene/pseudocumene, the
respective alcohols, aldehydes, and acids we used gas chromatography (GC) as described in
Chapter 2. Alternatively, benzyl alcohol, benzaldehyde, and benzoic acid were separated via
high-performance liquid chromatography (HPLC), using a Nucleosil C18 HD column (100-A

pore size, 5-um particle size, 25 cm by 4 mm inner diameter) (Macherey-Nagel, Oensingen,
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Switzerland) with a mobile phase of 64.9% H,0-35% acetonitrile-0.1% H3;PO, at a flow rate
of 0.7 ml/min. For the separation of 3,4-dimethylbenzyl alcohol, 3,4-dimethylbenzaldehyde
and 3,4-dimethylbenzoic acid we used the same column at the same flow rate with a mobile
phase of 59.9% H,0-40% acetonitrile-0.1% H3;PO4. The UV detector was set at a wavelength
range of 210 to 265 nm.

Whole-cell assays. Whole-cell assays to study the kinetics and inhibitions of the three
monooxygenation steps catalyzed by XMO included cell growth, induction, resting cell
biotransformations at a 1-ml scale, and sample preparation for GC and HPLC analysis and
were performed as described in Chapter 2 with the following modifications: xy/MA expression
was induced by n-octane (0.1%, vol/vol) exclusively, and cell concentrations in the resting-
cell biotransformations varied between 0.1 and 1.1 g of cell dry weight (CDW) per liter.

In experiments to follow product formation over time, samples of cells were incubated with
the same substrates for different time periods (0 to 80 min). The assays were carried out twice
independently. Initial specific activities were calculated as average activities based on the sum
of all products formed in 5 min of reaction. One unit (U) is defined as the activity that forms 1
umol of total products in 1 min. Specific activity was expressed as activity per gram of CDW
[U (g of CDW)™].

Vmax and K for pseudocumene, toluene, and their derivatives were determined in reactions
carried out for 5 min except for the aldehydes as substrate (10 min of reaction) with various
substrate concentrations (0.04 to 30 mM). Specific activities were calculated based on the
amount of products formed. V. and K values were calculated using the program Leonora,
designed to analyze enzyme kinetic data and described by Cornish-Bowden (Cornish-
Bowden, 1995). Experiments were repeated at least three times independently.
Determination of toxicities of pseudocumene and its metabolites for E. coli JM101. The
toxicities of pseudocumene, 3,4-dimethylbenzyl alcohol, 3,4-dimethylbenzaldehyde, and 3,4-
dimethylbenzoic acid were determined with E. coli JM101 incubated in complete M9*
medium. After reaching the exponential growth phase, the culture was subdivided into sterile
baffled Erlenmeyer flasks with screw-on caps containing a Teflon seal to avoid evaporation,
and the different compounds were added to concentrations between 0 and 40 mM.
Subsequently, incubation was continued and growth was determined by monitoring the
optical density at 450 nm. An optical density of one corresponded to 0.29 g of CDW per liter.
The effect of BEHP, containing 1% (vol/vol) n-octane and different amounts of
pseudocumene on growth of E. coli IM101 was determined by a similar procedure. After

subdividing an exponentially growing culture, an equal volume of organic phase was added
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and incubation was continued. One culture was further incubated without a second phase as a
control.

Two-liquid phase culture. Freshly transformed E. coli IM101 cells harboring plasmid
pSPZ3 were inoculated into a 3 ml LB medium preculture, grown overnight at 30°C, and
diluted 100-fold in 100 ml of M9* mineral medium. The resulting culture was incubated for
approximately 10 h (during which time the cells entered the stationary phase) and used as an
inoculum for the biotransformation reaction mixture. The biotransformation reaction was
carried out in a stirred tank reactor with two Rushton turbine impellers, four baffles, and a
total volume of 3 L (Preusting, et al., 1993; Wubbolts, et al., 1996a). Seals and O-rings were
made out of solvent-resistant Viton. The reactor contained 0.9 L of a mineral medium
composed of 8.82 g KH,POy4, 10.85 g KoHPO,, 8.82 g Na,HPO4, 1.0 g NH,Cl, 0.5 g NaCl,
0.49 g MgS047H,0, 5 g glucose, 10 mg thiamine, 50 mg kanamycin, and 1 ml trace element
solution US* per liter. The composition of US* is described in Chapter 2. The pH was
maintained at 7.1 using 25% NH4OH and 34% phosphoric acid. After inoculation with 100 ml
of the preculture, the reactor was aerated at a rate of 0.5 L min™' and was stirred at 1500 rpm
for 10 to 12 hours (overnight), which resulted in a culture in the stationary phase containing
approximately 3 (g of CDW) L. This culture of 1 L in volume was supplemented with 4 ml
of US* trace element solution and 4 ml of a 1% (wt/vol) thiamine solution. Subsequently, the
culture was fed at a rate of 10 g h™ with an aqueous solution containing (per liter) 450 g of
glucose, 50 g of yeast extract (Difco, Detroit, Mich.), and 9 g of MgSO,4-7H,0, adjusted to pH
3 with hydrochloric acid. One hour after feed initiation, 1 L of the organic phase was added,
resulting in a phase ratio of 0.5. The organic phase consisted of BEHP as the carrier solvent,
which contained 1% (vol/vol) n-octane as an inducer of the alk regulatory system and 2%
(vol/vol) pseudocumene as the substrate. Concomitantly, the stirrer speed was increased to
2000 rpm. Organic phase addition served as the time point of induction. Foam formation was
limited by the addition of antifoam 289 (Sigma, Buchs, Switzerland).

Process analytics. The dissolved oxygen tension (DOT) was determined with an autoclavable
amperometric probe (Mettler Toledo, Greifensee, Switzerland). Cell concentrations in the
aqueous phase and octane, pseudocumene, 3,4-dimethylbenzyl alcohol, 3,4-
dimethylbenzaldehyde, and 3,4-dimethylbenzoic acid concentrations in the organic phase as
well as in the aqueous phase of the reactor were monitored over time. To do this, 2-ml
samples were withdrawn from the reactor at regular intervals and added to 2-ml Eppendorf
tubes. The reaction was stopped by placing the samples on ice and immediately acidifying

them to pH 2 by the addition of 40 pl of perchloric acid stock solution (10%, vol/vol). The
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samples were centrifuged to separate the phases, and the position of the interphase was
marked. The organic phase was removed, diluted 50-fold with diethyl ether supplemented
with dodecane as an internal standard, dried over sodium sulfate, and analyzed by GC to
determine substrate, product, and octane concentrations. Then, 0.5 ml of the aqueous
supernatant of each centrifuged sample was removed with a syringe into and extracted with an
equal volume of diethyl ether as described in Chapter 2. Subsequently, the ether phase was
analyzed by GC to determine the concentrations in the aqueous phase. The remaining aqueous
supernatant was completely removed and discarded. The cell pellet was resuspended in an
amount of M9* medium corresponding to the original amount of aqueous supernatant, and the
optical density at 450 nm was determined.

The apparent volumetric productivities and specific product formation rates were calculated
as averages for intervals between two data points. The term “apparent” refers to the fact that
activities may have been limited by substrate availability. Furthermore, since aldehyde and
acid accumulation from pseudocumene demands multistep catalysis, apparent specific
aldehyde and acid formation rates require doubled and threefold specific biocatalyst activities,

respectively.

RESULTS

Product formation patterns in the presence of two substrates.

Recently, we showed that whole cells of E. coli IM101 containing XMO catalyze the
multistep oxidation of toluene and pseudocumene via corresponding alcohols and aldehydes
to benzoic acids (Chapter 2). When benzaldehydes were added as substrates, the cells
transformed benzaldehyde and 3,4-dimethylbenzaldehyde to the corresponding acids at initial
rates of 10 and 55 U (g of CDW), respectively. In contrast, when toluene and pseudocumene
were added as substrates, we observed that benzoic acids did not form until concentrations of
toluene or pseudocumene reached low levels (Chapter 2).

In order to investigate this phenomenon in more detail, cells were incubated with the same
amounts of toluene and benzaldehyde for different time periods (Fig. 3.1A). Benzoic acid was
not formed until the toluene concentration reached a value as low as 0.05 mM, although
benzaldehyde was present from the start of the reaction. Analogous biotransformations were

carried out with pseudocumene and 3,4-dimethylbenzaldehyde as substrates (Fig. 3.1B). The
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Figure 3.1. Product formation after simultaneous addition of toluene and benzaldehyde
(A) and of pseudocumene and 3,4-dimethylbenzaldehyde (B) to resting E. coli JM101
(pSPZ3) in 50 mM potassium phosphate buffer, pH 7.4, containing 1% (wt/vol) glucose. The

assay was performed as described in Materials and Methods.
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corresponding acid started to be formed at a pseudocumene concentration below 0.036 mM.
These results demonstrate that acid formation is completely prevented in the presence of
toluene or pseudocumene.

We also tested the influence of pseudocumene and toluene on alcohol oxidation. Cells were
incubated with equal amounts of pseudocumene and 3,4-dimethylbenzyl alcohol (Fig. 3.2A).
After the reaction started, the alcohol accumulated at a high rate of 109 U (g of CDW)™,
whereas the aldehyde accumulated at a rate as low as 9 U (g of CDW)™. Then, at reduced
pseudocumene concentrations, the mean aldehyde formation rate increased to 25 U (g of
CDW)'. After 10 min, a pseudocumene pulse established pseudocumene concentrations
similar to those observed in the beginning of the reaction. The product formation pattern
between 10 and 20 min of reaction looked very similar to the product formation pattern in the
first 10 min. The aldehyde formation rate was reduced to 8.5 U (g of CDW)', whereas the
alcohol accumulated at a high rate of 115 U (g of CDW)"'. At reduced pseudocumene
concentrations, the aldehyde formation rate recovered to 25 U (g of CDW)™. The acid slowly
accumulated when pseudocumene had completely disappeared from the reaction mixtures.
Figure 3.2B shows the comparison between the aldehyde formation rates in the experiment
shown in Figure 3.2A with the pseudocumene pulse after 10 min and the aldehyde formation
rates in an identical experiment without pseudocumene pulse. In both experiments, initial
aldehyde formation rates were identical and low, but increased as pseudocumene
concentrations decreased. Without pseudocumene pulse, the aldehyde formation rate reached
30 U (g of CDW) ™" and remained roughly constant, whereas the pseudocumene addition after
10 min clearly reduced the aldehyde formation rate. Toluene also reduced the aldehyde
formation rate, but only at concentrations above 0.5 mM and to a lesser extent than
pseudocumene (results not shown). The presence of pseudocumene or toluene obviously not
only prevents aldehyde oxidation but also reduces the alcohol oxidation rate. For the
impairment of alcohol oxidation, higher pseudocumene or toluene concentrations are required
than for the prevention of aldehyde oxidation.

In order to investigate the product formation pattern in the presence of 3,4-dimethylbenzyl
alcohol and 3,4-dimethylbenzaldehyde, similar amounts of the two substrates were incubated
with induced E. coli IM101 (pSPZ3) (Fig. 3.3). Initially, only alcohol was oxidized. Aldehyde
oxidation started after the concentrations of alcohol and aldehyde had decreased and
increased, respectively. For benzyl alcohol and benzaldehyde as substrates a similar product

formation pattern with an initial aldehyde formation rate of 123 U (g of CDW) ™' was obtained.
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Figure 3.2. Product formation after simultaneous addition of pseudocumene and 3,4-
dimethylbenzyl alcohol to resting E. coli JM101 (pSPZ3) in 50 mM potassium phosphate
buffer, pH 7.4, containing 1% (wt/vol) glucose. Assays were performed as described in
Materials and Methods. (A) Product formation pattern. After 10 min, pseudocumene was
pulsed to the reaction mixtures. (B) Comparison of aldehyde formation rates in reactions with
and without pseudocumene pulse. The aldehyde formation rates are calculated as average
activities per gram of CDW in different time intervals.
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Figure 3.3. Product formation after simultaneous addition of 3,4-dimethylbenzyl alcohol
and 3,4-dimethylbenzaldehyde to resting E. coli JM101 (pSPZ3) in 50 mM potassium
phosphate buffer, pH 7.4, containing 1% (wt/vol) glucose. Assays were performed as
described in Materials and Methods.

Obviously, not only pseudocumene and toluene but also the corresponding alcohols prevent
acid formation. The inhibition of acid formation by the alcohols seems to be weaker than the
inhibition by pseudocumene and toluene, since alcohol concentrations must be higher than

toluene and pseudocumene concentrations to prevent acid formation.

Vmax and K values of E. coli JM101 (pSPZ3) for different substrates.

In Chapter 2, we speculated that the biocatalyst might take up toluene and pseudocumene
more efficiently than corresponding aldehydes, which would explain the lack of acid
formation in the presence of unoxidized substrates such as toluene and pseudocumene. In
order to evaluate this presumption and to learn more about the catalytic features of XMO
present in E. coli, we investigated the kinetics of the consecutive in vivo oxygenation of

xylenes to benzoic acids. Apparent maximal reaction velocities (Vn.x) and substrate uptake
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Table 3.1. Apparent® V., and K; values of E. coli JM101 (pSPZ3) for different

substrates.
Substrate Apparent” Vmai( Apparent” Kg \lfmaX/KS |
[U (g of CDW)"] [uM] [UpM™ (g of CDW) "]

Pseudocumene 351 +8 202 £8 1.7
3,4-Dimethylbenzyl alcohol 93+3 24+ 4 3.9
3,4-Dimethylbenzaldehyde” > 560 > 8000 ND*
Toluene 134+9 87+ 17 1.5
Benzyl alcohol 225+9 85+4 2.6
Benzaldehyde” > 18 > 20000 ND*

“ The term “apparent” refers to the fact that these kinetic values were determined for
whole cells. Values are means + standard errors.

’ The kinetic values for benzaldehydes could not be determined accurately because
relevant substrate concentrations were in a range at which measurements were hampered by
toxicity and limited solubility of the substrates.

“ND, not determined.

constants (K, corresponding to the substrate concentrations at which whole cells show half-
maximal transformation rates) were determined by whole-cell assays (Table 3.1). The term
“apparent” is used because the kinetic values were determined with whole cells.

The cells showed Michaelis-Menten like kinetics for the formation of benzyl alcohols from
pseudocumene or toluene and the formation of benzaldehydes from benzyl alcohols. For the
natural substrate pseudocumene, we found a higher uptake constant than for the
corresponding alcohol, whereas the maximal reaction velocity of pseudocumene oxidation
was higher than of 3,4-dimethylbenzyl alcohol oxidation. The kinetic values for
benzaldehydes were difficult to determine because the relevant substrate concentrations were
in a range at which measurements were hampered by toxicity and limited solubility of the
substrates. Furthermore, for 3,4-dimethylbenzaldehyde as substrate, we observed a sigmoid
rather than a hyperbolic (Michaelis-Menten like) dependency of the reaction rate on the
substrate concentration. This dependency was linear for benzaldehyde as substrate in a
concentration range of 1 to 30 mM. Surprisingly, at concentrations above the solubility of 3,4-
dimethylbenzaldehyde in aqueous solution (>4 mM), increasing aldehyde amounts still

caused increasing reaction rates, suggesting aldehyde uptake from organic-phase droplets.
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Nevertheless, we were able to estimate lower limits for the K values of the aldehydes (Table
3.1). The minimal V. values presented in Table 3.1 correspond to the maximal reaction
velocities measured experimentally. The uptake of benzaldehydes by the biocatalyst is in fact

significantly less efficient than the uptake of toluene and pseudocumene.

Toxicities of pseudocumene and its derivatives for E. coli in an aqueous medium.
Xylenes as well as their oxidized derivatives are expected to be toxic to microorganisms such
as E. coli. Metabolically active cells are essential to maintain biocatalytic activity of E. coli
(pSPZ3) because NADH, a cofactor of the XMO-catalyzed oxidations, must be regenerated
by the E. coli host. Therefore, the toxicities of substrates and products are important
parameters for a possible preparative application of XMO in recombinant E. coli.

We tested the toxicities of pseudocumene and its products to cultures of E. coli IM101 by
monitoring growth at different substrate and product concentrations (Fig. 3.4). The formation
of a second liquid phase caused initial decreases in optical density because of cell lysis and
changes in cell morphology (as observed under the microscope). Pseudocumene reduced
growth already at low concentrations, and complete inhibition of growth was observed at
concentrations above 1 mM (Fig. 3.4A). Only slightly weaker toxicities were observed for
3,4-dimethylbenzyl alcohol (Fig. 3.4B) and 3,4-dimethylbenzaldehyde (Fig. 3.4C) with
complete growth inhibition above concentrations of 3 and 2 mM, respectively. The start of
growth 4 h after the addition of 3,4-dimethylbenzaldehyde to a concentration of 2 mM (Fig.
3.4C) may be explained by aldehyde reduction to the less toxic alcohol through the action of
unspecific dehydrogenases of the E. coli host, as reported in Chapter 2. 3,4-Dimethylbenzoic
acid was considerably less toxic; concentrations above 24 mM were necessary to completely
inhibit growth (Fig. 3.4D). Panel E of Figure 3.4 illustrates the influence of varying inhibitor
concentrations on the growth rate. Thus, the concentrations of pseudocumene and the
corresponding alcohol and aldehyde in the microenvironment of the cells have to be kept low
for practical application of E. coli IM101 (pSPZ3) as a biocatalyst. A two-liquid phase system
with a second phase consisting of an organic solvent offers a possible solution to accomplish

this requirement.



Cell Density (OD5,) Cell Density (OD,5,)

Cell Density (OD,5,)

10

89

Characterization and Application
of XMO for Multistep Biocatalysis

—&— 0 mM ps
—&— (.15 mM ps
—&— 0.3 mM ps
—%— 0.45 mM ps
—X— 0.6 mM ps
—8— (.75 mM ps
—+— 1 mM ps

// —— 1.5mMps

0.1

200 400 600

Time [min]

1450

0.1

—&— (0 mM alcohol
—8— (.5 mM alcohol

—a— 1 mM alcohol

RN

—>%— 1.5 mM alcohol

—¥— 2 mM alcohol

1

—&— 3 mM alcohol

—+— 4 mM alcohol

// —=— 6 mM alcohol

10

200 400 600

Time [min]

//

1440

—o— 0 mM aldehyde
—&— (.5 mM aldehyde
—&— 1 mM aldehyde

ok

—*— 1.5 mM aldehyde
—¥— 2 mM aldehyde
—e— 3 mM aldehyde

—+— 4 mM aldehyde

—=— 6 mM aldehyde

0.1

200 400 600

Time [min]



Chapter 3 90

D
10 //// .
=4 —— 0 mM acid
~ —X —&— | mM acid
w
a —&— 2 mM acid
Q —e
= —t —%— 8 mM acid
Z 1-
% —%— 16 mM acid
2 —— 24 mM acid
<5}
© —+— 32 mM acid
—— 40 mM acid
0- 1 | | | | | | | //// | m act
0 200 400 600 1615
Time [min]
E
0.5
@ pseudocumene
0.4

B 3,4-dimethylbenzyl alcohol
A 3 4-dimethylbenzaldehyde
& 3 4-dimethylbenzoic acid

Growth Rate [h~1]

0 5 10 15 20 25

Concentration [mM]

Figure 3.4. Growth of E. coli JM101 after addition of different amounts of
pseudocumene (ps) (A), 3,4-dimethylbenzyl alcohol (alcohol) (B), 3,4-dimethylbenz-
aldehyde (aldehyde) (C) and 3,4-dimethylbenzoic acid (acid) (D). Panel E shows the
dependence of the growth rate on varying inhibitor concentrations. After entering exponential
growth, a 400-ml culture was split into 40-ml subcultures, to which different amounts of the
substance of interest were added. Experimental details are described in Materials and

Methods.
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Fed-batch-based biotransformation in a two-liquid phase system.

We used BEHP for the investigation of the multistep biotransformation of pseudocumene by
xylMA-expressing recombinant E. coli in a two-liquid phase system. In order to ensure the
suitability of BEHP for our system, we examined the effect of BEHP and different
concentrations of pseudocumene in BEHP on growth of E. coli JIM101 (Fig. 3.5). To simulate
the conditions in the biotransformation system, the organic phase, present at a phase ratio of
0.5, contained 1% (vol/vol) n-octane, the inducer of xy/MA expression in E. coli JM101
(pSPZ3). BEHP containing up to 10% (vol/vol) pseudocumene had no effect on cell growth.
Higher pseudocumene concentrations increasingly reduced the growth rate and with more
than 25% (vol/vol) of pseudocumene in the organic phase no growth was observed. The use
of BEHP allows the addition of large amounts of pseudocumene to the biotransformation
reaction mixture and thereby meets the main demand for a second liquid organic phase.

To analyze the product formation pattern in the BEHP/M9* two-liquid phase system, we
performed biotransformations in fed-batch mode. This approach was based on our previous
experiments designed to produce (S)-styrene oxide from styrene (Wubbolts, et al., 1996a;
Panke, et al., 1999b; Panke, et al., 2000). The biotransformation was started one hour after
feed initiation by the addition of the organic phase containing 2% (vol/vol) pseudocumene
and 1% (vol/vol) n-octane as inducer for xy/MA expression. Results are shown in Figure 3.6
and were confirmed by repeating the experiment. Substrate and product concentrations (Fig.
3.6A) were calculated as the sum of the concentrations in the organic and the aqueous phase
for each compound and correspond to the doubled overall concentrations in the total volume.
Aldehyde and alcohol formation began about 1 h after addition of the second phase,
confirming the short induction period observed in shaking flask experiments (Chapter 2). The
subsequent biotransformation can be divided into three stages. In the first stage,
pseudocumene was directly channeled through two oxygenation steps, and 3,4-dimethylbenz-
aldehyde accumulated as sole product to a concentration of 65 mM. The second stage was
characterized by a complete cessation of aldehyde accumulation and exclusive formation of
3,4-dimethylbenzoic acid at pseudocumene concentrations below 90 mM. In the third stage,
3,4-dimethylbenzyl alcohol accumulated at a very low rate to a concentration of 13.5 mM, the
aldehyde concentration remained constant, and the acid concentration increased slightly. The
final concentrations of pseudocumene and 3,4-dimethylbenzaldehyde amounted to 16 and 63
mM, respectively. The aqueous pseudocumene, alcohol, and aldehyde concentrations
remained very low during the whole experiment, whereas the acid accumulated to

concentrations of 48.5 and 6.5 mM in the aqueous and organic phase, respectively. Such



Chapter 3 92

[/
10 : 77
—e— without BEHP
—=— (0% ps
—a— 10% ps
—— 15% ps
—%— 17.5% ps
—o— 20% ps
= —— 25% ps
= —— 30% ps
a oP =
&) —— 40% ps .
=0
=
.E
E 1 ] —+
E
=
S
=
=
@)
S
@)
0.1 T T T T T T //// !
0 100 200 300 400 500 600 1530

Time [min]

Figure 3.5. Growth of E. coli JM101 in the absence and in the presence of BEHP
containing different volume fractions of pseudocumene. After reaching exponential growth
a 200-ml culture was split into 20-ml subcultures, to which no or 20 ml BEHP containing
different volume fractions of pseudocumene (ps) was added. Experimental details are
described in Materials and Methods.
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Figure 3.6. Fed-batch based two-liquid phase biotransformation with E. coli JM101
(pSPZ3) at a phase ratio of 0.5. The second organic phase consisted in BEHP as the organic
carrier solvent, 2% (vol/vol) pseudocumene and 1% (vol/vol) n-octane (as the inducer).
Addition of the organic phase occurred 1 h after feed initiation (arrow). Experimental details
of the fed-batch are described in Materials and Methods. (A) Reactant and octane
concentrations during the fed-batch experiment. All concentrations represent the sum of the
respective concentrations in the organic and aqueous phases. (B) Formation of E. coli IM101
(pSPZ3) biomass and development of the specific product formation rate, which was
calculated by determining the rate of total product formation per gram of CDW as the average
for an interval between two data points.

aqueous acid concentrations are expected to be toxic for E. coli IM101 (Fig. 3.4). The octane
concentration decreased continuously during the biotransformation, which is due to its
volatility and gives an indirect measure of substrate stripping by aeration, which caused a
slight decrease of the total reactant concentration.

As expected, growth continued after organic phase addition without any interruption (Fig.
3.6B). After 4 h of exponential growth, the culture was limited by oxygen over 5 h. Linear
growth to a cell dry weight of 17 g L™! after 7.5 h of fed-batch cultivation was followed by
slow growth to a maximal cell density of 22 g L. The specific activity concerning the
formation of all three products, referred to as specific product formation rate, was maximal 2
h after induction in growing cells at 13 U (g of CDW) ™, then decreased continuously, and was
low during the third stage of the biotransformation (Fig. 3.6B). The maximal volumetric
activity concerning the formation of one specific product, in this case 3,4-dimethylbenz-
aldehyde, amounted to 133 U L,,", corresponding to a maximal volumetric productivity of
l.l1g Laq'l h'. This productivity was reached 3.5 h after induction and remained constant for 7
h.

The biocatalyst E. coli JIM101 (pSPZ3), cultivated in a fed-batch mode, supported the
accumulation of 3,4-dimethylbenzaldehyde, 3,4-dimethylbenzoic acid, and 3,4-dimethyl-

benzyl alcohol in three consecutive stages of the biotransformation.



95 Characterization and Application
of XMO for Multistep Biocatalysis

DISCUSSION

Kinetic properties of E. coli JM101 (pSPZ3).

The high specific product formation rates observed in this study for resting cells of E. coli
JM101 (pSPZ3) containing XMO together with results obtained earlier with this system
indicate that pSPZ3 is highly suited for xy/MA expression under the control of the alk
promoter (Chapter 2; Panke, et al., 1999b). The efficient inhibition of the XMO-catalyzed
aldehyde oxygenation by toluene and pseudocumene might be explained by the high uptake
constants for aldehydes (Table 3.1) and competitive inhibition. Besides substrate affinity,
kinetics of biocatalysts based on whole cells are determined by various factors such as
membrane permeability and cofactor availability. Pseudocumene and toluene also reduce
aldehyde formation rates, which cannot be explained by competitive inhibition, since the
biocatalyst has lower apparent specificity constants (Vmax/Ks) for pseudocumene and toluene
than for corresponding alcohols (Table 3.1). Moreover, higher concentrations of 3.4-
dimethylbenzyl alcohol than of pseudocumene are needed to inhibit aldehyde oxidation,
which is not expected regarding the Vi,.x/Ks values. Therefore, also the lack of acid formation
in the presence of pseudocumene cannot only be ascribed to competitive inhibition. A
comparison with earlier experiments using the same whole cells and unoxidized substrates
(e.g., toluene and pseudocumene, Chapter 2) shows that pseudocumene and toluene oxidation
rates are not reduced in the presence of alcohols or aldehydes, another argument against
substrate competition. Transient accumulation and degradation of substrate, product, and
inhibitor impeded kinetic analyses of the mutual inhibitions.

Nevertheless, the results presented in this study indicate that the inhibitions by pseudocumene
and toluene are not purely competitive, whereas the inhibition of aldehyde oxygenation by the
corresponding alcohols may be. The presence of unoxidized substrates might induce an
enzyme conformation in which their own oxidation is favored over alcohol and aldehyde
oxidation. P450 monooxygenases, for instance, were proposed to undergo conformational
changes caused by salt (Yun, et al., 1996), inhibitor (Raag, et al., 1993), or substrate (Poulos,
et al., 1995; Ueng, et al., 1997) or during the reaction (Bell-Parikh and Guengerich, 1999),
e.g., by transition from the ferric to the ferrous state (Raag and Poulos, 1989). A hypothesis
assuming a single active site and not necessarily requiring a conformational change comprises
that unoxidized substrates bind to a putative substrate access channel, to which the membrane

might also contribute, and thereby inhibit the access of more polar substrates to the active site.
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Considering that the natural host P. putida mt-2 synthesizes three enzymes for the three
oxidation steps of the upper pathway, the ability of XMO to catalyze all reactions from the
unoxidized substrates to the carboxylic acids is surprising. An analogous example is the bile
acid synthesis pathway, in which sterol side chain oxidations from alcohol to carboxylic acid
can proceed by sterol 27-hydroxylase, also responsible for alcohol formation, but also by the
action of alcohol and aldehyde dehydrogenases (Cali and Russell, 1991; Holmberg-Betsholtz,
et al., 1993). This dual ability was suggested to be an example of evolution producing
functional similarity from disparate structures and mechanisms.

In our case, a recombinant strain of P. putida KT2440 expressing only the XMO genes from
its chromosome (Panke, et al., 1999a) grew on benzoic acid by the action of enzymes of the
ortho cleavage pathway encoded on the chromosome but not on toluene provided via gas
phase (results not shown). The lack of growth on toluene could be caused by an inhibition of
alcohol and aldehyde oxygenation by toluene. Nevertheless, early in evolution XMO might
have been the only enzyme in the upper pathway catalyzing the three-step oxidation at low
rates with a high demand for reducing equivalents. Later, dehydrogenases catalyzing
energetically more favorable reactions, in which reducing equivalents are produced and not
consumed, might have evolved. Such dehydrogenations might have become favored through
the inhibition of alcohol and aldehyde oxygenation by xylenes.

The high specificity constants of XMO-containing E. coli for benzyl alcohols are surprising,
but in the wild-type a high catalytic efficiency in alcohol oxygenation might be necessary,
because the equilibrium catalyzed by XylB, the benzyl alcohol dehydrogenase, lies on the side
of the alcohols (Chapter 2). With purified XylB, Shaw et al. found K, values of 155 and 65
uM and Vpay values of 320 and 4800 pmol min™ mg™ for benzyl alcohol (forward reaction)
and benzaldehyde (reverse reaction), respectively (Shaw, et al., 1993). As suggested in
Chapter 2, XylB may prevent the formation of high intracellular concentrations of the
particularly reactive benzaldehydes. In the case of high fluxes through the degradation
pathways and low aldehyde concentrations, XyIB contributes to aldehyde formation. Thus, at
high concentrations of unoxidized substrates, the inhibition of alcohol oxygenation could
promote alcohol dehydrogenation. Furthermore, the inhibition of the second and the third
oxygenation step of the XMO-catalyzed reaction cascade by unoxidized substrates may
explain why the alcohol and aldehyde oxidation activities of XMO have not been more widely

reported.
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One-enzyme multistep catalysis — mechanism and examples.

At least 11 nonheme integral membrane enzymes, including XyIM, contain a highly
conserved 8-histidine motif (Shanklin, et al., 1994; Shanklin, et al., 1997), which is essential
for catalytic activity. Based on studies on the alkane hydroxylase of P. putida GPol, such
integral membrane enzymes were proposed to contain diiron clusters as Oj-activating sites,
for which the 8-histidine motifs provide ligands (Shanklin, et al., 1997). Furthermore, alkane
hydroxylase of P. putida catalyzes the oxygenative formation of medium chain length
alkanals from terminal alkanols (May and Katopodis, 1986), also part of a multistep
oxygenation. The histidine cluster containing C-4 sterol methyl oxidase of Saccharomyces
cerevisiae catalyzes, like XMO, the three-step oxidation of a methyl group to the carboxylic
acid (Bard, et al., 1996). Purified naphthalene dioxygenase from Pseudomonas sp. strain
NCIB 98164 and ammonia-grown cells of Nitrosomonas europea catalyze, among other
reactions, the oxidation of toluene via benzyl alcohol to benzaldehyde but not to benzoic acid
(Keener and Arp, 1994; Lee and Gibson, 1996). Methane monooxygenase of Methylosinus
trichosporium, another nonheme monooxygenase with diiron clusters as O,-activating sites, is
functionally similar to cytochrome P450 enzymes (Rataj, et al., 1991; Bell and Guengerich,
1997). P450 monooxygenases also catalyze the oxidation of toluenes (White and McCarthy,
1986; Ling and Hanzlik, 1989), benzyl alcohols (Vaz and Coon, 1994), and benzaldehydes,
which also cause enzyme deactivation by heme adduct formation (Raner, et al., 1997; Kuo, et
al., 1999). Furthermore, P450 monooxygenases catalyze the multistep oxidations of linalool
and camphor to 8-oxolinalool and 5-ketocamphor, respectively (Ullah, et al., 1990), of ethanol
via acetaldehyde to acetic acid (Bell-Parikh and Guengerich, 1999), and of fatty acids to
diacids (Shet, et al., 1996) and to subterminal hydroxy- and oxoproducts with a product
diversity depending on the dissolved oxygen concentration (Schneider, et al., 1999). Like C-4
sterol methyl oxidase, several P450 enzymes also catalyze multistep reactions involved in
steroid oxidation, e.g., P450s 27, 24, 19, 170, 14a, 11p and P450scc (Hume, et al., 1984;
Kellis and Vickery, 1987; Fischer, et al., 1989; Cali and Russell, 1991; Holmberg-Betsholtz,
et al., 1993; Akiyoshi-Shibata, et al., 1994; Imai, et al., 1998; Yamazaki, et al., 1998). These
reactions usually consist of two or three consecutive two-electron oxidation steps. The large
number of multistep oxidations, which could be further extended, shows that multistep
reactions are widespread among oxygenases.

As in the XMO-catalyzed oxidation of benzyl alcohols (Chapter 2), the formation of gem-diol
intermediates, which spontaneously dehydrate to the more stable carbonyl compounds, was

also proposed in the alcohol oxidation step of most of the cited steroid oxidations as well as in
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the P450-catalyzed oxidations of ethanol (Bell-Parikh and Guengerich, 1999), 8-
hydroxylinalool (Ullah, et al., 1990), hydroxy fatty acids (Shet, et al., 1996; Schneider, 1998),
and benzyl alcohols (Vaz and Coon, 1994). Another example for an enzyme capable of
multistep catalysis is dehydroquinate synthase, which performs several different consecutive
chemical reactions in one active site and thus prevents the formation of unwanted by-products
by specific interactions with the substrate (Carpenter, et al., 1998). The P450-catalyzed
multistep oxidation of ethanol and of some steroids is considered to involve little exchange of
the reaction intermediates with the medium. However, in the XMO-catalyzed multistep
oxygenation, substantial exchange of intermediates with the medium must be assumed, since
transient accumulation and degradation of alcohol and aldehyde intermediates occur (Chapter

2) (Figs. 3.1, 3.2, and 3.3).

Product formation patterns in the BEHP/M9* two-liquid phase fed-batch system.

Cyclic hydrocarbons can be toxic to bacteria, inhibiting a potential whole-cell-based
biocatalytic process; Sikkema et al. reviewed mechanisms of membrane toxicity of
hydrocarbons (Sikkema, et al., 1995). In our study, we also found pseudocumene as well as
3,4-dimethylbenzyl alcohol, and 3,4-dimethylbenzaldehyde to be toxic at low concentrations.
We therefore chose the two-liquid phase concept to overcome toxicity and solubility problems
(Freeman, et al., 1993; Wubbolts, et al., 1996a; Leon, et al., 1998). As expected for very
hydrophobic solvents (Laane, et al., 1987), BEHP (log P,y 9.6) did not affect bacterial
growth when used as second organic phase and proved to be highly suited to prevent substrate
toxicity.

In fed-batch-based two-liquid phase biotransformations of pseudocumene, the products 3,4-
dimethylbenzyl alcohol, 3,4-dimethylbenzaldehyde, and 3,4-dimethylbenzoic acid
accumulated in three diverse stages. The exclusive accumulation of the aldehyde during the
first stage suggests that pseudocumene concentrations in the system were high enough to
inhibit aldehyde oxidation but not to inhibit alcohol oxidation. The switch from aldehyde to
acid accumulation in the second stage may be explained by pseudocumene concentrations
falling below an inhibitory limit at around 90 mM in the organic phase. At this point of the
biotransformation, the aqueous pseudocumene concentration was below the detection limit of
20 puM. An inhibitory limit in the aqueous phase below 20 uM is in accordance with the
results shown in Figure 3.1, which suggest that the inhibitory limit is below 36 uM. The slow
alcohol accumulation accompanied by a slight increase of the acid concentration during the

third stage of the biotransformation might be ascribed to low XMO activities, which might be
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exceeded by the transformation of aldehyde to alcohol by the non-specific alcohol
dehydrogenase activity of E. coli (Chapter 2). The accumulation of mainly one product in
each of the three stages of the biotransformation indicates that the use of the two-liquid phase
concept may allow the accumulation of a single product in a kinetically controlled one-

enzyme multistep process.

Factors influencing biocatalyst activity.

The parallel decreases in substrate concentration and specific product formation rate in two-
liquid phase biotransformations point to substrate limitation. The maximal product formation
rate of 13 U (g of CDW) ™! was much lower than 127 U (g of CDW)™, the maximal specific
activity measured for resting cells. The results of resting-cell experiments are not expected to
coincide perfectly with the results of fed-batch experiments. However, the huge difference
between the specific product formation rates nevertheless strongly suggests substrate
limitation during the fed-batch experiment. Moreover, the exclusive formation of 3.,4-
dimethylbenzaldehyde in the beginning of the biotransformation also indicates substrate
limitation. The exclusive accumulation of the aldehyde is only possible when the alcohol
oxidation rate equals or exceeds the pseudocumene oxidation rate. According to the kinetic
values for the first two oxidation steps (Table 3.1), exclusive aldehyde accumulation from
pseudocumene requires clearly limiting pseudocumene concentrations, at which the lower
uptake constant of the biocatalyst for 3,4-dimethylbenzyl alcohol than for pseudocumene
dominates the higher maximal reaction velocity of pseudocumene oxidation.

High aqueous substrate and product concentrations also can impair biocatalyst activity in two-
liquid phase systems (Kawakami and Nakahara, 1994). The avoidance of toxic aqueous
substrate and product concentrations is crucial for the maintenance of high biocatalyst
activities (Leon, et al., 1998). Aqueous concentrations of pseudocumene, 3,4-dimethylbenzyl
alcohol, and 3,4-dimethylbenzaldehyde did not reach toxic levels and had no obvious effect
on biocatalyst activity in the fed-batch experiments, but we observed toxic aqueous acid
concentrations, which may have affected cell metabolism. Furthermore, the metabolic activity
of the cells, which is necessary for NADH regeneration, is reduced in the late stationary phase
anyway.

In general, at the beginning of the biotransformation, the specific product formation rate was
dependent on the amount of pseudocumene present in the two-liquid phase system. With

progression of the biotransformation, most probably biocatalyst activities were increasingly
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influenced by toxic acid concentrations and other factors, such as the metabolic state of the

cells in the late stationary phase.

Possible strategies towards the accumulation of a single product

The exclusive accumulation of 3,4-dimethylbenzyl alcohol might be achieved by high
pseudocumene concentrations in the BEHP/M9* two-liquid phase system. At high substrate
concentrations, we expect higher biocatalyst activities and, besides aldehyde formation,
alcohol accumulation when the high V., of the pseudocumene oxidation dominates the low
K for the alcohol (Table 3.1). Furthermore, high pseudocumene concentrations are expected
to inhibit aldehyde formation, which could be further minimized by coexpression of benzyl
alcohol dehydrogenase (Chapter 2). Exclusive 3,4-dimethylbenzaldehyde formation can be
reached via substrate concentrations at which the alcohol oxidation rate equals or exceeds the
pseudocumene oxidation rate. Coexpression of dehydrogenases is expected to impair
aldehyde accumulation. Finally, exclusive 3,4-dimethylbenzoic acid formation may be
reached by maintaining the organic pseudocumene concentration below 90 mM or by
coexpression of benzaldehyde dehydrogenase and possibly also benzyl alcohol
dehydrogenase.

The two dehydrogenases may also have contributed to the production of carboxylic acids
from aromatic heterocycles in an industrial process developed by Lonza AG using the wild-
type strain Pseudomonas putida mt-2 (Kiener, 1992). Acid production is limited in the
BEHP/M9* two-liquid phase system because the deprotonated form of the acid is poorly
extracted by BEHP and therefore exerts toxic effects on the cells.

By controlling the pseudocumene concentration in a two-liquid phase system and selective
coexpression of dehydrogenases, the process presented may be driven to the exclusive
accumulation of the alcohol, aldehyde, or acid derivative of pseudocumene. This principle
might also apply to other substrates of XMO. The experimental application of these strategies
and the further characterization of the presented kinetically controlled multistep

biotransformation system are topics of ongoing research.
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SUMMARY

The two-liquid phase concept was used to develop a whole-cell biocatalytic system for the
efficient multistep oxidation of pseudocumene to 3,4-dimethylbenzaldehyde. Recombinant
Escherichia coli cells were employed to express the Pseudomonas putida genes encoding
xylene monooxygenase, which catalyzes the multistep oxygenation of one methyl group of
toluene and xylenes to corresponding alcohols, aldehydes, and acids. A fed-batch based two-
liquid phase bioconversion was established with bis(2-ethylhexyl)phthalate as organic carrier
solvent and a phase ratio of 0.5; the product formation pattern, the impact of the nutrient
feeding strategy, and the partitioning behavior of the reactants were studied. On the basis of
the favorable conditions provided by the two-liquid phase system, engineering of the initial
pseudocumene concentration allowed exploiting the complex kinetics of the multistep
reaction for the exclusive production of 3,4-dimethylbenzaldehyde. Further oxidation of the
product to 3,4-dimethylbenzoic acid could be inhibited by suitable concentrations of
pseudocumene or 3,4-dimethylbenzyl alcohol. The optimized biotransformation setup
includes a completely defined medium with high iron content and a nutrient feeding strategy
avoiding severe glucose limitation as well as high inhibitory glucose levels. Using such a
system on a 2-L scale, we were able to produce, within 14.5 h, 30 g of 3,4-
dimethylbenzaldehyde as predominant reactant in the organic phase and reached a maximal
productivity of 1.6 g per liter liquid volume per hour. The present study implicates that the
two-liquid phase concept is an efficient tool to exploit the kinetics of multistep

biotransformations in general.
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INTRODUCTION

Ongoing research activities are continuously revealing enzyme catalyzed chemical reactions
of industrial interest (Faber, 2000; Schmid, et al., 2001; Burton, et al., 2002). Regio- and
stereoselective biooxidations, an important field in biocatalysis, are often cofactor dependent
(e.g., NADH, NADPH) and catalyzed by multicomponent enzyme systems, of which some
are membrane associated. Thus, whole-cell in vivo cultures are usually favored over the use
of isolated enzymes. Many potentially interesting substrates and products of such
biotransformations are poorly water-soluble and/or toxic to living cells (Lilly, 1982; Nikolova
and Ward, 1993; Salter and Kell, 1995; Leon, et al., 1998). Typically, these drawbacks are
circumvented by regulated substrate addition and in situ product recovery (Freeman, et al.,
1993; Lye and Woodley, 1999).

Two-liquid phase systems, consisting of an aqueous medium and an organic, water-
immiscible solvent, present a valuable biotechnological tool for biotransformations of apolar
compounds (Schwartz and McCoy, 1977; de Smet, et al., 1981b; Witholt, et al., 1992; Liu, et
al., 1996; Wubbolts, et al., 1996a; Panke, et al., 2000). The concept allows high overall
concentrations of toxic apolar chemicals within the two-liquid phase system, by regulating
substrate and product concentrations in the aqueous biocatalyst microenvironment, and simple
product recovery (Furuhashi, et al., 1986; Woodley and Lilly, 1990; Wubbolts, et al., 1994a;
Leon, et al., 1998). Furthermore, the partitioning behavior of substrate and product can be
exploited to avoid product inhibition, to guide equilibrium reactions into a desired direction,
and even to enhance the enantiomeric excess (Kawakami and Nakahara, 1994; Salter and
Kell, 1995; Faber, 2000; Gerrits, et al., 2001b; Willeman, et al., 2002a).

It is reasonable that the two-liquid phase concept might also be useful to control multistep
biocatalysis. In Chapters 2 and 3, we characterized an interesting multistep reaction, which is
catalyzed by xylene monooxygenase (XMO) of Pseudomonas putida mt-2. The membrane-
associated XMO is the first enzyme in the upper xylene degradation pathway, in which
toluene and xylenes are oxidized to corresponding carboxylic acids (Worsey and Williams,
1975; Abril, et al., 1989; Harayama, et al., 1992), consists of two polypeptide subunits
(Harayama, et al., 1989; Suzuki, et al., 1991), the nonheme iron monooxygenase component
XyIM (Wubbolts, 1994; Shaw and Harayama, 1995) and the NADH:acceptor reductase
component XylA (Shaw and Harayama, 1992), and it has a broad substrate range (Kunz and
Chapman, 1981; Wubbolts, et al., 1994b). The alk regulatory system of P. putida GPol
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(formerly known as P. oleovorans GPol = TF4-1L = ATCC 29347) (Grund, et al., 1975;
Staijen, et al., 1999; van Beilen, et al., 2001) was successfully used for xy/MA4 expression in
recombinant E. coli (Panke, et al., 1999b). In Chapter 2, we demonstrated that such a whole-
cell biocatalyst catalyzes the multistep oxidation of toluene and pseudocumene via benzyl
alcohols and benzaldehydes to corresponding carboxylic acids, all steps via a
monooxygenation type of reaction. Kinetic analyses of this multistep reaction showed that the
substrates toluene and pseudocumene, as well as the corresponding alcohols, inhibit aldehyde
oxygenation and that elevated substrate concentrations also weakly inhibit alcohol
oxygenation (Chapter 3). The kinetics together with results of preliminary two-liquid phase
biotransformations indicated that, depending on the reaction conditions, the product formation
may be directed to one specific product.

The biocatalytic production of aromatic aldehydes from cheap substrates like xylenes is of
particular interest, since enzymatic transformations are generally highly specific.
Benzaldehydes represent important ingredients of natural flavors and fragrances and serve as
synthons for a variety of polymers, pharmaceuticals, and fine chemicals (Bruehne and Wright,
1985; Falbe and Regitz, 1995). XMO based single-enzyme multistep catalysis is considered to
suit the production of benzaldehydes best, since benzyl alcohol dehydrogenase, the second
enzyme of the upper xylene degradation pathway (Shaw and Harayama, 1990; Shaw, et al.,
1992; Shaw, et al., 1993), catalyzes an equilibrium lying, for thermodynamic reasons, on the
side of benzyl alcohols (Chapter 2).

In this chapter, we report the utilization of the two-liquid phase concept to direct the
kinetically controlled multistep bioconversion of pseudocumene to the accumulation of 3,4-
dimethylbenzaldehyde (DMB-aldehyde). In fed-batch based two-liquid phase
biotransformations with bis(2-ethylhexyl)phthalate (BEHP) as organic carrier solvent, we
studied the product formation pattern, the impact of the nutrient feeding strategy, and the
partitioning behavior of the reactants. As a proof of concept, an optimized biotransformation

with DMB-aldehyde as predominant product is presented.
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MATERIALS AND METHODS

Bacterial strain, plasmid, and chemicals. E. coli IM101 (supE thi A(lac-proAB) F’[traD36
proAB" lacl’ lacZAM15]) (Messing, 1979), an E. coli K-12 derivative, was used as
recombinant host strain. As expression vector, we used the pBR322-derived plasmid pSPZ3
containing the XMO genes xy/MA under the control of the alk regulatory system (Panke, et
al., 1999b). The QIAprep Spin Miniprep Kit of Qiagen (Basel, Switzerland) was used to
prepare plasmid DNA following the supplier’s protocol. Chemicals were obtained from Fluka
(Buchs, Switzerland) [pseudocumene, ~99%; 3.,4-dimethylbenzoic acid (DMB-acid), ~97%;
bis(2-ethylhexyl)phthalate (BEHP), 97%], Aldrich (Buchs, Switzerland) [3,4-dimethylbenzyl
alcohol (DMB-alcohol), 99%], Lancaster (Muehlheim, Germany) [3,4-dimethylbenzaldehyde
(DMB-aldehyde), 97%], and Acros Organics (Geel, Belgium) [n-octane, >98.5%].

Media and growth conditions. Bacteria were either grown in Luria-Bertani (LB) broth
(Difco, Detroit, Mich.) or minimal media, MS or RB. Solid media contained 1.5% (wt/vol)
agar and shaking flask cultures were routinely incubated on horizontal shakers at 200 rpm and
30°C. Complex media contained 50 mg L' kanamycin and 10 g L' glucose to avoid indigo
formation (Panke, et al., 1999b). The MS medium is derived from M9 mineral medium
(Sambrook, et al., 1989) and contained per liter 8.82 g KH,PO4, 10.85 g K;HPOy4, 8.82 g
Na,HPOy4, 1.0 g NH,Cl, 0.5 g NaCl, 0.49 g MgSO047H;0, 5 g glucose, 10 mg thiamine, 50
mg kanamycin, and 1 ml trace element solution US*, of which the composition is described in
Chapter 2. NaOH (10 M) was used to adjust the pH to 7.1. Medium engineering resulted in
the use of RB medium, which is derived from a medium developed for high cell density
cultivations of E. coli and known to minimize the tendency of E. coli to form acetic acid
(Riesenberg, et al., 1991). RB medium was composed of 13.3 g KH,PO4, 4.0 g (NH4),HPOy,,
and 1.7 g citric acid per liter, sterilized, adjusted to pH 6.8 using 25% NH4OH and to pH 7.1
using NaOH (10 M), and supplemented with 1.2 g MgSO4-7H,0, 5 g glucose or glycerol, 10
mg thiamine, 50 mg kanamycin, and 1 ml US* per liter. Other refinements were the increase
of the FeSO,-7H,0 content in US* from 4.87 to 8.87 g L' resulting in trace element solution
US"™, the addition of 5 (instead of 1) ml US*® to 1 liter batch medium, and batch and fed-batch
cultivation without kanamycin. An initial glucose (or glycerol) concentration of 7 g L
allowed batch growth to 4-4.5 (g of CDW) L', which guaranteed optimal bioconversion

performance.
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Analysis of metabolites. The quantitative analysis of n-octane, pseudocumene, DMB-
alcohol, DMB-aldehyde, and DMB-acid was performed via gas chromatography (GC) and
high-performance liquid chromatography (HPLC) as described in Chapters 2 and 3,
respectively.

Determination of partition coefficients in the BEHP/MS two-liquid phase system.
Varying amounts of pseudocumene, DMB-alcohol, DMB-aldehyde, and DMB-acid were
added to equal volumes (1 ml) of BEHP and complete MS medium containing either glucose
or glycerol. The system was allowed to equilibrate under vigorous shaking and left overnight
without shaking. The phases were separated by centrifugation. The organic and aqueous
phases were diluted in and extracted with diethyl ether, respectively. The concentrations in the
two phases were determined by GC and HPLC, and the partition coefficients were calculated.
Measurements were performed at least three times independently.

Two-liquid phase cultures. A stirred tank reactor with a total volume of 3 L (Preusting, et
al., 1993; Wubbolts, et al., 1996a) was used for the biotransformations. Precultivation and
batch cultivation of freshly transformed E. coli IM101 (pSPZ3) were performed as described
in Chapter 3. The pH was maintained at 7.1 using 25% NH4OH and 34% phosphoric acid.
Batch cultures were stirred at 1500 rpm for 9 to 12 hours (overnight), during which time the
initial carbon source and metabolic by-products (e.g., acetic acid) were consumed completely,
whereupon the cultures were supplemented with (per liter) additional 4 ml of trace element
solution and 4 ml of a 1% (wt/vol) thiamine solution. Subsequently, fed-batch cultivation was
initiated by continuously adding 4-20 g h™ of an aqueous feeding solution, which was filter-
sterilized. The feeding solution contained per liter 450 g glucose, 9 g MgSO,-7H,0, and
optionally 50 g yeast extract (Difco, Detroit, MI), when MS medium was used, and 730 g
glucose (or 1160 g glycerol) and 19.6 g MgSO4-7H,0, when RB medium was used. One hour
after feed initiation, the biotransformation was started by the addition of 1 L organic phase
consisting of bis(2-ethylhexyl)phthalate (BEHP) as carrier solvent, 1% (vol/vol) n-octane as
inducer of the alk regulatory system, and variable amounts of pseudocumene as substrate
(time point of induction). Concomitantly, the stirrer speed was increased to 2000 rpm. Foam
formation was limited by the addition of antifoam 289 (Sigma, Buchs, Switzerland).
Bioconversion analytics. The dissolved oxygen tension (DOT) was determined with an
autoclavable amperometric probe (Mettler Toledo, Greifensee, Switzerland). Cell densities as
well as octane, pseudocumene, DMB-alcohol, DMB-aldehyde, and DMB-acid concentrations
in the organic and the aqueous phase were determined as described in Chapter 3 and

monitored over time. The apparent volumetric productivities and specific product formation
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rates were calculated as averages for intervals between two data points. The term “apparent”
refers to the fact that activities may have been limited by substrate availability. Furthermore,
since DMB-aldehyde and DMB-acid accumulation from pseudocumene demand multiple
oxidation steps catalyzed by a single monooxygenase, apparent accumulation rates cannot be
related directly to specific DMB-aldehyde and DMB-acid formation rates. Aqueous phase
concentrations of glucose, glycerol, and acetic acid were determined by the use of enzymatic
kits provided by Roche Diagnostics (Rotkreuz, Switzerland) and Sigma (Buchs, Switzerland).
Diastix reagent strips (Bayer, Zurich, Switzerland) were used for preliminary estimation of
glucose concentrations. Alternatively, acetic acid concentrations were determined by GC,
using a HP 5890 Series II gas chromatograph (Hewlett Packard, Palo Alto, USA) equipped
with a fused silica capillary column PERMABOND CW20M (25 m; inner diameter, 0.25
mm; film thickness, 0.25 pum) from Macherey-Nagel (Oensingen, Switzerland) with helium as
the carrier gas. Fifty ul aqueous culture supernatant were mixed with 350 pl distilled water,
50 ul phosphoric acid (85%), and 50 pl of 100 mM sodium butyrate as an internal standard.
After injection the following temperature profile was applied: 85°C for 0.5 min, from 85 to
110°C at 12°C/min, from 110 to 200°C at 70°C/min, and 200°C for 2.5 min. Compounds

were detected with a flame ionization detector.

RESULTS

In Chapter 2, we demonstrated that recombinant E. coli containing XMO catalyze the
multistep oxygenation of pseudocumene and toluene to corresponding benzylic alcohols,
aldehydes, and acids. Furthermore, we reported that two-liquid phase biotransformations
based on growing fed-batch cultures with BEHP as organic carrier solvent containing
pseudocumene showed consecutive accumulation of DMB-aldehyde, DMB-alcohol, and
DMB-acid (Chapter 3). Table 4.1 contains key parameters of such a biotransformation, which
is referred to as biotransformation I in the present chapter. Based on kinetic analyses, the
switch from exclusive accumulation of DMB-aldehyde in a first stage to exclusive
accumulation of DMB-acid in a second stage was explained by inhibition of DMB-aldehyde
oxidation by pseudocumene at organic phase concentrations above 90 mM but not below. In

order to evaluate, whether the two-liquid phase concept can be used to efficiently produce



Chapter 4 108

Table 4.1. Two-liquid phase biotransformations with varying initial pseudocumene

concentrations and feed rates.*

Biotransformations
Parameter Unit I II I v
Initial [pseudocumene]org mM 165 &40 320 163+2*41
Feed rate gh! 10 10 20->10  20->15->12
DMB-aldehyde production h 95 14 17 255
period (from induction on)
[Pseudocumene]” mM 90 540 10.5 29
[DMB-alcohol]” mM 12 204 75 66
[DMB-acid]” mM 64 2.6 7.2 5.8
[DMB-aldehyde]” mM 64 118 216 140
DMB-aldehyde produced g 7.4 15.8 29 18.8
Molar yield % 39 14 67 58
Maximal specific activity” U (gof CDW)' 135 42 28 13.5
Maximal specific activityaq U (g of CDW)! 13 15 14 13
Maximal volumetric activityayq U Laq'l 133 200 340 167
Average volumetric activity,yg U Laq'l 112 150 212 91
Cell concentration 10 h after (2 of CDW) Laq—l 18 16.5 25 23

feed initiation

* Subscripts: org, organic phase; aq, aqueous phase; ald, referring to DMB-aldehyde
formation.

“ Adapted from Chapter 3.

? Sum of respective organic and aqueous phase concentrations after DMB-aldehyde
production period.
“ Based on sum of all products.

DMB-aldehyde via a kinetically controlled multistep oxidation of pseudocumene, we
investigated the characteristics of such biotransformations. In a second part, we present the

resulting optimizations and their final implementation.
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BIOCONVERSION CHARACTERISTICS

In order to analyze the product formation pattern, the impact of the nutrient feeding strategy,
and the partitioning behavior of the reactants, we performed biotransformations with varying
initial pseudocumene concentrations, feed rates, and feed compositions and we determined
partition coefficients in the absence of cells. In initial biotransformation experiments, E. coli
JM101 (pSPZ3) were grown in MS mineral medium (see Materials and Methods). The results
of three representative experiments (biotransformations II, III, and IV) are shown in Figure
4.1 and summarized in Table 4.1. Reactant concentrations represent the sum of respective
organic and aqueous phase concentrations. Specific product formation rates are based on the
sum of all products formed over time and correspond to the pseudocumene oxidation rates.
Below, the impact of the substrate concentration, variations of feed rate and feed composition,

and reactant partitioning are treated in three separate sections.

Substrate concentration.

To study product formation at high substrate concentrations, we performed an experiment
with an initial pseudocumene concentration of 840 mM in the organic phase
(biotransformation II, Fig. 4.1, A and D). Feed and aeration rates were set at 10 g h™ and 0.5
L min™, respectively. The culture was not oxygen limited throughout the whole experiment.
Growth was not affected by the organic phase and the cell concentration increased to 20 (g of
CDW) L. After a short induction period, DMB-alcohol and DMB-aldehyde accumulated
simultaneously, DMB-alcohol at a higher rate than DMB-aldehyde (Fig. 4.1A). Fourteen
hours after organic phase addition, the aqueous alcohol concentration had increased to 5.6
mM, which is toxic for E. coli JIM101 (Chapter 3). Thereafter, DMB-alcohol accumulated as
the only product. Overall, only minor DMB-acid accumulation was observed. The maximal
specific product formation rate [42 U (g of CDW)'] was significantly higher than in
biotransformation I (Table 4.1). This points to a rate limitation of the first oxidation step by
the substrate concentration. During the biotransformation, the specific product formation rate
decreased continuously (Fig. 4.1D), which can be ascribed to the decreasing pseudocumene
concentration and to toxic effects of increasing aqueous DMB-alcohol concentrations. The
maximal specific DMB-aldehyde formation rate [15 U (g of CDW)™'] was only slightly higher
than in biotransformation I (Table 4.1), suggesting the existence of a critical pseudocumene
concentration, above which the DMB-alcohol oxidation rate no longer increases and DMB-

alcohol also accumulates.
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Figure 4.1. Fed-batch based two-liquid phase biotransformations using the MS medium,
E. coli IM101 (pSPZ3) as biocatalyst, and BEHP as organic carrier solvent containing
variable volume fractions of pseudocumene and 1% (vol/vol) n-octane (phase ratio: 0.5).
Addition of the organic phase occurred 1 h after feed initiation (open arrow). Experimental
details are described in Materials and Methods. (A and D) Biotransformation II: initial
organic pseudocumene concentration, 840 mM; feed rate, 10 g h'. (B and E)
Biotransformation III: initial organic pseudocumene concentration, 320 mM; initial feed rate,
20 g b, after 13 h reduced to 10 g h™' (closed arrow). (C and F) Biotransformation IV: initial
organic pseudocumene concentration, 163 mM; two pseudocumene pulses (5 ml,
arrowheads); initial feed rate, 20 g h'l, after 16 and 18 h reduced to 15 and 12 g h'l,
respectively (closed arrows). (A-C) Course of reactant and octane concentrations. All
concentrations represent the sum of the respective concentrations in the organic and the
aqueous phase. (D-F) Course of biomass formation and specific DMB-aldehyde and product
(sum of all products) formation rates calculated as averages for intervals between two data
points. (F) Additionally, the course of glucose concentration is shown.

In order to define such a critical pseudocumene concentration, biotransformations with lower
initial pseudocumene concentrations were carried out. Panels B and E of Figure 4.1 show an
experiment with an initial organic substrate concentration of 320 mM (biotransformation III).
Simultaneous DMB-aldehyde and DMB-alcohol accumulation was followed by exclusive
DMB-aldehyde formation and DMB-alcohol consumption (Fig. 4.1B). This indicates that the
DMB-alcohol formation rate exceeds the DMB-aldehyde formation rate above but not below
pseudocumene concentrations of about 150 mM. The lack of significant DMB-acid
accumulation at pseudocumene concentrations below 90 mM can be explained by the high
aqueous DMB-alcohol concentration (2.5—1.7 mM) in the time period under consideration. In
Chapter 3, we showed that benzyl alcohols also inhibit benzaldehyde oxygenation. The
exclusive DMB-aldehyde formation at substrate concentrations between 150 and 90 mM and
the inhibition of DMB-aldehyde oxygenation by DMB-alcohol at pseudocumene
concentrations below 90 mM may be exploited for the production of DMB-aldehyde

Feed rate and feed composition.

Since the availability of glucose is crucial for cofactor regeneration and growth to high cell
(biocatalyst) concentrations, a higher initial feed rate (20 instead of 10 g h™") was tested in
biotransformation III (Fig. 4.1, B and E). The reactor was aerated at a rate of 1 L min”', and
the culture was oxygen limited between 4 and 6 h of fed-batch cultivation. As a consequence
of the higher feed rate, cells grew faster to a higher cell density, with a maximum at 27 (g of

CDW) L. The specific product and DMB-aldehyde formation rates were transiently reduced
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4 h after induction followed by an increase to maxima of 28 and 14 U (g of CDW)’,
respectively (Fig. 4.1E). The specific DMB-aldehyde formation rate remained high for 11 h
and its maximum was similar as in biotransformation II, indicating that specific activities are
independent of the cell concentration. After 13 h, harsh glucose limitation, caused by a feed
rate reduction from 20 to 10 g h™', reduced biocatalyst activity. However, the higher glucose
feed rate over 13 h enabled higher cell concentrations and thereby improved volumetric
DMB-aldehyde formation rates (Table 4.1).

Severe glucose limitation was prevented in biotransformation IV (Fig. 1, C and F). The initial
organic pseudocumene concentration amounted to 163 mM, and 5 ml pseudocumene were
pulsed twice. Feed and aeration rate were set at 20 g h” and 1 L min™, respectively. Growth
was similar as in biotransformation III, and a short-term oxygen limitation was observed after
3.5 h. After the expected accumulation of DMB-aldehyde and little DMB-alcohol in the
beginning of the biotransformation, specific activities decreased to very low levels and only
DMB-alcohol was formed. Two observations point to an inhibition of biocatalyst activity by
high glucose concentrations: the high glucose concentration (20 g L™") 1 h before activity loss
and the retrieval of specific activities, when cell growth caused a decrease of the glucose
concentration. As described above, a transient activity reduction was also observed in
biotransformation III even though to a lower extent, which may be due to the lower maximal
glucose concentration as a consequence of the higher cell concentration before feed initiation
[3.1 instead of 2.8 (g of CDW) L']. A harmful effect of oxygen limitation on biocatalyst
activity can be ruled out, since, in biotransformation I (Table 4.1), oxygen limitation for as
long as 5 h had no detectable influence on biocatalyst activity (Chapter 3).

The two pseudocumene additions during biotransformation IV increased the pseudocumene
concentration to 190 and 170 mM, respectively (Fig. 4.1C). Thus, DMB-alcohol and DMB-
aldehyde accumulated simultaneously after recovery of biocatalyst activity. The switch to
exclusive DMB-aldehyde accumulation and the lack of DMB-acid formation confirmed the
product formation pattern depicted above. High volumetric DMB-aldehyde productivities
could be maintained for 6 h between 9 and 15 h of fed-batch cultivation with high cell and
low glucose concentrations. After 11 h, the glucose concentration increased due to the
decreasing metabolic activity of stationary phase cells. In order to avoid inhibitory glucose
concentrations, the feed rate was reduced twice, to 15 and 12 g h™'. On the one hand,
preventing severe glucose limitation and thus providing enough substrate for NADH
regeneration prolonged the aldehyde production period. On the other hand, high glucose

concentrations seem to provoke low biocatalyst activities.



Chapter 4 114

Furthermore, we tested the influence of yeast extract on the performance of the bioconversion.
A feed without yeast extract might be advantageous, since yeast extract stabilizes emulsions
and thereby complicates phase separation. The undefined nature of yeast extract may
generally be a drawback in product work up. In comparable experiments (initial substrate
concentration: 120 mM; feed rate: 10 g h™"), yeast extract had no influence on the product
formation pattern. Exclusive DMB-aldehyde formation was followed by DMB-acid
accumulation. However, omitting yeast extract slightly reduced the specific activity and the
growth rate in the exponential growth phase (Table 4.2). Since XMO is an iron-containing
enzyme, the additional iron in yeast extract might have allowed faster growth and
bioconversion (Staijen and Witholt, 1998). Moreover, yeast extract in the feeding solution
allowed growth to higher cell concentrations (Table 4.2), which can be attributed to additional
growth substrates provided with yeast extract. The higher cell densities and specific activities
obtained with yeast extract resulted in higher volumetric aldehyde formation rates. A higher
iron content in the medium and optimization of the feeding strategy might compensate for the

absence of yeast extract in the feeding solution.

Partitioning behavior of the reactants.

As reported in Chapter 3, pseudocumene, DMB-alcohol, and DMB-aldehyde are highly and
DMB-acid is moderately toxic for E. coli IM101 (Table 4.3). The two-liquid phase concept
was chosen to overcome toxicity and solubility problems. As required, the chosen carrier
solvent BEHP does not affect growth of E. coli JM101 (Panke, et al., 2000), and
pseudocumene can be added up to a volume fraction of 10% of the organic phase without any
influence on the growth behavior of E. coli IM101 (Chapter 3). In order to evaluate toxicities,
kinetics, and effectiveness of product extraction, we determined the partition coefficients for
all reactants in the BEHP based two-liquid phase system (Table 4.3). We found a very high
partition coefficient for pseudocumene, enabling high overall substrate levels in the system.
The more polar DMB-alcohol and DMB-aldehyde also partition mainly into the organic
phase, whereas most of the DMB-acid is found in the aqueous phase at neutral pH. In the case
of pseudocumene depletion, the considerably lower partition coefficient for DMB-alcohol
than for DMB-aldehyde offers the possibility to inhibit DMB-aldehyde oxidation by relatively
low overall DMB-alcohol concentrations. Furthermore, the high partition coefficient for
DMB-aldehyde allows high overall product levels and facilitates down-stream processing.
Partition coefficients were not influenced by the presence of glucose and glycerol in the

reaction medium.
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Table 4.2. Influence of yeast extract.*

) With yeast Without yeast
Parameter Unit “ “
extract extract
Growth rate” h'! 0.36 0.31
Maximal specific activity” U (g of CDW)! 13 10
Maximal cell concentration (g of CDW) Laq'1 22 12.5
Maximal volumetric activityayq U Laq'1 95 55

* Subscripts: aq, aqueous phase; ald, referring to DMB-aldehyde formation.
“ In the feeding solution.

’In the exponential growth phase of the fed-batch.

“ Based on sum of all products.

Table 4.3. Partition coefficients in a two-liquid phase system with BEHP as carrier

solvent.*

Substance Partition coefficient K, Critical concentration [mM]”
Pseudocumene 24,300 = 1500 05-1
DMB-alcohol 50+3 2-4
DMB-aldehyde 906 + 20 1-3
DMB-acid 0.118 £ 0.005 16 - 24

* The aqueous phase consisted of complete MS medium containing 5 g L™ glucose. Phase
ratio: 0.5.

“ The partition coefficient K, is specified as the concentration in the organic phase divided
by the concentration in the aqueous phase.

? Concentration range in an aqueous one-phase system, in which toxic effects were
observed; adapted from Chapter 3.

In order to evaluate the partitioning behavior during the biotransformations, we compared
measured aqueous reactant concentrations with aqueous concentrations calculated via
partition coefficients from organic concentrations. Data for the comparison shown in Figure
4.2 were taken from biotransformation IV. Similar correlations were observed in all

biotransformation experiments performed. Since pseudocumene concentrations in the aqueous
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Figure 4.2. Comparison of concentrations measured in the aqueous phase and
theoretical concentrations calculated from concentrations in the organic phase and
partition coefficients. Data for the comparison were taken from biotransformation IV (Table
4.1). (A) Pseudocumene concentrations (averages of temporally consecutive determinations);
(B) DMB-alcohol concentrations; (C) DMB-aldehyde concentrations. For further
specifications see legend of Figure 4.1.

phase were close to the detection limit, data variance was 30-50%. In addition, very minor
organic phase contaminations in aqueous phase samples cause major distortions of results.
Considering all possible sources of error and the high variance, the pseudocumene
concentrations measured in the aqueous phase correlated well with concentrations derived
from organic phase concentrations and partition coefficients (Fig. 4.2A). Better correlations
were found for DMB-alcohol and DMB-aldehyde (Fig. 2, B and C). For pseudocumene and
DMB-alcohol, measured aqueous concentrations tended to exceed concentrations calculated
via the partition coefficients. DMB-aldehyde concentrations measured in the aqueous phase
exceeded the theoretical values only at the very end of the biotransformation, when cell lysis,
due to the surfactant-like nature of cell debris, is expected to cause higher solubilities. For
DMB-acid such a comparison was not made, since stopping the reaction in the samples by
acidification and concomitant protonation of DMB-acid significantly changed its partitioning
behavior. Obviously, the presence of cells and varying nutrient concentrations did not
substantially influence the partitioning behavior of pseudocumene, DMB-alcohol, and DMB-
aldehyde.

As shown in Chapter 3, a pseudocumene volume fraction of 25% in the organic phase
severely inhibits growth. According to the partition coefficient, such an organic
pseudocumene concentration corresponds to an aqueous concentration of 75 uM. However,
pseudocumene up to a concentration of 300 uM only marginally affected growth of E. coli
JM101 in an aqueous one-phase system (Chapter 3). When exposed to the two-liquid phase
system, the cells sense more pseudocumene than present in the aqueous phase. The
divergence of measured aqueous pseudocumene concentrations from concentrations
calculated via the partition coefficient (Fig. 4.2A) is too small and unsure to completely
explain such sensitivity to pseudocumene. An alternative explanation is that direct interaction
between cells and solvent droplets might have additional toxic effects, thus increasing the
apparent sensitivity to aqueous phase pseudocumene. Accordingly, and for toluene as

substrate, tetradecane as carrier solvent, and P. putida as biocatalyst, Collins et al. (Collins, et
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al., 1995) found that the toluene concentration in the organic phase is critical and that, at
subtoxic toluene levels in the aqueous phase, the biocatalyst can be inactivated via the
interface.

Altogether, the partitioning behavior of the reactants in the BEHP-based two-liquid phase

system seems to be suitable for DMB-aldehyde production from pseudocumene.
OPTIMIZATION OF THE BIOCONVERSION

Medium engineering resulted in the use of RB medium with increased iron content (see
Materials and Methods). On the basis of the minimal iron requirement of recombinant E. coli
containing a nonheme iron monooxygenase, which was reported to be 3 umol (g of CDW)™!
(Staijen and Witholt, 1998), the total amount of iron in the biotransformation medium
corresponds to the threefold amount minimally required for 30 (g of CDW) L’
monooxygenase containing E. coli and is supposed to accomplish also the iron requirement in
the stationary phase. Under non-oxygen limited conditions, acetic acid formation normally is
prevented by glucose limitation. However, biotransformation experiments with our system
and RB medium showed that glucose limitation reduces, but does not completely prevent
acetic acid formation, which may be explained by additional metabolic stress caused by the
synthesis and presence of active XMO. Biocatalyst activity was not influenced by acetic acid
concentrations up to 20 g L™ (results not shown), even though cell growth was reported to be
inhibited by far lower acetic acid concentrations (Luli and Strohl, 1990). Further
improvements were achieved by engineering the initial glucose concentration and omitting
kanamycin (see Materials and Methods). Unexpectedly, cultivation without kanamycin in the
biotransformation medium allowed good plasmid stability and had no impact on
bioconversion performance. Omitting kanamycin simplifies wastewater treatment in the
down-stream processing. The described changes allowed omitting yeast extract in the feeding

solution and reduced medium costs in general.

Implementation: repeated fed-batch.

As a proof of concept, we performed two consecutive biotransformations (biotransformations
V and VI), including all the changes described above. In order to simplify the up-stream
processing and to shorten the overall bioconversion time, we chose a repeated fed-batch mode
of cultivation in the absence of kanamycin. After batch and 15.5 h of fed-batch cultivation,

biotransformation V was stopped and the reaction broth was removed from the bioreactor



119 Multistep Biocatalysis in a
Two-Liquid Phase System

except for 10 ml of the emulsion, which served as an inoculum for a second batch culture in
fresh medium. The following 15.3 h of fed-batch cultivation included biotransformation VI.
The initial aeration rate was 1 L min™ in both biotransformations. By regulating aeration rate
and stirrer speed, the DOT was kept above 10% saturation. For both biotransformations, we
chose initial substrate concentrations of about 4.3% (vol/vol) in the organic phase. Key
bioconversion parameters are summarized in Table 4.4.

The product formation patterns of the two consecutive biotransformations were very similar
(Fig. 4.3, A and D). Simultaneous accumulation of DMB-alcohol and DMB-aldehyde was
followed by exclusive DMB-aldehyde formation and DMB-alcohol consumption. At the end
of biotransformation V, DMB-aldehyde accounted for 92% of all reactants in the organic
phase. Prolongation of biotransformation VI may also have resulted in a further reduction of
DMB-alcohol and pseudocumene concentrations. In the two biotransformations, again, only
minor DMB-acid accumulation was observed. The maximal specific product and DMB-
aldehyde formation rates were equal in both experiments and similar to the rates measured in
biotransformation III (Table 4.1, Fig. 4.1E). The volumetric DMB-aldehyde productivities
reached maxima at the beginning of the stationary phase, when cell concentrations and
specific DMB-aldehyde formation rates were highest (Fig. 4.3). Considering that two
oxygenation steps are involved in the formation of DMB-aldehyde from pseudocumene, the
average volumetric DMB-aldehyde formation rates of about 250 U Laq'1 correspond to
average volumetric oxygenation rates of 500 U L.

By choosing an initial feed rate of 12.2 g h™', accumulation of glucose to inhibitory levels was
avoided. After initial glucose accumulation, increasing cell densities caused a decrease of
glucose concentrations (Fig. 4.3, C and F). Glucose limitation caused a switch from
exponential to linear growth. In order to support high cell concentrations, the feed rate was
increased stepwise. In both fed-batch cultivations, glucose limitation resulted in a reduced
formation of acetic acid. During biotransformation VI, the acetic acid concentration even
decreased when the culture entered glucose limitation. In the stationary phase, glucose
accumulated and acetic acid formation increased.

The very similar performance of the two consecutive biotransformations (Table 4.4) indicates
that xyIMA expression was stable without selection pressure for 50 h and 11 generations,
which was confirmed by selective plating (data not shown). In the end of the

biotransformations, similar product concentrations and yields were achieved. However, we
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Table 4.4. Optimized two-liquid phase biotransformations.*

Parameter Unit Glucose as C-source Glycerol as
C-source
Biotransfor- Biotransfor- Biotransfor-
mation V mation VI mation VII
Growth rate” h! 0.37 0.33 0.25
Maximal CDW reached g liter™ 30 27.5 25
Biotrapsforrgation time h 14.5 14.25 16.7
(from induction on)
Initial [pseudocumene]ore mM 315 300 400
[Pseudocumene]” mM 9 23 90
[DMB-alcohol]” mM 10 37 75
[DMB-acid]’ mM 9 4.6 15
[DMB-aldehyde]” mM 220 206 200
DMB-aldehyde produced g 29.5 27.6 26.8
Molar yield % 70 69 50
Maximal specific activity® U (g of CDW)™! 27 27 45
Maximal specific activity,g U (g of CDW)™! 16 16 22
Maximal volumetric activity,q U literaq'1 390 320 340
Average volumetric activity,q U literaq'1 253 241 200
Average productivity,q g lite:rw{1 h'! 1 1 0.8

* Subscripts: org, organic phase; aq, aqueous phase; ald, referring to DMB-aldehyde
formation.

“In the exponential growth phase of the fed-batch.

b Sum of respective organic and aqueous phase concentrations at the end of the
biotransformation.

“ Based on sum of all products.

observed a difference in oxygen demand, which was higher in biotransformation V. In
biotransformation VI, increasing the stirrer speed sufficed to meet the increasing oxygen
demand, whereas in biotransformation V, additionally, an increase of the aeration rate was
necessary. The diverse aeration during the two bioconversions resulted in differential

pseudocumene and octane evaporation.
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Figure 4.3. Repeated fed-batch based biotransformations using the optimized RB
medium without kanamycin. The proceeding was as described for Fig. 4.1. (A, B, and C)
Biotransformation V. (D, E, and F) Biotransformation VI. (A and D) Course of reactant and
octane concentrations. All concentrations represent the sum of the respective concentrations
in the organic and the aqueous phase. (B and E) Course of DMB-aldehyde productivity and
specific DMB-aldehyde and product (sum of all products) formation rates, calculated as
averages for intervals between two data points. (C and F) Course of glucose and acetic acid
concentrations, biomass formation, and feed rate.

Finally, we evaluated the efficiency of the bioconversion with glycerol instead of glucose as
growth substrate. E. coli is known to produce less acetic acid when grown on glycerol. As
expected, growth on glycerol was slower than on glucose, and acetic acid accumulated only in
the stationary phase. Similar maximal cell densities were reached. However, specific product
and DMB-aldehyde formation rates were higher. Furthermore, the substrate concentration, at
which the cultures switched from simultaneous accumulation of DMB-alcohol and DMB-
aldehyde to exclusive DMB-aldehyde formation, increased from 150 mM to about 250 mM,
and the substrate concentration, below which significant DMB-acid formation was observed,
increased from 90 to 190 mM. Such different characteristics suggest that higher DMB-
aldehyde concentrations may be reached by the use of higher initial substrate concentrations
and glycerol as growth substrate. In Table 4.4, such an experiment (biotransformation VII) is
compared with biotransformations V and VI. However, the high specific DMB-aldehyde
formation rate drastically decreased when the cells entered the stationary phase, and the lower
growth rate reduced the initial DMB-aldehyde productivity. Therefore, initially formed DMB-
alcohol was not transformed to DMB-aldehyde and significant amounts of pseudocumene
remained in the bioconversion mixture. The DMB-aldehyde yield was relatively low, whereas
similar product concentrations were reached as with glucose grown cells (Table 4.4). The
advantage of the growth substrate glycerol as compared to glucose consists of higher specific
activities; the disadvantages are higher residual concentrations of DMB-alcohol and
pseudocumene, a shorter period with high biocatalyst activity, slower growth, a more difficult
phase separation, and the higher price. This characterizes glucose as the superior source of
carbon and energy.

Overall, a two-liquid phase bioconversion with glucose as growth substrate and BEHP as
organic carrier solvent containing 4.3% (vol/vol) of pseudocumene allowed the production of
DMB-aldehyde as predominant reactant in the organic phase at a molar yield of 70% and a

final organic phase concentration of 220 mM.
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DISCUSSION

Product formation patterns in two-liquid phase fed-batch cultures.

Figure 4.4 summarizes the influences of varying reactant concentrations on pseudocumene
conversion and cell growth in the BEHP-based two-liquid phase system. Results presented
here and in Chapter 3 show that the biocatalyst activity is limited by substrate availability.
DMB-acid formation is inhibited above an organic pseudocumene concentration of 90 mM,
and DMB-aldehyde accumulates as the only product. Furthermore, DMB-aldehyde and DMB-
alcohol accumulated simultaneously above a second critical organic pseudocumene
concentration around 150 mM. This can be explained comparing the kinetic parameters of
pseudocumene oxidation [Vyax: 351 U (g of CDW)"; Ks: 202 uM; Vinax/Ks: 1.7 U uM'l (g of
CDW)'] and DMB-alcohol oxidation [Vimax: 93 U (g of CDW)'; Ki: 24 uM; Vipa/Ks: 3.9 U
],LM'1 (g of CDW)"] (Chapter 3). At low pseudocumene concentrations, the lower substrate
uptake constant K of the biocatalyst for the DMB-alcohol dominates the higher maximal
reaction velocity Viax of pseudocumene oxidation and all pseudocumene is directly converted
to DMB-aldehyde. At high pseudocumene concentrations, the higher reaction velocity of
pseudocumene oxidation causes DMB-alcohol accumulation.

Moreover, the presence of DMB-alcohol with a far lower partition coefficient than
pseudocumene allowed efficient inhibition of DMB-acid formation below organic
pseudocumene concentrations of 90 mM. Transiently accumulated DMB-alcohol could be
transformed to the desired DMB-aldehyde without substantial accumulation of undesired
DMB-acid (Fig. 4.3A). When toxic aqueous DMB-alcohol concentrations (Fig. 4.1, A and D)
or inhibitory glucose levels (Fig. 4.1, C and F) reduced biocatalyst activity, only DMB-
alcohol accumulated at a low rate. There, as in the case of toxic aqueous DMB-acid
concentrations (Chapter 3), the transformation of DMB-aldehyde to DMB-alcohol by non-

specific alcohol dehydrogenase activities of E. coli may have exceeded the low XMO activity.

Impact of aqueous pseudocumene concentrations on product formation.

According to the partition coefficient of pseudocumene, the critical organic phase
concentrations (150 and 90 mM) correspond to aqueous phase concentrations of 6.2 and 3.7
uM. With glycerol instead of glucose in the aqueous medium, the partitioning behavior did
not change (data not shown). Nevertheless, the critical substrate concentrations in the organic

phase shifted to higher levels (~250 and 190 mM) and correspond to 10.3 and 7.8 uM in the
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Figure 4.4. Scheme showing influences of varying reactant concentrations (in the organic
phase if not specified else) on product formation and cell growth in two-liquid phase
biotransformations. aq, aqueous phase; ps, pseudocumene; alc, DMB-alcohol; ald, DMB-
aldehyde; acid, DMB-acid.

aqueous phase. This suggests that the changes in the product formation pattern might not only
depend on the aqueous substrate concentration, but also on the nature of the emulsion, which
might change in the presence of the highly viscous glycerol. Furthermore, when
pseudocumene uptake is assumed to depend only on aqueous phase concentrations, the switch
from simultaneous accumulation of DMB-alcohol and DMB-aldehyde to exclusive DMB-
aldehyde formation is expected at an aqueous pseudocumene concentration in the range of the
K value for pseudocumene. However, the critical aqueous pseudocumene concentrations
calculated via the partition coefficient are up to two orders of magnitude below the K value,
again indicating that product formation cannot depend only on aqueous substrate

concentrations.
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Figure 4.5 shows a comparison of measured and calculated reaction velocities for the first
oxidation step from pseudocumene to corresponding alcohol. The measured reaction
velocities are based on product formation during the biotransformation experiments.
Maximally possible reaction velocities were calculated using the Lineweaver-Burk equation
and aqueous pseudocumene concentrations determined according to the partition coefficient.
In biotransformations I and IV with initial pseudocumene concentrations around 160 mM
(Fig. 4.5A), the measured reaction rates after full induction correspond well with - and even
slightly exceed - the theoretical maxima except during the transient activity reduction at high
glucose concentrations. Towards the end of the biotransformations, the measured rates fell
below the calculated rates. This occurred earlier in biotransformation I, which is due to
emerging toxic DMB-acid concentrations. In the repeated fed-batch experiment, the measured
rates exceeded the theoretical maxima by 50 to 100% (Fig. 4.5B). Similarly, with glycerol as
growth substrate, the initial reaction velocity also exceeded the theoretical value, but rapidly
decreased to low levels early in the biotransformation (Fig. 4.5C). Thus, the experimentally
measured rates are in the same order of magnitude as - but clearly tend to exceed - the
theoretical maxima derived from aqueous pseudocumene concentrations.

The relatively high pseudocumene oxidation rates, the observation that the product formation
pattern does not directly depend on aqueous substrate concentrations, and the lower aqueous
toxicity limit in the two-liquid phase system as compared to the aqueous one-phase system
point to direct interaction between cells and solvent droplets. Such a direct contact and even
substrate uptake directly from the organic phase were assumed, e.g., for long chain alkanes
(Goswami and Singh, 1991; Schmid, et al., 1998c), menthyl acetate (Westgate, et al., 1995),
and trichlorophenol (Ascon-Cabrera and Lebeault, 1995). In general, we conclude that the
pseudocumene oxidation rate and the product formation pattern depend on the amount of
pseudocumene present in the organic phase and that organic pseudocumene concentrations
below 150 mM (250 mM with glycerol instead of glucose as growth substrate) also limit the
DMB-aldehyde formation rate.
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Figure 4.5. Comparison of measured reaction velocities of pseudocumene oxidation and
theoretical values corresponding to maximally possible reaction velocities calculated via
Lineweaver-Burk equation and aqueous pseudocumene concentrations derived from the
partition coefficient. (A) Results for biotransformation I (Chapter 3) (diamonds) and IV
(triangles). (B) Results for biotransformation V (diamonds) and VI (triangles). (C) Results for
biotransformation VII with glycerol as growth substrate.

Factors limiting biocatalyst performance.

Beside substrate limitation and inhibitory effects of toxic aqueous DMB-alcohol and DMB-
acid concentrations, decreasing metabolic activity of the cells may also limit biocatalyst
activity. Reduced metabolic activity may impair heterologous gene expression and NADH
regeneration. Glucose limitation causes such a reduction of viability (Hewitt, et al., 1999;
Hewitt, et al., 2000). In our case, prevention of severe glucose limitation prolonged the
aldehyde production period significantly (Fig. 4.1). However, the slow decrease of the DMB-
aldehyde formation rate in the late stationary phase indicates that decreasing metabolic
activity also reduces biocatalyst performance when glucose is not limiting. Acetic acid, which
vigorously accumulated in the stationary phase, may also have affected cell metabolism and
thus biocatalyst activity. Moreover, high aqueous glucose concentrations seemed to inhibit
biocatalyst activity although growth was not affected (Fig. 4.1F). An adequate feeding

strategy appears to be crucial to reach optimal productivity in the fed-batch bioconversion.

The optimized bioconversion system.

In the optimized system (Fig. 4.3), we could avoid inhibitory DMB-alcohol and DMB-acid
levels, high glucose concentrations, and severe glucose limitation. Because of the low
biocatalyst activity in the late stationary phase, the optimal biotransformation time is limited
to 14-17 h. Thus, lower feed rates and concomitant slower growth might be an approach to
prolong the production period.

Above a pseudocumene concentration of 150 mM (250 mM with glycerol), it is not the
pseudocumene oxidation but the DMB-alcohol oxidation that limits the production of DMB-
aldehyde from pseudocumene. The specific DMB-aldehyde oxidation rate never exceeded 16
U (g of CDW)"' [22 U (g of CDW)™! with glycerol], also at high DMB-alcohol concentrations.
The measured DMB-alcohol oxidation rates never reached the maximally possible DMB-
alcohol oxidation rates calculated via aqueous DMB-alcohol concentrations and the

corresponding Lineweaver-Burk equation. Consequently, the second oxidation step is limited



129 Multistep Biocatalysis in a
Two-Liquid Phase System

by other factors than the amount of DMB-alcohol present in the two-liquid phase system. A
limitation by the mass transfer from organic to aqueous phase is improbable because DMB-
alcohol is produced in the aqueous phase. Also in aqueous one-phase systems, maximally
possible DMB-alcohol oxidation rates were not reached when substrate as well as biocatalyst
concentrations were high (Chapters 2 and 3).

In a biotransformation of 14.5 h duration, we achieved a final product concentration of 220
mM in the organic phase and a volumetric activity of up to 390 U Laq'l, corresponding to an
oxygenation activity of 780 U Laq'1 (Table 4.4). There are two possibilities to improve the
volumetric productivity of the presented bioconversion. First, higher biocatalyst
concentrations would lead to higher volumetric productivities since specific activities were
found to be independent of the cell concentration. The second possibility is the increase of the
specific DMB-aldehyde formation rate, which is limited by the rate of DMB-alcohol
oxygenation. Therefore, it will be of special interest to investigate the factors influencing the

oxygenation of DMB-alcohol.

Perspectives of the two-liquid phase concept.

The two-liquid phase approach is very powerful in preventing substrate and product toxicity
for the system presented in this study. The use of BEHP as second organic liquid phase
enabled us to provide pseudocumene at an organic phase concentration optimal for the
exclusive production of DMB-aldehyde (Fig. 4.3). The low toxicity of BEHP for humans
(Hasmall, et al., 2000) and its poor flammability (boiling point, 386°C; flash point, 199°C) are
other advantages. The tendency of BEHP to form stable emulsions was reduced significantly
by omitting yeast extract from the feeding solution. BEHP is a relatively inexpensive pure
solvent and can be recycled in a potential production setup. Due to its beneficial properties,
the BEHP-based two-liquid phase system may serve now as a basis for the development of a
scalable process exploiting the multistep bioconversion of pseudocumene for the production
of DMB-aldehyde.

Clearly, the results presented in this study show that the two-liquid phase concept is a highly
feasible method to direct kinetically controlled multistep reactions, such as the oxygenation of
xylenes, to desired intermediates, such as aromatic aldehydes. This qualifies the two-liquid
phase concept as an efficient tool to exploit the kinetics of multistep biotransformations in

general.
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SUMMARY

Oxygenases catalyze, among other interesting reactions, highly selective hydrocarbon
oxyfunctionalizations, which are important in industrial organic synthesis but difficult to
achieve by chemical means. Many enzymatic oxygenations have been described, but few of
these have been scaled up to industrial scales, due to the complexity of oxygenase based
biocatalysts and demanding process implementation. We have combined recombinant whole-
cell catalysis in a two-liquid phase system with fed-batch cultivation in an optimized medium
and developed an industrially feasible process for the kinetically controlled and complex
multistep oxidation of pseudocumene to 3,4-dimethylbenzaldehyde using the xylene
monooxygenase of Pseudomonas putida mt-2 in E. coli. Successful scale up to 30 L working
volume using downscaled industrial equipment allowed a productivity of 31 g L d”' and a
product concentration of 37 g L. These performance characteristics meet present industry
requirements. Product purification resulted in the recovery of 469 g high value 3.4-
dimethylbenzaldehyde at a purity of 97% and an overall yield of 65%. This process illustrates

the general feasibility of industrial biocatalytic oxyfunctionalization.
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INTRODUCTION

Selective oxyfunctionalization of petrochemicals is a major topic in industrial organic
synthesis (Wittcoff and Reuben, 1996), as recognized by the 2001 chemistry Nobel Prize,
awarded to Sharpless for his work on chirally catalyzed oxidation reactions (Katsuki and
Sharpless, 1980). Nature has much to offer in this area, given the many oxidation reactions
catalyzed by oxygenases that occur in microbial metabolic pathways (Leadbetter and Foster,
1959; Witholt, et al., 1990; Harayama, et al., 1992; Faber, 2000). These enzymes use
molecular oxygen to introduce oxygen in specific substrates providing an effective and
sustainable approach to oxyfunctionalization, since highly reactive oxidants are avoided.
Oxygenases are usually cofactor dependent, often multicomponent, and/or membrane-
associated enzyme systems, which constricts the use of isolated enzymes in practical
applications (Faber, 2000; Li, et al., 2002). Instead, efforts during the past two decades have
focused on whole-cell biocatalysis. Various solutions to issues such as biocatalyst stability,
narrow substrate range, low volumetric productivities, and process setup have been developed
based on improved screening strategies (Wahler and Reymond, 2001b; a), the use of
recombinant strains (Lin, et al., 1999; Panke, et al., 2000; Panke, et al., 2002), biocatalyst
engineering (Arnold, 2001; Zhao, et al., 2002), regulated substrate addition (Hack, et al.,
2000), and in situ product recovery (Lye and Woodley, 1999). However, despite these
promising approaches, very few industrial biooxidation processes have been developed thus
far for the production of high value compounds (Schmid, et al., 2001).

In this paper, we describe initial steps in the development of such a process, in this case for
the production of aromatic aldehydes, which serve as ingredients of natural flavors and
fragrances and as synthons for a variety of polymers, pharmaceuticals, and fine chemicals.
Chemical C-H bond activation via carbonylation or oxygen addition usually requires the use
of expensive and hazardous reactants and catalysts and often yields product mixtures
complicating product isolation (Carelli, et al., 1999; Thomas, et al., 1999). Thus, we consider
it worth exploring the biocatalytic production of aromatic aldehydes from cheap substrates
such as xylenes via selective C-H bond functionalization. The enzyme system which we use
for this oxidation is the xylene monooxygenase (XMO) of Pseudomonas putida mt-2 (Worsey
and Williams, 1975; Harayama, et al., 1989), which consists of a NADH:acceptor reductase
component (XylA) (Shaw and Harayama, 1992) and a membrane bound hydroxylase

component (XylM) (Shaw and Harayama, 1995). This nonheme iron enzyme has a broad
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substrate range (Wubbolts, et al., 1994b) and initiates xylene degradation by the specific
hydroxylation of one methyl group (Abril, et al., 1989). We have demonstrated that
recombinant E. coli expressing the xy/MA genes under control of the alk regulatory system
(Panke, et al., 1999b) and thus containing the integral membrane enzyme XMO catalyze the
monooxygenation not only of toluene and pseudocumene but also of the corresponding benzyl
alcohols and benzaldehydes (Chapter 2). Thus, one single recombinant enzyme system
(XyIMA) can specifically produce desired benzaldehydes from xylenes.

We report here on specific and efficient biocatalytic hydrocarbon oxidation achieved by XMO
based recombinant whole-cell catalysis in a two-liquid phase system combined with fed-batch
cultivation in an optimized medium. We used downscaled industrial equipment to assess the
scalability and were able to produce the toxic and unstable 3,4-dimethylbenzaldehyde (DMB-
aldehyde) from equally toxic but inexpensive pseudocumene via a sophisticated multistep
catalysis process using the complex XMO system. To our knowledge, this is the first report
on a scalable integrated process for selective biooxidation of a non-functionalized

hydrocarbon allowing good productivity, yield, and product concentration.

MATERIALS AND METHODS

Strain and precultivation. E. coli IM101 (supE thi A(lac-proAB) F’[traD36 proAB" lacl’
lacZAM15]) (Messing, 1979), an E. coli K-12 derivative, was used as recombinant host strain.
As expression vector, we used the pBR322 derived plasmid pSPZ3 containing the XMO
genes xyIM and xylA under the control of the alk regulatory system (Panke, et al., 1999b). All
growth steps were carried out at 30°C. E. coli IM101 (pSPZ3) transformants were selected on
Luria-Bertani broth (LB) plates (Sambrook, et al., 1989) containing 50 mg L' kanamycin and
10 g L' glucose to avoid indigo formation (Panke, et al., 1999b). To increase the
reproducibility, freshly transformed cells served as inoculum for 3-ml LB cultures
supplemented with glucose and kanamycin as before. These cultures were diluted 100-fold
with 100 ml of RB minimal medium (Chapter 4) complemented with per liter, 2 ml of 1 M
magnesium sulfate, 5 g glucose, 1 ml of 1% (wt/vol) thiamine, 50 mg kanamycin, and 1 ml
trace element solution US™ (Chapter 4). Such precultures were transferred into a 3-L stirred
tank reactor, in which biotransformations on a 2-L scale or precultivations for large-scale

experiments were performed. The details of the reactor system and its instrumentation have
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been described (Wubbolts, et al., 1996a). For precultivations the reactor contained 1.9 L of
mineral medium of identical composition as for the culture before. The pH in the reactor was
kept at 7.1 or 7.4 by the addition of 25% (wt/vol) ammonium water or 30% phosphoric acid.
One and a half liters of such cultures were used as inocula for biotransformations on a 30-L
scale.

Biotransformation setup. Thirty liter biotransformations were performed in a 42-L stirred
tank reactor with regulated temperature, pH, stirrer speed, aeration, and internal pressure
(New MBR, Zurich, Switzerland). Data collection occurred every 30 s with the Caroline II
software (PCS, Wetzikon, Switzerland) on an OS/9 operating system. Mixing was achieved
with 2 six-bladed Rushton turbine impellers. Two-liter experiments were carried out in a 3-L
reactor (see above). Maintenance of pH was achieved as described above. Typical
biotransformation procedures as developed and optimized earlier (Chapters 3 and 4) started
with batch cultivation (Fig. 5.1). Depending on the scale, the batch culture volumes amounted
to 1 or 15 L. Before sterilization, the reactors contained salts equivalent to 0.9 or 13.5 L of RB
medium dissolved in 0.85 or 12.5 L water. After sterilization, the reactor contents were
supplemented aseptically with, per liter culture volume, 2.5 ml of I M magnesium sulfate, 14
ml of a 50% (wt/vol) glucose solution, 1 ml of a 1% (wt/vol) thiamine solution, and 5 ml of
trace element solution US™. Omitting kanamycin had no impact on process efficiency
(Chapter 4). The pH was adjusted to 6.8 with 25% (wt/vol) ammonium water and to pH 7.1 or
7.4 with 10 M NaOH and the volume to 0.9 or 13.5 L with water. After inoculation, batch
cultivation was performed at a stirring speed of 1,500 and 600 rpm and an aeration of 1 and
15 L min" on small and large scale, respectively. After initial glucose and metabolic by-
products (e.g., acetic acid) had completely been consumed, a feed of 73 % (wt/vol) glucose
and 19.6 g L' magnesium sulfate was initiated. Furthermore, the culture was supplemented
with, per liter, 5 ml of trace element solution US™ and 4 ml of 1% (wt/vol) thiamine, and
xyIMA expression was induced by the addition of 0.02% (vol/vol) dicyclopropyl ketone
(DCPK, 95%, Aldrich, Buchs, Switzerland) or 0.1% (vol/vol) n-octane (>98.5%, Acros, Geel,
Belgium). After 1-1.5 h of fed-batch growth, the biotransformation was started by the addition
of a volume of organic phase equivalent to the culture volume. The organic phase consisted of
bis(2-ethylhexyl)phthalate (BEHP, 97%, Fluka, Buchs, Switzerland) as the carrier solvent,
variable amounts of pseudocumene (99%, Fluka), and 1% (vol/vol) n-octane. Adjusting stirrer
speed and aeration and, if necessary, oxygen admixture prevented oxygen limitation.
Sampling and determination of reactant concentrations in both phases and glucose, acetic

acid, and cell concentrations in the aqueous phase were performed as described in Chapters 3
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Figure 5.1. Biotransformation process. Batch growth is followed by fed-batch cultivation
and the two-liquid phase biooxidation of pseudocumene. Pseudocumene, DMB-alcohol, and
DMB-aldehyde, but not DMB-acid (at neutral pH) mainly partition into the organic phase
(Chapter 4).
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and 4. Foam formation was limited by the addition of antifoam 289 (Sigma, Buchs,
Switzerland). Volumetric productivities and specific product formation rates were calculated
for intervals between two sampling points. One Unit is defined as the activity that produces 1
umol of product per minute.

Downstream processing. After harvesting, the two phases were separated by centrifugation
for 30 min at 8400 g in a Haereus-Christ Cryofuge 8000 centrifuge (Haereus, Zurich,
Switzerland). The organic phase was supplemented with dry sodium sulfate and stored at 4°C.
After filtration, DMB-aldehyde was purified by fractionated distillation at a pressure of 0.1
mbar. At this pressure and room temperature, n-octane (boiling point [bp], 126°C) and
pseudocumene (bp, 169°C) condensed in the dry ice containing cryo trap. Organic phase
portions of 4.5 L were heated to 110°C, when distillate of a temperature of 35°C condensed in
the cooler. During distillation, the temperature at the still was raised to 190°C and the
temperature of the distillate increased to 55°C. This fraction contained DMB-aldehyde (bp:
233°C) at a purity of 97% as determined by GC and HPLC, whereas traces of 3,4-
dimethylbenzyl alcohol (DMB-alcohol; bp: 218-221°C; melting point [mp]: 62-65°C)
sublimed in the cooler and 3,4-dimethylbenzoic acid (DMB-acid; mp: 165-167°C) as well as
BEHP (bp: 384°C) remained in the still. It was essential that the DMB-alcohol content in the
organic phase was as low as possible, since the separation of DMB-alcohol and DMB-

aldehyde was difficult during such a purification procedure.

RESULTS

Multistep laboratory-scale oxidation of pseudocumene to DMB-aldehyde.

The laboratory-scale process is outlined in Figure 5.1. Recombinant E. coli JM101 expressing
the XMO genes under control of an alkane responsive regulatory system (Panke, et al., 1999b)
were used as biocatalyst. After precultivation of the cells, the bioreactor was inoculated.
Following batch growth in 1 L of minimal medium, a feed of glucose and magnesium sulfate
was initiated and XMO synthesis was induced with DCPK or n-octane (see Materials and
Methods). The biotransformation started with the addition of 1 L of organic phase consisting
of BEHP as the carrier solvent, which contained the substrate pseudocumene and 1% (vol/vol)
n-octane to maintain continuous induction. This procedure resulted from characterization and
optimization work described in the Chapters 3 and 4. In such a system, high overall

concentrations of the toxic and poorly water-soluble reactants could be added to the two-
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liquid phase system without inhibiting bacterial growth and DMB-aldehyde accumulated to
high concentrations. Glucose was fed continuously as the carbon and energy source to
maximize biocatalyst concentrations and volumetric productivities. The left column in Table
5.1 lists relevant parameters of such a biotransformation (experiment 1).

We found that the medium pH influences the bioconversion efficiency. Figure 5.2 shows a
biotransformation (experiment 2) performed at the same conditions as experiment 1 except for
the pH, which was 7.4 and enabled better productivity than biotransformation at pH 7.1. At
constant aeration (1 L min™) and stirrer speed (2000 rpm), the dissolved oxygen tension
(DOT) never decreased below 50% saturation. The initial simultaneous accumulation of
DMB-alcohol and DMB-aldehyde was followed by the formation of DMB-aldehyde only,
after the pseudocumene concentration had decreased below 150 mM. This and the lack of
significant DMB-acid formation can be attributed to the complex kinetics of the multistep
oxidation of pseudocumene and the favorable partitioning behavior of the reactants in the
two-liquid phase system. We have previously shown that the presence of pseudocumene and
DMB-alcohol inhibits DMB-aldehyde oxidation (Chapters 3 and 4). Furthermore, substrate
limitation in the first oxidation step, as indicated by the parallel decrease of the pseudocumene
concentration and the specific pseudocumene oxidation rate (Fig. 5.2), causes a switch from
the simultaneous accumulation of DMB-alcohol and DMB-aldehyde to the formation of
DMB-aldehyde only (Chapter 4). As full induction is reached only after about 3 h (Chapter 2),
specific product and DMB-aldehyde formation rates increased at the beginning of the
bioconversion (Fig 5.2B). After the induction period, the specific DMB-aldehyde formation
rate remained high at around 40 U (g of CDW)" until cell growth ceased, whereupon it
decreased steadily in the stationary phase (Fig 5.2). However, the increase of the medium pH
from 7.1 to 7.4 significantly enhanced the specific activities but lowered growth rates and
maximal cell concentrations (Table 5.1). Since such a pH difference has no effect on the
growth of wildtype E. coli JM101, the impaired growth of biocatalytically active E. coli
JM101 (pSPZ3) points to a metabolic burden of the high specific activities for the host strain
as observed for alkane hydroxylation (Bosetti, et al., 1992). Overall, volumetric productivity

and final product concentration were significantly improved by the pH increase to 7.4.
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Table 5.1. Process characteristics at varying pH and scale.*

Parameter Unit Experiment

14 2 3 4
Working volume L 2 2 30 30
pH 7.1 7.4 7.4 7.1-7.4
Growth rate” h' 0.35 024 025 0.34
Maximal CDW reached g Laq'1 30 18 15.5 20
Biotransformation time® h 14.5 13 14.5 14
Initial [pseudocumene]org mM 315 500 400 355
Final [DMB-aldehyde]or, mM 220 330 254 274
DMB-aldehyde produced g Lorg'1 29.5 44.3 34.1 36.8
Molar yield % 70 66 64 77
Product share in all reactants’ % 92 80 76 97
Maximal specific activity® U (g of CDW)™! 27 61 65 51
Maximal specific activity,q U (g of CDW)™! 16 43 36 30
Maximal volumetric activity,yg U Laq'1 390 710 440 500
Maximal productivity,iq gL' h! 1.6 2.9 1.8 2
Average productivity,g g Lto{1 h! 1 1.7 1.2 1.3

*All experiments were carried out under the same conditions at varying pH and scale
(organic carrier solvent, BEHP; phase ratio, 0.5; for details see Materials and Methods).
CDW: cell dry weight. Subscripts: org, organic phase; aq, aqueous phase; tot, total volume;
ald, referring to DMB-aldehyde formation.

“ Adapted from Chapter 4.

* In the exponential growth phase.

¢ Second phase addition is defined as the start point.

“In the organic phase at the end of the biotransformation.
¢ Based on the sum of all products formed (corresponds to the specific pseudocumene

oxidation rate).
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Figure 5.2. Fed-batch based two-liquid phase biotransformation on a 2-liter scale (pH
7.4) with E. coli JIM101 (pSPZ3) as biocatalyst and BEHP as organic carrier solvent
(experiment 2). After batch growth of a 1 L culture, cells were induced and a glucose feed
was initiated (time 0), and, 1.33 h later, the biotransformation was started by the addition of 1
L organic phase (arrow). For details see Materials and Methods. (A) Reactant and octane
concentrations represent the sum of the respective concentrations in the organic and the
aqueous phase. (B) Specific DMB-aldehyde and product formation rates and DMB-aldehyde
volumetric productivities are calculated for intervals between two sampling points. The
specific product formation rate is based on the sum of all products formed in a time interval
and is synonymous to the specific pseudocumene oxidation rate. (C) Course of glucose and
acetic acid concentrations, biomass formation, and glucose feed rate.

Scale up of the bioconversion to technical scale.

In order to evaluate the scalability of the two-liquid phase biooxidation system, we carried out
the biotransformation in a 42-L bioreactor containing 15 L of minimal medium and 15 L of
organic phase (experiment 3, Table 5.1, Fig. 5.3). The lower power input of maximally 5 W
L in the 42-L reactor, as compared to 60 W L™ in previous experiments, and an acration rate
of 15 L min™ sufficed to maintain the DOT above 15%. Product formation and growth
behavior were similar to that seen on laboratory-scale. However, lower cell concentrations
and slightly lower specific DMB-aldehyde formation rates as compared to laboratory-scale
reduced the average productivity from 1.7to 1.2 g L™ h™.

To ensure complete conversion and thus facilitate product isolation, the initial pseudocumene
concentration was reduced (experiment 4, Table 5.1). Furthermore, to reach higher biocatalyst
concentrations in combination with high biocatalyst activities, we introduced a pH shift from
7.1 via 7.2 to 7.4. As intended, DMB-aldehyde was the predominant product at the end of the
biotransformation and high cell concentrations were combined with high biocatalyst activities
(Fig. 5.4). After induction and pH shift, the specific DMB-aldehyde formation rate and thus
productivity remained high until cell growth ceased. Also in experiment 3, the productivity
decreased in the stationary phase (Fig. 5.3). This illustrates the necessity of metabolically

active cells for optimal process performance as detailed in Chapter 4.
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Figure 5.3. Fed-batch based two-liquid phase biotransformation on a 30-liter scale (pH
7.4) with E. coli JIM101 (pSPZ3) as biocatalyst and BEHP as organic carrier solvent
(experiment 3). Time 0 indicates induction and initiation of a glucose feed to a 15 L culture
grown in batch mode. After 1.25 h, the biotransformation was started by the addition of 15 L
organic phase (arrow). For details see Materials and Methods. (A, B, and C) As described for
Fig. 5.2. (D) Course of stirrer speed, dissolved oxygen tension (DOT), and aeration rate.

At the beginning of the biotransformation in experiment 4 (Fig. 5.4) at pH 7.1, the oxygen
requirement apparently exceeded the available oxygen. Increasing the power input to the
maximum of 5 W L™ at a stirrer speed of 1000 rpm and the aeration rate to a maximum of 50
L min™ did not satisfy the oxygen requirement of the cells. Thus, the reactor was aerated with
an air-oxygen mixture.

A molar yield of 100% was not reached because aeration of the reactor caused substrate
evaporation. Overall, the up scaled two-liquid phase process allowed the production of 550 g
DMB-aldehyde, a final product share in all reactants of 97% in the organic phase, and a

maximal productivity of 2 g Lto{1 ht.
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Figure 5.4. Biocatalytic synthesis of DMB-aldehyde from pseudocumene by E. coli
JM101 (pSPZ3) on a 30-liter scale (experiment 4). Time 0 indicates induction and initiation
of a glucose feed to a 15 L culture grown in batch mode. After 1 h, the biotransformation was
started by the addition of 15 L organic phase (arrow). For details see Materials and Methods.
(A, B, and C) As described for Fig. 5.2. In panel B, additionally, the course of the pH in the
reactor is shown. (D) Course of stirrer speed, dissolved oxygen tension (DOT), and aeration
rate. Due to the high oxygen demand, the reactor was aerated with an air-oxygen mixture,
which was readjusted several times. Open and closed arrowheads indicate start and stop of
oxygen admixture, respectively.

Downstream processing.

In situ product extraction in the two-liquid phase system enabled a straightforward
downstream processing consisting of phase separation, drying the organic phase over sodium
sulfate, and vacuum distillation. Phase separation was achieved by centrifugation and resulted
in the recovery of 13.5 L dry organic phase corresponding to 90% of the apolar phase
originally added in experiment 4 (Fig. 5.5). During harvesting and phase separation, acetic
acid production by the cells caused a pH decrease. Thus, DMB-acid increasingly partitioned
into the organic phase, due to its protonation. However, this had no impact on further product
purification. A single distillation of the organic phase at a pressure of 0.1 mbar yielded 469 g
DMB-aldehyde at a purity of 97% (GC, HPLC). '"H-NMR analysis confirmed the identity of

the product (results not shown).
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Figure 5.5. Efficiency of the downstream processing. Phase separation via centrifugation is
followed by drying over sodium sulfate and filtration yielding 90% of the organic phase
volume initially added in experiment 4 (Fig. 5.4). Fractionated distillation at a pressure of 0.1
mbar yielded 97% pure DMB-aldehyde. The overall purification yield amounted to 85%.

DISCUSSION

Recombinant whole-cell biocatalysis.

Complex cofactor dependent enzymes such as oxygenases are normally used in vivo to enable
inexpensive cofactor regeneration (Faber, 2000; Li, et al., 2002). This approach has been
useful when dead end products are produced, as in the oxidation of aromatic heterocycle
methyl groups to the corresponding carboxylic acids by wildtype P. putida mt-2, which
harbors the xylene degradation pathway (Kiener, 1992). Aromatic aldehydes such as DMB-
aldehyde are, however, further metabolized in Pseudomonas strains, which reduces yields.
Such product degradation was efficiently prevented by the use of recombinant E. coli, which

could be grown to high cell densities on glucose as a cheap source of carbon and energy.
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Expression of the XMO genes under alk regulatory control, which has been shown to support
high levels of inducible monooxygenase activities in E. coli (Chapter 2; Nieboer, et al., 1993;
Panke, et al., 1999b; Panke, et al., 2000), enabled high volumetric productivities on a

technical scale.

Fed-batch cultivation in an optimized medium.

In order to maintain high oxygenase activities over time, we employed growing cells with
high metabolic activity, which were expected to provide enough energy for efficient cofactor
regeneration and oxygenase synthesis (Doig, et al., 1999a; Faber, 2000). Cells were cultivated
in fed-batch mode in a medium optimized for E. coli and xyIMA expression (Chapter 4;
Riesenberg, et al., 1991), and high and stable productivities were indeed reached during
growth. In the stationary phase, when metabolic activity and viability of the cells decreased,
biocatalyst activities declined independently from the reactant concentrations (Chapter 4), for
an optimal biotransformation time of about 14 h for the chosen process setup. Also with
respect to genetic stability, E. coli IM101 (pSPZ3) proved to be a suitable biocatalyst, since
plasmid as well as biocatalyst activity remained stable for 11 generations without selection
pressure during two successive biotransformations performed in a repetitive fed-batch mode
of cultivation (Chapter 4). Similarly, Favre-Bulle et al. reported segregational and structural
stability for as long as 29 generations in E. coli HB101 (pGEc47) without selection pressure,
but highly varying genetic stabilities in different E. coli host strains (Favre-Bulle, et al.,
1993). This genetic stability permits the elimination of antibiotics from these industrial
bioprocesses, which is useful from an economical and ecological point of view. The
feasibility of a repetitive fed-batch mode of cultivation also emphasizes the possibility to

reuse the biocatalyst. Such a reuse, however, still necessitates cell growth.

Two-liquid phase concept.

Hydrocarbons and their oxidized products are often poorly water-soluble and toxic or
inhibitory for the biocatalyst. In situ product removal, including the use of membrane
reactors, solid phase extraction, and two-phase systems, is commonly used to overcome these
hurdles (Leon, et al., 1998; Lye and Woodley, 1999). In two-liquid phase processes, the
properties of the chosen recyclable organic carrier solvent are of special importance (Bruce
and Daugulis, 1991; Salter and Kell, 1995; Schmid, et al., 1998a). The use of BEHP with its
low flammability and low toxicity to E. coli (Chapter 3; Panke, et al., 2000) and humans
(Hasmall, et al., 2000) allowed the safe operation of a 42-L stirred tank reactor with a 50%
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volume fraction of this solvent. Furthermore, substrate and product toxicity were efficiently
prevented and high pseudocumene mass transfer rates from the organic phase to the cells were
reached. As outlined in Chapter 4, DMB-alcohol oxidation is the limiting step in the overall
biotransformation. By optimizing the medium pH, the specific activities including the DMB-
alcohol oxidation rate were significantly enhanced. The BEHP based two-liquid phase system
allowed exploiting the complex kinetics of the multistep oxidation of pseudocumene to
produce high concentrations of DMB-aldehyde as the predominant product in the organic

phase. Furthermore, this concept facilitated product isolation.

Industrial feasibility.

Two-liquid phase processes have thus far mostly operated at laboratory scale. In order to
assess the industrial feasibility of biocatalytic hydrocarbon oxyfunctionalization, we used a
reactor with an estimated power input (5 W L") close to values typically reached on industrial
scales (Woodley, 1990; Manfredini and Manfredini, 1996). A pilot scale of 20-30 L often
serves as a platform for scalability evaluation of industrial processes and for scale up to
production (50-100 m’). Requirements for industrial oxidation processes include
productivities between 10 and 60 g L™ d”', high biocatalyst stability, high yields (60 — 80%),
product concentrations of 10-100 g L™, and simple product recovery (Straathof, et al., 2002).
Schmid et al. envisioned volumetric activities in the range of 200-1000 U L™ for large-scale
two-liquid phase processes considering future developments in biocatalyst and reactor
engineering (Schmid, et al., 1998a). Taking an average volumetric activity of 100 U L™ for
alkane hydroxylation, Mathys et al. demonstrated the economic feasibility of such processes
based on a detailed modeling analysis (Mathys, et al., 1999). We now achieved for the first
time an average volumetric activity of 330 U Laq'1 with a maximum at 500 U Laq'1 for a
technical-scale two-step oxygenation process. This corresponds to an overall oxygenation
activity of 1000 U Laq'1 or 500 U Lm{l. The resulting productivity of 31 g Lto{l d'l, a final
DMB-aldehyde concentration of 37 g L' in the organic phase, and an isolated product yield
of 65% (conversion yield: 77%) clearly illustrate the practical feasibility of large-scale two-
liquid phase processes and point to the high potential of biocatalytic hydrocarbon oxidation in
organic synthesis. Another recent example is the use of recombinant E. coli containing styrene
monooxygenase of Pseudomonas sp. VLB120 for the enantioselective single step oxidation of
the styrene vinyl function to produce (S)-styrene oxide with an enantiomeric excess of >99%

at a purity of >97% (Panke, et al., 2002).
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Perspectives.

Enzymes are optimized by nature for the survival of a species in a specific ecological
environment and not to meet the requirements of industrial biocatalytic processes.
Nevertheless, biochemical engineering and modern DNA technology provide a variety of
tools to develop and optimize a biocatalyst and a process setup (Burton, et al., 2002; Panke
and Wubbolts, 2002; Patnaik, et al., 2002; Schmid, et al., 2002). The present example shows
that the combined use of different concepts allows the application of complex enzyme
systems such as oxygenases for complex reactions such as kinetically controlled multistep
reactions. The clear feasibility of biocatalytic oxyfunctionalization on a technical scale and
the large pool of oxygenases in nature (Ellis, et al., 2001) augur well for the development of

many and varied industrial scale hydrocarbon oxidations in the coming decade.
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MULTISTEP BIOOXIDATION PROCESS IN A TWO-

LI1IQUID PHASE SYSTEM

Bruno Biihler, Adrie J. J. Straathof, Bernard Witholt, and
Andreas Schmid



Chapter 6 152

SUMMARY

A process model for whole-cell biocatalysis in a two-liquid phase system including cell
growth and bioconversion kinetics was developed. The reaction considered is the kinetically
controlled multistep oxidation of pseudocumene to 3,4-dimethylbenzaldehyde catalyzed by
recombinant Escherichia coli expressing the Pseudomonas putida genes encoding xylene
monooxygenase, which catalyzes the successive oxygenation of one methyl group of xylenes
to corresponding alcohols, aldehydes, and acids. The biocatalytic process includes cells
growing in fed-batch mode and a two-liquid phase system consisting of bis(2-
ethylhexyl)phthalate as organic carrier solvent and an aqueous minimal medium at a phase
ratio of 0.5. The process model comprises a description of the bioconversion kinetics, mass
transfer kinetics, cell growth, and mass balances for both the aqueous and the organic phase.
Key theoretical results correlated well with experimental biotransformations. Bioconversion
kinetics and consistent process simulation indicated the occurrence of direct substrate uptake
from organic phase droplets and provided evidence for a competition for NADH between
xylene monooxygenase and the respiratory chain with its consequential impact on
bioconversion and cell growth. The introduction of a pH-dependent feedback inhibition of the
NADH consuming bioconversions allowed good simulations of biotransformation
experiments performed at varying pH, scale, and initial substrate concentration. Moreover,
modeling indicated a product inhibition in the second oxidation step, which could be
confirmed experimentally. A sensitivity analysis for the aqueous-organic mass transfer
coefficient showed that this transfer is not critical for the process performance and
emphasized the efficient substrate-cell transfer in the investigated two-liquid phase process.
The presented model provides a basis for complete theoretical description, characterization,

and optimization of biooxidation processes based on growing cells.
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INTRODUCTION

Regio- and stereoselective biooxidations are an important field in biocatalysis (Faber, 2000;
Schmid, et al., 2001; Burton, et al., 2002; Schmid, et al., 2002). Such reactions are often
cofactor dependent (e.g., NADH, NADPH) and catalyzed by multicomponent enzyme
systems, of which some are membrane associated. Thus, living whole-cells are usually
favored over the use of isolated enzymes. Such potential preparative in vivo applications are
often hampered by low water solubilities and high toxicities of possible substrates and
products, limiting the performance of aqueous systems. Nonconventional reaction media such
as an aqueous-organic two-liquid phase system are promising alternatives (Schwartz and
McCoy, 1977; de Smet, et al., 1981b). A second immiscible phase can act as a reservoir for
substrate and products, regulating the concentration of such compounds in the biocatalyst
microenvironment, minimizing toxicity, and simplifying product recovery (Woodley and
Lilly, 1990; Witholt, et al., 1992; Salter and Kell, 1995; Leon, et al., 1998).

Here, we focus on a two-liquid phase process for the production of aromatic aldehydes, which
serve as ingredients of natural flavors and fragrances and as synthons for a variety of
polymers, pharmaceuticals, and fine chemicals (Bruehne and Wright, 1985; Falbe and Regitz,
1995). Synthetic chemical strategies such as carbonylation or oxygen addition usually require
the use of expensive and hazardous reactants and catalysts and often yield product mixtures
complicating product isolation (Carelli, et al., 1999; Thomas, et al., 1999). Thus, we consider
it worth exploring the biocatalytic production of aromatic aldehydes via selective multistep
biooxidation of cheap substrates such as xylenes with benzyl alcohols as intermediates using
the two-liquid phase concept as a tool to control multistep whole-cell biocatalysis.

The enzyme system we use for this oxidation is the xylene monooxygenase (XMO) of
Pseudomonas putida mt-2 (Worsey and Williams, 1975; Harayama, et al., 1989), which
consists of a NADH:acceptor reductase component (XylA) (Shaw and Harayama, 1992) and a
membrane bound hydroxylase component (XylM) (Shaw and Harayama, 1995). This
nonheme iron enzyme has a broad substrate range (Wubbolts, et al., 1994b) and initiates
xylene degradation by the specific hydroxylation of one methyl group (Abril, et al., 1989).
We have demonstrated that recombinant E. coli expressing the xy/MA genes under control of
the alk regulatory system (Panke, et al., 1999b) catalyze the monooxygenation not only of
toluene and pseudocumene but also of the corresponding benzyl alcohols and benzaldehydes

(Chapter 2). The kinetic analysis of this multistep reaction showed that the substrates toluene
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and pseudocumene as well as the corresponding alcohols inhibit aldehyde oxygenation, and
that elevated substrate concentrations also weakly inhibit alcohol oxygenation (Chapter 3). As
an example for selective multistep biooxidation, we further investigated the bioconversion of
pseudocumene to 3,4-dimethylbenzaldehyde (DMB-aldehyde) involving 3,4-dimethylbenzyl
alcohol (DMB-alcohol) as intermediate and 3,4-dimethylbenzoic acid (DMB-acid) as
potential by-product (Fig. 6.1A). The development and optimization of a two-liquid phase
process with bis(2-ethylhexyl)phthalate (BEHP) as organic carrier solvent and recombinant E.
coli as biocatalyst allowed to direct this complex kinetically controlled multistep
bioconversion to the exclusive production of the desired DMB-aldehyde (Chapter 4). Fed-
batch growth guaranteed efficient NADH regeneration. Successful scale up to a technical 30-
L scale and straightforward product purification resulted in the recovery of 469 g DMB-
aldehyde at a purity of 97% and an overall yield of 65% (Chapter 5).

Due to the lack of a comprehensive theory for such whole-cell biooxidations, process
optimization has so far been carried out by an empirical approach. The influence of all known
parameters was investigated experimentally, and these parameters were optimized one by one.
This approach allowed obtaining suitable biotransformation conditions. A detailed process
model based on knowledge gained by the empirical approach will facilitate process
characterization and optimization especially when other substrates are used, leading to
considerable savings in experimental effort and enabling a straightforward scale up.
Furthermore, such a mathematical model is a promising approach towards a comprehensive
theory for whole-cell biooxidations in general.

This chapter describes the development of a model for whole-cell biocatalysis in a two-liquid
phase system including cell growth and bioconversion kinetics. The primary goal is to use the
model to further characterize and optimize the multistep biooxidation of pseudocumene to
DMB-aldehyde in the BEHP-based two-liquid phase system. The model allowed studying
specific issues such as substrate transfer from the solvent to the cells, pH dependency, impact
of the bioconversion on cell metabolism, the inhibitions of the different reaction steps by the

reactants, and the impact of organic-aqueous mass transfer.
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Figure 6.1. Bioconversion reactions catalyzed by E. coli IM101 (pSPZ3). Panel A shows the
consecutive oxygenation of pseudocumene to DMB-alcohol, DMB-aldehyde, and DMB-acid
catalyzed by xylene monooxygenase (XMO) and the back reaction from DMB-aldehyde to
DMB-alcohol catalyzed by dehydrogenase(s) of the E. coli host. Panel B assigns the
bioconversion rates ry, Tior, I2, I2back, and r3 used in the modeling (see Modeling Aspects
section) to the individual reaction steps. As in the subscripts of the modeling parameters,
pseudocumene, DMB-alcohol, DMB-aldehyde, and DMB-acid are indicated as Ps, Alc, Ald,
and Acid, respectively.

MODELING ASPECTS

The process model described in this chapter is designed for whole-cell biocatalysis in a stirred
tank reactor containing a biphasic liquid consisting of aqueous minimal medium and an
organic phase at a volume ratio of about 1:1 (Chapters 3, 4, and 5). Cells and the growth
substrate glucose are considered to reside in the aqueous phase only. For the cells, no stable
adsorption to and no presence in the organic phase were observed under the microscope. The

biotransformation compounds are considered to partition between both phases.
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Volume calculation

Calculation of the concentration profiles during bioconversion requires knowledge of the
phase volumes. The precise organic-aqueous volume ratio fluctuates during the experiments
because the organic phase is added only after about 1 h, both phases are sampled, there is a
feed of glucose during the experiment, pH control requires addition of acid or base, and some
evaporation occurs. For calculation of the phase volumes, the two latter sources of volume
change are neglected, since the volume changes caused thereby are minor. Furthermore, it is
assumed that the reactions, the phase mixing, the mass transfer between the two phases, and
temperature differences do not cause significant volume changes.

The volumes of the aqueous and organic phases are V" and V"¢, respectively. The subscript 0
is used to indicate the initial volume, which for the aqueous phase is the volume at the
beginning of fed-batch cultivation (¢y) and for the organic phase the volume at the time of its
addition (%) to the fed-batch culture. The aqueous glucose feed flow F may be changing
during the bioconversion and hence is a function of time. Both phases are sampled during the
experiment at regular intervals, and for simplicity this is expressed as a continuous sample

flow Fsampie, the same for both phases. The volumes are calculated using the following

equations:
V=V (F = Fy) (L] M)
Vorg = 0 fOI‘ t < torg [LOI'g] (21)

Vorg — Voorg _F

sample

't for t 2 torg [Lorg] (2.2)

Biomass growth
The bioconversion rates are proportional to the biomass concentration (Cx). Thus, a good
prediction of Cx is needed, which is calculated using its macroscopic balance:

accumulation = production — flow out

.. [gh] 3)
d(v - C) _pma e~ Fo - Cy

This equation can be integrated using the boundary condition Cx at #. It is assumed that the

rate of biomass accumulation (rx) depends on the aqueous glucose concentration (C(, ) and

the dissolved oxygen concentration (C! ):
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S S P e) (eof COW) Ly 0] (4
K ,Glc + Cé?c K ,0, + ngz

S. S.

The Monod constants K are 0.0018 g Laq'1 and 2 - 10° mmol Laq'1 for glucose and oxygen,
respectively (Atkinson and Mavituna, 1991). Growth is also influenced by the
biotransformation. The overproduction and presence of a heterologous monooxygenase as
well as high bioconversion rates can have impeding or deleterious consequences for the host
and its metabolism. This is due to additional protein synthesis, integration of enzyme
components into the membrane, formation of reactive oxygen species, consumption of
reduction equivalents (NADH), and the formation of toxic products, which need to be
excreted (Nieboer, et al., 1993; Chen, et al., 1995; Chen, et al., 1996, Neubauer, et al., 2003;
van Beilen, et al., 2003). Such effects lead to acetic acid formation and growth inhibition
(Park and Schmid, unpublished results). Due to yet insufficient knowledge in this context,
bioconversion related growth inhibition was not included in the model, and the maximum
specific growth rate um,x was varied among and during the biotransformations depending on
pH, time after induction, and scale. The growth parameters are summarized in Table 6.1 and

discussed in the Modeling and Simulation Results section.

Glucose concentration
The glucose concentration is calculated using the following macroscopic balance:

accumulation = flow in— flow out — consumption

-1
dr*-cg) . w e lgh] )
dl < :F'Célcd_Fs 'CG(llc_Vq'rGlc

ample

This equation can be integrated using the boundary condition C., = 0 at #. The feed flow

contains the glucose concentration in the feeding solution C(ffl‘zd (450 or 730 g Lfeed-l). In the

feeding solution containing 450 g Lfeed_l glucose, additionally, 50 g Lfeed_l yeast extract is
present. This is considered by increasing the maximal biomass yield on glucose and by

reducing the maintenance requirements. The glucose consumption rate is described by:

r
Toie = X + o Mg, - Cx [g Laq-1 h-l] (6)

Yege Yo
Thus, the glucose consumption depends on the maximum yields of biomass and

biotransformation product on glucose Yy). and Y., respectively, on the maintenance

coefficient for glucose mgic, on the biomass formation rate rx, and on the total NADH coupled
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Table 6.1. Growth parameters for the simulation of the reaction systems.*

Parameter Unit Conditions

pH 7.1 pH 7.1, ye* pH 7.4
K, g Ly 0.0018 0.0018 0.0018
Ko, mmol Ly, 2-10° 2-10° 2-10°
Initial g h! 0.38 0.38 0.34 (0.3)
Initial mg, gg'h! 0.01 0.005 0.04
yme ¢ gg! 0.5 0.59 0.42 (0.33)"
Y mmol mCmol™ 1.67 1.67 1.67
Yoo, mmol mmol™ 1 1 1
(kya)o, h! 1300 (1500) 1300 (1500) 1300 (1500)

* The growth parameters apply for the simulations using both model 1 and 2 for the rate
equations of the biotransformation.

“ Cultivations with yeast extract in the feeding solution.

b Values apply for the modeling of biotransformations on a 2-L scale. The numbers in
brackets apply for 30-L biotransformations.

‘ Yyo, is dependent on Yyij. as described in the Modeling Aspects section (equation 10).

d (kya)o, values for cultivations on a 2-L scale at a stirrer speed of 2000 rpm and 2500
rpm (brackets). (k a),, values for cultivations on a 30-L scale are discussed in the Modeling

and Simulation Results section.

bioconversion rate pNapH. 7PNADH (= 71 T Flore T 72 T Fapack T 73, see Biotransformation)
represents the sum of the rates of NADH consuming reaction steps including the oxygenation
steps catalyzed by XMO and the back reaction from DMB-aldehyde to DMB-alcohol

catalyzed by E. coli dehydrogenases (Chapter 2). An estimate for Y,z is that per mol

glucose 10 mol NADH can be produced by the microorganism; hence, Y, is 1.667 mol

product per C-mol glucose. It must be considered that uncoupling of the bioconversion related
NADH oxidation from the biotransformation reactions may occur, thus leading to an
underestimation of the bioconversion related glucose consumption in the model. Furthermore,
due to overflow metabolism and metabolic stress caused by the presence of the heterologous
monooxygenase and high bioconversion rates (as mentioned above), glucose will be
transformed into acetic acid or other metabolites instead of CO,. Since the exact
interrelationship of acetic acid formation is not known, this side reaction is not included in the

model leading to inaccuracies in the prediction of the glucose concentration.
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Oxygen concentration

Biomass growth also depends on the dissolved oxygen concentration. However, the dissolved
oxygen tension (DOT) was generally maintained above 10% throughout the experimental
biotransformations except for some experiments including yeast extract as additional growth
substrate. Nevertheless, the oxygen concentration is considered in the model and is calculated

using its macroscopic balance:

accumulation = oxygen transfer rate — consumption

a-ce) ., o [mmol h™'] (7
=V gy Vg,
d 2

2

It is assumed that the influence of glucose feed and sampling are negligible. The oxygen
concentration in equilibrium C;z is about 0.2 to 0.3 mmol L in aqueous fermentation
medium aerated with air (Onken and Liefke, 1989; Royce and Thornhill, 1991) and here was
assumed to be 0.25 mmol Laq'l. Thus, equation 7 can be integrated using the boundary

condition Cq! , = ng = 0.25 mmol Ly, at . The oxygen transfer rate from gas phase to

aqueous phase is described by:

Do, = (kLa)02 (Co, = C&) [mmol L,," h'] (8)

In the presence of organic solvents, the volumetric mass transfer coefficient, (k a),, , can be

somewhat higher than usual. However, viscous organic solvents such as BEHP may impair
mass transfer efficiency. For the lab-scale reactor used (2 L working volume) and aqueous

medium a maximal (k a), of 1800 h™ was estimated (Schmid, 1997). Here, based on the
modeling of experimental biotransformations, we assumed a (k a),, of 1500 and 1300 h' at

a stirrer speed of 2500 (maximum) and 2000 rpm, respectively. For simplicity, only maximal
stirrer speeds were considered and initial increases from lower stirrer speeds were neglected.

The oxygen consumption rate (7, ) depends on the maximum yields of biomass and
biotransformation product on oxygen Y5 and Y,5, respectively, biomass growth,

maintenance, and the rates of all O, consuming oxidation steps catalyzed by XMO, 71, 7iorg,
2, and r3 (see Biotransformation):
rx I"1+l"10rg+7"2+l"3

rOZ - Ymax + Ymax + moz ' CX [mmOI Laq_l h_l] (9)
X/0, P/O,
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The maximum yield of biotransformation steps on oxygen Y5 = 1 mol mol™ is derived from

the stoichiometry of monooxygenases. The maximum yield of biomass on oxygen Yy , is

derived from the stoichiometry of formation of biomass assuming a composition of

CH, 300 5Ny (Atkinson and Mavituna, 1991):
CH,0 + a-0O; + 0.2'NH; = Y5, “CH13005No2 + (1- Y35 ):CO2 + b-H,0

It can be derived that the coefficients for water and oxygen are b=13-0.9-Y.;. and

a=1.15-12-YJ% . Then, a =¥, o = YX/%W , 50

1

Yo, = 15 [mCmol mmol™'] (10)
'max -1.2
YX/Glc

The oxygen maintenance coefficient, m,, , can be derived from the stoichiometry of glucose

respiration. This leads to:

Mg, [mmol-mCmol ™ -h™'] = m,, [mCmol-mCmol"-h™"] (11)

It must be considered that these stoichiometries are not exactly correct when yeast extract is
present in the feeding solution. Furthermore, uncoupling of O, consumption from
monooxygenation in XMO catalysis and acetic acid formation (see above) may result in an

error in predictions of the oxygen concentration.

Biotransformation

The biotransformation compounds are pseudocumene, 3,4-dimethylbenzyl alcohol (DMB-
alcohol), 3,4-dimethylbenzaldehyde (DMB-aldehyde), and 3,4-dimethylbenzoic acid (DMB-
acid), indexed by the subscripts Ps, Alc, Ald, and Acid, respectively, in the bioconversion
parameters (Fig. 6.1). The reaction rates between these compounds are sequentially 7, 7, and
r3. The biotransformation compounds will be partly in the organic phase. For pseudocumene,
we assume uptake also from the organic phase and release as DMB-alcohol into the aqueous
phase. Thus, r; is split into an apparent rate for pseudocumene uptake from the organic phase
Fiorg and an apparent rate for pseudocumene uptake from the aqueous phase r; (Fig. 6.1B).
Furthermore, a dehydrogenation type back reaction from aldehyde to alcohol is taking place
in E. coli (Chapter 2). Thus, r; is split into 7, (forward reaction) and 7pacx (reverse reaction)

(Fig. 6.1B). The species balances for the aqueous phase are:
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accumulation = transfer rate — flow out + production — consumption

ar-c

TV O~ P GV [mmol h']  (12.1)
% =V @pe = Fompte " Cite V™ (1 + Fpg =1y + ) [mmol bl (12.2)
—d(Vaqd'tC:?d =V @ = Frampre " Cog + V™ (1 = e —75) [mmol h']  (12.3)
A - Cosa) _ V- @i = Frampie - Coia + Vo1 [mmol h']  (12.4)

dr

These equations can be integrated using the boundary conditions C;? =0 at .

Since pseudocumene is volatile, pseudocumene evaporation from the organic phase is

considered. The pseudocumene evaporation rate is described by:

P = Kooy - O [mmol Loy ' h'] (13)

evap evap

The evaporation rate constant for pseudocumene (kevap) calculated from the reactant balances
in the biotransformation experiments amounts to 0.025 h™'. Alternatively, assuming ideal
conditions and that the air flow leaving the reactor is saturated with pseudocumene, the
evaporation rate can be calculated based on the aeration rate, the vapor pressure of pure
pseudocumene, and the mole fraction, at which pseudocumene is present in the organic phase.
The vapor pressure of pure pseudocumene at 25°C is 2.1 mm Hg (http://esc.syrres.com/
interkow/physdemo.htm) and was estimated to be 2.6 mm Hg at 30°C according to the
equation of Clausius-Clapeyron. When a constant aeration rate of 1.5 Lg; min™! Lorg'1 1S
assumed (the experimental aeration rate varied between 1 and 2 Ly; min™ Ly, ), this gives an
estimated evaporation rate constant of 0.0069 h”'. This value is in the same order of
magnitude but about 3 times lower than the experimental k,,,, which can be attributed to the
non-ideal conditions in the gaseous and liquid phases during the biotransformation.

The species balance for pseudocumene in the organic phase is:

accumulation = —transfer rate — flow out — consumption — evaporation

F -1
doe . coe [mmol h™'] (14.1)
(d—fps = Pps — sample C;;g -y rlorg — V.

evap
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org

This can be integrated using the boundary condition C at forg. Analogous equations apply

to DMB-alcohol, DMB-aldehyde, and DMB-acid in the organic phase, but their initial
concentrations will be zero and there will be no consumption and no evaporation (low
volatility).

The transfer rate of the reactants from the organic to the aqueous phase is:

0, = (kya)op, (ipg _ c;Q] [mmol Ly h'] (15)
The subscript a refers to the biotransformation compound considered. The mass transfer
coefficient (kpa)orgaq Was assumed to be the same for all reactants and similar to the oxygen
mass transfer coefficient (1300 — 1500 h™). On a technical scale, a significantly lower
(kLa)org/aq Of 500 h™! was assumed. Such values for (kLa)org/aq are in the same range as reported
for other two-liquid phase processes performed in stirred tank reactors and with similar
reactants, considering the varying power input in the different systems (Cruickshank, et al.,
2000; Willeman, et al., 2002a; Willeman, et al., 2002d). Furthermore, a sensitivity analysis
will be presented for (kra)orgaq- The molar partition coefficients of the reactants between the
organic and aqueous phase, K, , have been determined as described in Chapter 4.

For the rate equations of the biotransformation, two different models are used.

Model 1. The first model involves Michaelis-Menten equations for 71, 7iorg, 72, 72back, and 73,
partly including inhibition terms for the individual reactants. Evidence for such inhibitions
was presented earlier (Chapters 2, 3, and 4). Since these results indicated that the inhibitions
are not purely competitive, rate equations including competitive (equation 16.1) and non

competitive (equation 16.2) inhibitions were formulated and tested.

C™
Qmax,n ' Ka .CX
i - cn [mmol L, h™'] (16.1)
1+ +—2°
Km,a Ki,b,n
c™
qmax,n ' Ka .CX
o= ma [mmol Ly, h™'] (16.2)
cH CcH CM.Cco
I+ —"—+  —

K Ki,b,n Km,a ' Ki,b,n

m,a
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The subscripts a and b mark the parameters for the transformed and the inhibiting compound,
respectively, and n the reaction step considered. In the absence of inhibiting compounds, these
equations become normal Michaelis-Menten equations. The Michaelis-Menten constants Ky,
and the maximal reaction velocities gmax for 7y, 2, and 3 are taken from Chapter 3, where ¢max
was termed Vy.x, assuming that the substrate uptake constants K given in Chapter 3 are
actually Ky, values. For ri4,, a Michaelis-Menten equation including the same gmax as for 7
and a constant specific for substrate uptake directly from the organic phase, Kmpsorg, are
assumed. Whereas 1, r1org, and rpack are supposed to be free of inhibitions by other reactants,
r, is assumed to be non competitively inhibited by pseudocumene (Chapter 3) and
competitively or non competitively by the product DMB-aldehyde. The rate for the third
reaction, 73, is assumed to be non competitively inhibited by pseudocumene and DMB-alcohol
(Chapter 3). The inhibition constants, K, as well as Ko, ps or Were obtained by model fitting.
For 7ypack, @ normal Michaelis-Menten equation was used, neglecting the forward reaction
DMB-alcohol —» DMB-aldehyde in the dehydrogenation equilibrium. This is considered
appropriate since an equilibrium constant of 0.01 was estimated earlier for the dehydrogenase
reaction catalyzed by E. coli (pSPZ3) (Chapter 2). The parameters ¢maxovack = 14 U (g of
CDW)"' = 0.84 mmol (g of CDW)"' h' and Knagpack (FKsadpack) = 0.237 mM were

determined in this study as described in the Materials and Methods section.

Model 2. The second model considers that biotransformation and oxidative phosphorylation,
in which NADH is consumed for energy (ATP) generation, compete for NADH. The rates of
both may be decreased by high overall biotransformation rates causing NADH shortage (Park
and Schmid, unpublished results). In the case of the biotransformation rates, this effect can be
termed “feedback inhibition”. Thus, regarding the biotransformation, we tentatively
introduced such an inhibition into the rate equations of the individual oxygenation reactions
and called it metabolic inhibition. This metabolic inhibition is assumed to be a non
competitive type of inhibition of the XMO catalyzed reactions by the total reaction rate
FPNADH = ¥1 T Fiorg + 72 + Fapack + 73, corresponding to the total biotransformation related
NADH consumption rate. Furthermore, a metabolic inhibition coefficient M; (the same for all

reaction steps) is introduced. Then, e.g., the equation for »; becomes:

Cci
qmax,l ' K B CX
= mPs [mmol Ly, h™'] (17)
Cpl Tonap . Cps * o NabH
l+——+— + :
K M, K ..M.

m,Ps m,Ps i
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Analogous equations apply to 7o, 72, and 73. A potential metabolic inhibition of 7pack, Which
is catalyzed by dehydrogenase(s) of E. coli and not by XMO, would necessitate a different
specific metabolic inhibition constant. For simplicity and because of the low absolute rate of
this reaction, such a potential metabolic inhibition was neglected.

The rates except for .k Will be dependent on the dissolved oxygen concentration. Since
oxygen was not limiting in experimental biotransformations, this dependence is neglected.
Furthermore, it must be considered that, in the beginning of the experimental bioconversions,
full induction of the XMO activity only was reached after 1-2 h. This induction phenomenon
was not included in the model. However, due to the low initial cell (biocatalyst)
concentrations, this had only a minor impact on the bioconversion pattern. The bioconversion
parameters for the simulation of the reaction systems according to model 2 for the rate
equations are summarized in Table 6.2 and discussed in the Modeling and Simulation Results

section.

Simulation procedure
The left hand side of the aforementioned macroscopic balances was transformed into:

—d(V'C):V.d_CJrc.d_V (18)
dr dr dr

Since the volume is known as a function of time according to equations 1, 2.1, or 2.2, dV/dt
can be evaluated. Subsequently, differential equations can be obtained, in which dC/dt is
explicit. As a representative example for all balance equations, the equation for the aqueous

glucose concentration becomes:

dVaq
F-CSE—F, . -CY V™ .y, —CY -~ feed
aq ee aq
dCGlc B Glc sample Glc Glc Glc dt _ N F . (CGlc _ CGlc)
- Glc

dt ye yoa

(19)
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Table 6.2. Bioconversion parameters for the simulation of the reaction systems

according to model 2 for the rate equations.*

Parameter Value Unit
D max.1 21.06 mmol (g of CDW)"' h™!
9 max2 5.58 mmol (g of CDW)" h!
9 max 2back 0.84 mmol (g of CDW)"' h™!
D nax 3 72 mmol (g of CDW)" h’!
K, 5, 0.202 mmol Ly,
K Ate 0.024 mmol L,y
K 1 Atd pack 0.24 mmol Laq'1
K 1 mmol Laq'1
K psore 850-1000 mmol Log'
K b5 0.03 mmol Laq'1
K iz 0.004 mmol Ly,
Kips 0.0002 mmol Ly,
K ares 0.002 mmol Ly,
K evap 0.0069 h!
M i
pH 7.1 1.08 mmol (g of CDW)" h’!
pH 7.4 8.4 mmol (g of CDW)" h’!
K, » 24300 Lag Lorg '
K, A 50 Lag Lorg '
K, aia 906 Lag Lo
K, pcia 0.118 Lag Lorg '
(kL) orgaq
2-Lscale 1300 (1500)" h!
30-L scale 500 h'!

* All inhibition constants apply to non competitive inhibitions except for Kj aiq2, which
applies to a competitive inhibition. The growth parameters used are listed in Table I. CDW:
cell dry weight.

 (kL@)orgaq values at a stirrer speed of 2000 rpm and 2500 rpm (brackets).
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MATERIALS AND METHODS

Bacterial strain, plasmid, and chemicals. E. coli IM101 (supE thi A(lac-proAB) F’[traD36
proAB" lacl? lacZAM15]) (Messing, 1979), an E. coli K-12 derivative, was used as
recombinant host strain. As expression vector, we used the pBR322 derived plasmid pSPZ3
containing the XMO genes xy/MA under the control of the alk regulatory system of P. putida
GPol (Panke, et al., 1999b). The High Pure Plasmid Isolation Kit of Roche Diagnostics
(Mannheim, Germany) was used to prepare plasmid DNA following the supplier’s protocol.
Chemicals were obtained from Fluka (Buchs, Switzerland) (pseudocumene, ~99%; DMB-
acid, ~97%; BEHP, 97%), Aldrich (Buchs, Switzerland) (DMB-alcohol, 99%), Lancaster
(Muehlheim, Germany) (DMB-aldehyde, 97%), and Acros Organics (Geel, Belgium) (n-
octane, > 98.5%).

Media and growth conditions. Bacteria were either grown in Luria-Bertani (LB) broth
(Difco, Detroit, Mich.) or minimal media, MS or RB (Chapter 4). In all cases, the growth
temperature was 30°C. Complex media contained 50 mg L™ kanamycin and 10 g L™ glucose
to avoid indigo formation (Panke, et al., 1999b). Minimal media contained per liter 5 or 7 g
glucose, 10 mg thiamine, 50 mg kanamycin and 1 ml trace element solution US'™, of which
the composition is described in Chapters 3 and 4. Solid media contained 1.5% (wt/vol) agar.
Shaking flask cultures were routinely incubated on horizontal shakers at 200 rpm. The setup
and the procedure of the two-liquid phase biotransformations at different scales and pH as
well as the process analytics have been described in Chapters 3, 4, and 5.

Analysis of metabolites. The quantitative analysis of n-octane, pseudocumene, 3,4-
dimethylbenzyl alcohol, 3,4-dimethylbenzaldehyde and 3,4-dimethylbenzoic acid was
performed via gas chromatography (GC) and high-performance liquid chromatography
(HPLC) as described in Chapters 2 and 3.

Whole-cell assays. Whole-cell assays to study the kinetics and pH dependency of the three
monooxygenation steps catalyzed by XMO included cell growth, induction, resting cell
biotransformations at a 1 ml scale, and sample preparation for GC and HPLC analysis and
were performed as described in Chapter 2 including induction by 0.1% (vol/vol) n-octane and
cell concentrations in the resting cell biotransformations between 0.1 and 1.3 grams of cell
dry weight (CDW) per liter.

In experiments to investigate the pH dependency of the specific activities of E. coli IM101

(pSPZ3), samples of cells were incubated for 5 minutes with 0.5 mM of pseudocumene,
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DMB-alcohol, or DMB-aldehyde in 50 mM potassium phosphate buffer containing 1%
(vol/vol) glucose at different pH, 30°C, and a cell concentration of about 0.5 (g of CDW) L.
The assays were carried out twice independently. Initial specific activities were calculated as
average activities based on the sum of all products formed in five minutes of reaction. One
unit (U) is defined as the activity that forms 1 umol of total products in 1 min. Specific
activity was expressed as activity per g CDW [U - (g CDW)™].

The kinetic parameters ¢max 2back and Km ald.pack (=K a1d.pack) for the dehydrogenase type DMB-
aldehyde reduction to DMB-alcohol catalyzed by E. coli JM101 without plasmid were
determined in reactions carried out for 5 and 10 min with DMB-aldehyde concentrations
ranging from 0.04 to 4 mM and a biocatalyst concentration of 1.28 (g of CDW) L. Specific
activities were calculated based on the amount of DMB-alcohol formed.

The apparent maximal reaction velocities, gmax2, and substrate uptake constants, K ajc, for
DMB-alcohol oxidation at different inhibiting DMB-aldehyde concentrations (0, 0.1, 0.5, and
1 mM) catalyzed by E. coli IM101 (pSPZ3) were determined in reactions carried out for 5
min with DMB-alcohol concentrations ranging from 0.04 to 1 mM and a biocatalyst
concentration of 0.097 (g of CDW) L. Such a low biocatalyst concentration was chosen in
order to minimize the formation of a product mixture and to avoid significant substrate
depletion. Specific activities were calculated based on the amount of products formed.
Apparent gmax2 and K ajc values were calculated using the program Leonora designed to
analyze enzyme kinetic data and described by Cornish-Bowden (Cornish-Bowden, 1995). The
term “apparent” refers to the fact that these kinetic values were determined for whole-cells
and in the presence of varying inhibitor (DMB-aldehyde) concentrations. As in the modeling,
the substrate uptake constants K were assumed to be actually K, values. Apparent inhibition
constants, Kjajg2, were calculated according to the following correlation for competitive
inhibition:

Ciia i
—) [mmol L,q ] (20)

i,Ald,2

*

Km,Alc = Km,A]c ' (1 +

In equation 20, K, ,.. and K, ., represent the apparent K, values at the DMB-aldehyde

concentration C,}, and in the absence of DMB-aldehyde, respectively.

Process simulation. The system of mathematical equations was programmed within Matlab

version 6.1 (The Mathworks, Natick, MA), using the Simulink Block Library version 3.
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RESULTS AND DISCUSSION

In prior studies we demonstrated that recombinant E. coli containing XMO catalyze the
multistep oxygenation of pseudocumene and toluene to corresponding benzylic alcohols,
aldehydes, and acids (Chapter 2). Moreover, we reported that the two-liquid phase concept
allowed the exploitation of the complex kinetics of this multistep oxygenation for the
accumulation of one specific oxidation product from xylenes, e.g., 3,4-dimethylbenzaldehyde
from pseudocumene (Chapters 3 and 4). We now discuss general biotransformation aspects as
a basis for our mathematical model, which describes biotransformation experiments
performed at varying pH, scale, and substrate concentrations and builds on kinetic analyses.
In part, the respective experimental results have been presented earlier (Chapters 3, 4, and 5).
Following that section, we present and discuss the modeling and simulation results for four
representative biotransformations (referred to as biotransformations I, II, III, and IV

throughout this chapter) with characteristic process parameters summarized in Table 6.3.
BASIC CONSIDERATIONS

Solvent-cell mass transfer

Volumetric productivities attained in two-liquid phase systems can be, in contrast to aqueous
single-phase systems, limited by the transport of substrates from an apolar phase to the cells
residing in the aqueous phase. In our system, the maximal pseudocumene solvent-cell transfer

rates amounted to 50 and 44 mmol per liter of aqueous medium per hour on a 2-L scale (at Cx

=17.6 (g of CDW) L™ and C2* = 244 mM) and a 30-L scale (at Cx = 14.3 (g of CDW) L'

and C;.* =255 mM), respectively. The independency on scale and the general dependency on

cell and organic substrate concentrations as well as on pH (Chapters 4 and 5) indicate that a
potential absolute maximum of the volumetric solvent-cell transfer rate for pseudocumene
was not reached. This is in agreement with results obtained by Schmid et al., who investigated
a two-liquid phase system with hexadecene as organic carrier solvent and, e.g., octane as
growth substrate for P. putida GPol (Schmid, et al., 1998c). Despite the very high partition
coefficient of 6.7 - 10° for octane and its very low water solubility of 5 uM, they found octane
solvent-cell transfer rates of up to 30 mmol Laq'1 h™' at growth limiting organic octane

concentrations below 3% (vol/vol). Furthermore, their results suggested that growth was
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Table 6.3. Process characteristics of representative biotransformations.*

Modeling and Simulation

Parameter Unit Biotransformation

I 1’ 1 v’
Initial [pseudocumene]org mmol Lorg'1 315 500 400 355
Working volume Liot 2 2 30 30
pH 7.1 7.4 7.4 7.1-74
Growth rate* h! 035 024 0.25 0.34
Maximal CDW reached (g of CDW) Laq'1 30 18 15.5 20
Final [DMB-aldehyde]or, mmol Lo, 220 330 254 274
Product share in all reactants” % 92 80 76 97
Ma}ximal specific pseudocumene g (g of CDW)'! 27 61 65 51
oxidation rate
Maximal specific DMB- U (g of CDW)'! 16 43 36 30
aldehyde formation rate
Maximal Volumgtrlc DMB- U Laq-l 390 710 440 500
aldehyde formation rate
Average volumetric DMB- U Laq-l 244 416 293 305

aldehyde formation rate

* All experiments were carried out with BEHP as organic carrier solvent and at a phase
ratio of 0.5. Initial pseudocumene concentration, scale, and pH varied. For details see
Chapters 4 and 5. CDW: cell dry weight. Subscripts: org: organic phase; aq: aqueous phase;

tot: total volume.
“ Adapted from Chapter 4.
b Adapted from Chapter 5.
¢ Approximation for the exponential growth phase.
“1In the organic phase at the end of the biotransformation.

kinetically limited by a reduced octane uptake capacity of the cells at low octane

concentrations in the apolar phase (Moser, 1981; Atherton, 1994) and not by an absolute

maximum of the volumetric substrate mass transfer from the organic phase to the cells. Our

results indicate that the same is true for pseudocumene bioconversion by E. coli IM101

(pSPZ3).
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Substrate uptake mechanism

For a reasonable modeling of whole-cell based bioconversions of apolar substrates such as
pseudocumene, the type of substrate uptake mechanism is important. Three different bacterial
uptake mechanisms for apolar hydrocarbons have been described, including uptake from the
aqueous phase, uptake of solubilized substrates, and uptake via direct cellular contact with
organic phase droplets (Schmid, 1997).

Uptake of substrates dissolved in the aqueous phase was reported for n-alkanes with chain
lengths shorter than nonane (Cameotra and Singh, 1990; Schmid, et al., 1998c), cyclic
hydrocarbons (Kdohler, et al., 1994; Sikkema, et al., 1995), and toluene, which is similar to
pseudocumene but less hydrophobic (higher water solubility) (Woodley, et al., 1991).
Different observations indicate that pseudocumene may not exclusively be taken up from the
aqueous phase: The aqueous phase toxicity limit for pseudocumene in a two-liquid phase
system is significantly lower than in an aqueous one-phase system and the product formation
pattern does not only depend on the aqueous substrate concentration (Chapter 4).
Furthermore, experimental pseudocumene oxidation rates at pH 7.1 tended to exceed maximal
theoretical reaction rates calculated using the Lineweaver-Burk equation and aqueous
pseudocumene concentrations derived from the partition coefficient and organic
pseudocumene concentrations (Chapter 4). Note that the kinetic parameters used in the
Lineweaver-Burk equation have been determined in an aqueous single-phase system. In
biotransformations performed at pH 7.4 instead of 7.1, significantly higher bioconversion
rates were achieved (Chapter 5). As shown in Figure 6.2, pseudocumene oxidation rates
measured in such two-liquid phase biotransformations on laboratory (Fig. 6.2A) as well as
technical scale (Fig. 6.2B) clearly exceed the theoretical maxima. Thus, we conclude that
uptake of pseudocumene dissolved in the aqueous phase cannot account for the total
pseudocumene uptake by the cells in the BEHP-based two-liquid phase system.

Hydrocarbon assimilating bacteria are known to excrete surface-active compounds when
grown in two-liquid phase cultures (de Smet, et al., 1983; Desai and Banat, 1997; Schmid, et
al., 1998b). Specific surfactants were reported to be necessary for the efficient uptake of long-
chain alkanes by various Pseudomonas and Candida species (Reddy, et al., 1982; Hardegger,
et al., 1994; Sekelsky and Shreve, 1999; Noordman, et al., 2002). To our knowledge, such a
specific excretion of biosurfactants is not known for E. coli. Nevertheless, solubilizing effects
caused by cell lysis products and/or surface-active outer membrane compounds
(polysaccharides, phospholipids, proteins), which have been observed in growing E. coli

cultures (Hoekstra, et al., 1976; Gankema, et al., 1980), could explain the low aqueous
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Figure 6.2. Comparison of measured reaction velocities of pseudocumene oxidation and
theoretical values corresponding to maximally possible reaction velocities calculated via
Lineweaver-Burk equation and aqueous pseudocumene concentrations derived from the
partition coefficient. Panels A and B show the results for biotransformations II and III
performed at pH 7.4 on a 2-L and a 30-L scale, respectively (Table 6.3). The experimental
two-liquid phase biotransformations are based on E. coli IM101 (pSPZ3) growing in fed-
batch mode as biocatalyst and BEHP as organic carrier solvent present at a phase ratio of 0.5
and containing, beside the substrate pseudocumene, 1% (vol/vol) n-octane for induction.
Addition of the organic phase occurred after 1-1.33 h of fed-batch cultivation (open arrow).
Experimental details have been described in Chapter 5.
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toxicity limit for pseudocumene, the product formation pattern, and the high experimental
pseudocumene oxidation rates in the two-liquid phase system under investigation. However,
aqueous pseudocumene concentrations significantly higher than the theoretical values were
not measured (Chapter 4). Thus, substrate solubilization can be ruled out as major mechanism
for pseudocumene uptake.

Substrate uptake directly from the organic phase via cell-droplet interaction was assumed for
substrates with low water solubilities, e.g., for long chain alkanes (Rosenberg and Rosenberg,
1981; Neufeld, et al., 1983; Goswami and Singh, 1991; Schmid, et al., 1998c), menthyl
acetate (Westgate, et al., 1995), and trichlorophenol (Ascon-Cabrera and Lebeault, 1995). In
our experiments, uptake via cell-droplet interactions would explain the observations that, in
the two-liquid phase system, the cells sense significantly more pseudocumene than present in
the aqueous phase and that the product formation pattern does not directly depend on aqueous
substrate concentrations. Such an uptake mechanism does not depend on mass transfer from
the organic to the aqueous phase and would explain the relatively high pseudocumene
oxidation rates in our experiments.

Thus, we conclude that the product formation rate is dependent on the amount of
pseudocumene present in the organic phase and suggest that pseudocumene uptake occurs at
least in part directly from the organic phase. This was included in the model by introducing
two rates for the first reaction step, one for the reaction in the aqueous phase and one for
pseudocumene uptake from the organic phase and DMB-alcohol release into the aqueous

phase.

pH dependency — metabolic inhibition

The pH significantly influenced the reaction and growth rates as can be seen considering the
process parameters shown in Table 6.3. When the modeling is performed according to model
1 for the rate equations of the biotransformation (equations 16.1 and 16.2; see Modeling
Aspects section), appropriate modeling results for all the different biotransformations
considered can only be obtained by changing the kinetic parameters, thus accelerating the
individual reaction steps at higher pH. Introduction of an influence of the pH on
pseudocumene uptake from the organic phase and on the non competitive inhibitions of
DMB-alcohol oxidation by pseudocumene and DMB-aldehyde delivered acceptable modeling
results (Fig. 6.3). Here, non competitive inhibition by DMB-aldehyde allowed better
simulation results than competitive inhibition. At pH 7.4, the correct prediction of the

biotransformation dynamics at different volumetric scales necessitated further adaptations of
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Figure 6.3. Modeling results concerning the bioconversion in biotransformation IV using
model 1 for the rate equations. Symbols show experimentally measured values and solid
lines the simulated course of reactant concentrations (A) and specific reaction rates (B). Panel
B additionally shows the course of the experimental pH. The experimental two-liquid phase
biotransformation on a technical scale (30 L working volume) included two pH-shifts and was
performed as described for Figure 6.2 and in Chapter 5. The open arrow indicates organic
phase addition. The closed arrow shows the time point of the change of the modeling
parameters as a consequence of the pH shift and according to Table 6.4. The values for all
other modeling parameters concerning bioconversion (except for M;, which is not included in
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model 1 for the rate equations) and growth are listed in Tables 6.2 and 6.1, respectively.
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Table 6.4. Kinetic modeling parameters varied with pH and scale using model 1 for the

rate equations of the bioconversion.*

Parameter Unit Conditions

pH 7.1, both scales pH 7.4, 2-L scale pH 7.4, 30-L scale

K opeorg  mmol Loy ' 4500 2400 1750
K b mmol L, 0.0016 0.012 0.008
Kiye;  mmol Ly 0.045 0.19 0.09

* Both inhibition constants, for pseudocumene and DMB-aldehyde as inhibitors, apply to
non competitive inhibitions of the second reaction step. For the rest of the bioconversion
related modeling parameters except for M;, which is not considered in model 1, the parameters
given in Table 6.2 were applied. The growth parameters used are listed in Table 6.1.

these kinetic parameters. The modeling parameters at varying pH and scale are summarized in
Table 6.4. As an example, the simulation results for the 30-L scale biotransformation IV,
including two pH shifts, are shown in Figure 6.3. At the time point of the second pH shift at
3.22 h of fed-batch cultivation, the parameters indicated in Table 6.4 were changed in one
step being aware of the rather continuous than immediate response to such pH shifts.
Similarly to the non-immediate induction, this inaccuracy was accepted for the modeling and
resulted in a slight overestimation of the reaction rates in the beginning of the
biotransformation. Good predictions of the reactant concentrations and specific reaction rates
were achieved with a slight underestimation of the reaction rates towards the end of the
biotransformation (Fig. 6.3). Good agreements of simulations with the experimental results
also were obtained for all biotransformations presented in Chapters 3, 4, and 5. This supports
the validity of the basic concept of the model formulation. However, it is improbable that pH
and scale simultaneously influence substrate uptake and two inhibitions as assumed for the
modeling based on model 1 for the rate equations.

In order to investigate the pH-dependent variance in specific biocatalyst activity, we
performed short-term resting cell experiments (5 min of reaction) at varying pH:
Exponentially growing cells were harvested, resuspended, and equilibrated in glucose
containing potassium phosphate buffer (as described in the Materials and Methods section).
Except for pH values below 7, these experiments revealed only a small dependence of the

specific rates of the three monooxygenation steps on pH, whereas a significant difference
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Figure 6.4. Comparison of specific DMB-alcohol oxidation rates at varying pH achieved
in short-term (5 minutes) whole-cell activity assays with resting cells and in long-term two-
liquid phase biotransformations with growing cells. Experimental details are described in the
Materials and Methods section.

even between pH 7.1 and 7.4 was observed in long-term biotransformation experiments with
cells growing in fed-batch mode. Figure 6.4 shows this phenomenon for DMB-alcohol
oxidation, which is not substrate limited in two-liquid phase biotransformations. Long-term
stability of specific activities necessitated the use of metabolically active growing cells
allowing efficient NADH regeneration and was achieved by fed-batch cultivation (Chapter 4).
Still, the higher specific activities in short-term resting cell biotransformations as compared to
long-term biotransformations (Fig. 6.4) may be explained by a better availability of the
cofactor due to the minor NADH depletion in only 5 min of reaction and the lack of other
NADH consuming oxidation steps such as pseudocumene oxygenation. Thus, the clear effect
of the pH in long-term biotransformations and the lack of such an effect in short-term
bioconversions points to an influence of the pH on NADH availability in growing cells. In
growing cells, biotransformation and oxidative phosphorylation, in which NADH is

consumed for energy (ATP) generation, compete for NADH. Both may be inhibited by high
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biotransformation rates causing metabolic stress and NADH shortage, especially at high
overall reaction rates (Park and Schmid, unpublished results). The significant effect of the pH
in such biotransformations (Fig. 6.4) may be explained by an influence of the pH on the
competition of XMO and oxidative phosphorylation for NADH. Increasing the pH might
promote the flow of reduction equivalents (NADH) to XMO at the expense of the flow to the
oxidative phosphorylation and thus cause additional stress for the cells and interfere with cell
growth. This is reasonable since the pH influences the proton gradient and thus the
protonmotive force over the cytoplasmic membrane (Slonczewski, et al., 1981; Zilberstein, et
al., 1984) where the enzyme systems competing for NADH, namely XMO and the enzymes
involved in oxidative phosphorylation, are located. In fact, growth is influenced by the higher
biotransformation rate. Biomass yield and growth rate are lower at higher biotransformation
rates (Chapter 5). In order to evaluate such an influence of the pH on the competition for
NADH, we introduced an inhibition of the biooxidation rates by the total NADH consuming
biotransformation activity in model 2 for the rate equations of the biotransformation (equation
17). The extent of this so-called metabolic inhibition was assumed to vary with pH. Such a
“feedback-inhibition” of the biotransformation rates opened the possibility to maintain

K ps.ores Kips,2, and K aiq2 constant at different conditions.

MODELING AND SIMULATION RESULTS

Growth parameters and the biotransformation parameters Kipn, Km ps.org, and M; were fitted to
be as consistent as possible for the different biotransformations including experiments with
and without yeast extract, with varying initial pseudocumene concentrations, at pH 7.1 and
7.4, and on 2- and 30-L scale (Chapters 3, 4, and 5). The simulation results for four
representative biotransformations (Table 6.3) are shown in Figures 6.5 and 6.6 and are
discussed in more detail regarding cell growth, biotransformation pattern, the inhibition of the

second oxidation step by DMB-aldehyde, and organic-aqueous mass transfer.

Cell growth

The main goal of the modeling was to investigate the bioconversion characteristics of a
whole-cell multistep biooxidation in a two liquid-phase system on a theoretical level. The
direct dependence of the volumetric bioconversion rates on biomass (biocatalyst)
concentrations (Chapter 4) necessitates the correct prediction of cell concentrations. Table 6.1

shows a summary of the parameters used to simulate cell growth during the
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biotransformations. As mentioned in the Modeling Aspects section, the presence of yeast
extract as additional source of carbon and energy in the feeding solution was considered by
increasing the yields and decreasing the maintenance requirements, which allowed a
consistent modeling of such biotransformations. Four representative simulations of growth
and glucose concentrations in biotransformations without yeast extract in the feeding solution

are shown in Figure 6.5. The pH influenced the growth behavior. At pH 7.4 as compared to

pH 7.1, Y5, and imax changed to lower and mgi to higher values (Table 6.1). At higher pH,

apparently, more glucose was needed for growth and maintenance. These results are in
accordance with an influence of the pH on the competition for NADH between XMO and
oxidative phosphorylation, favoring NADH flux to XMO at higher pH and causing additional
metabolic stress for the cells, as assumed in model 2 for the rate equations of the
bioconversion.

For the 2-L scale biotransformations at pH 7.1 and 7.4 (Fig. 6.5, A and B, respectively),
exponential as well as glucose-limited growth were well predicted by the model. However,
after about 7 h of fed-batch cultivation and 6 h of biotransformation, cell growth slowed down
and stopped, which was not predicted by the model. Such transitions to the stationary phase
may be caused, in addition to various effects observed in high cell density fed-batch cultures
such as the occurrence of a nondividing cell population and cell lysis (Andersson, et al.,
1996), by metabolic stress due to xy/MA expression, integration of XyIM into the membrane,
formation of reactive oxygen species, consumption of reduction equivalents (NADH) by
XMO, and/or toxic effects of the reactants (Nieboer, et al., 1993; Chen, et al., 1995; Chen, et
al., 1996; Neubauer, et al., 2003; van Beilen, et al., 2003). These yet poorly defined influences
on cell metabolism necessitated switches of um.x (decrease to 0.01-0.03 h'l) and of the
maintenance coefficient (increase to 0.2-0.3 g g’ h™").

On a technical scale of 30 L working volume, glucose was present throughout the

biotransformations (Fig. 6.5, C and D). There, apart from changes of Y. , maic, and fimax due

to pH shifts and transition to the stationary phase, further parameter changes were necessary
to predict correct cell and glucose concentrations. This points to a continuously changing
growth behavior. In order to model cell growth in biotransformation III (Fig. 6.5C), two
switches of umax and mgic were assumed. After 4 h of cultivation, mg. was increased to 0.12 g
g' h! and gma. was lowered to 0.1 h'. The transition to the stationary phase, in which a
significant reduction of the cell concentration occurred, was considered by decreasing gimax to

a negative value (-0.04 h™") and increasing mg. to 0.31 g g’ h”'. For biotransformation
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Figure 6.5. Simulation of growth and glucose concentrations during biotransformations I
(A), I (B), III (C), and IV (D). Simulated cell and glucose concentrations did not substantially
differ if model 1 or 2 for the rate equations of the bioconversion were used. Symbols show
experimentally measured and solid lines simulated values. The experimental two-liquid phase
biotransformations were performed as described for Figure 6.2 and in Chapters 4 and 5. Open
arrows indicate organic phase addition. The closed arrow in panel D shows the time point of
the change of the modeling parameters as a consequence of the pH shifts in biotransformation
IV. Growth and bioconversion parameters used for the simulations are shown in Tables 6.1
and 6.2, respectively.
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IV (Fig 6.5D), after 3.22 h of fed-batch cultivation (shift to pH 7.4), Y., Mcic, and fimax

were changed to 0.33 g g, 0.04 g g’ h', and 0.2 h™', respectively. After 4.7 h of cultivation,
mgie was increased to 0.15 g g'1 h! and Umax Was lowered to 0.067 ht. Finally, the transition to

the stationary phase was considered by decreasing ymax to 0 h™' and increasing mgic to 0.28 g
g h'. The generally lower fimay and Yya. at pH 7.4 on technical scale as compared to pH 7.4

on laboratory-scale may be explained by the higher acetic acid formation rate, which may be
due to the presence of glucose throughout the biotransformations, resulting in growth

inhibition and less efficient glucose utilization (Aristidou, et al., 1999). Furthermore, also

initial umax and Yyl were slightly lower at technical scale as compared to laboratory-scale

(Table 6.1), which can be explained by a glucose gradient formation lowering cell yield and
increasing acetic acid formation (Neubauer, et al., 1995; Bylund, et al., 1998).

As mentioned in the Modeling Aspects section, only loose predictions of the oxygen
concentration are possible due to the unknown interrelationship between recombinant
oxygenase production, bioconversion, and metabolic stress. However, qualitatively, the
predicted dissolved oxygen concentration kinetics correlate with the measured dissolved
oxygen tension kinetics, when we consider that the discontinuous changes of the growth
parameters in the model actually are continuous dynamic changes (results not shown).
Quantitatively, the predicted oxygen concentrations at pH 7.4 and 7.1 tended to be too low
and slightly too high, respectively, when compared with the measured oxygen tensions. At
technical scale and pH 7.4 (biotransformation III) for instance, oxygen limitation could be
prevented without oxygen admixture to the air stream. At the maximal power input of 5 W L

on this scale, a (k_a), in the order of 300-500 h™' would be expected (Schmid, 1997).

However, a value of 1300 h™' had to be chosen in order to prevent oxygen limitation in the
simulation of biotransformation III and IV. In biotransformation IV with an initial pH of 7.1
followed by pH shifts, oxygen admixture was necessary to prevent oxygen limitation as

predicted by the model including a (k a),, in the order of 300-500 h'. These results again

point to a significant influence of the pH on cell metabolism during biotransformation.

The modeling of cell growth necessitates yet undefined adaptations of growth parameters. It is
thus still suboptimal and needs improvement in order to be applied for optimizing the growth
conditions. Nevertheless, it meets the preliminary goal, the adequate simulation of biocatalyst
concentrations, and allows the conclusion that biotransformation and pH have an impact on

cell metabolism and thus growth.
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Product formation pattern and biotransformation rates

Figure 6.6 shows the simulations of pseudocumene bioconversion in biotransformations I —
IV according to model 2 for the rate equations. The bioconversion parameters used for the
simulations are given in Table 6.2 and allowed appropriate predictions of the
biotransformation rates at pH 7.1 and 7.4 using a single set of kinetic parameters. The only
parameter, which was changed with pH, was the metabolic inhibition coefficient A
introduced in model 2 for the rate equations (equation 17).

With an M; of 18 U (g of CDW) ™" = 1.08 mmol (g of CDW) " h™' for biotransformation I at pH
7.1, reactant concentrations as well as biotransformation rates were simulated well with a
minor deviation at the beginning due to the neglect of induction kinetics (Fig. 6.6, A and E).
At pH 7.4, a significantly higher M; of 140 U (g of CDW)"' = 8.4 mmol (g of CDW)" h’!
resulted in good simulation results. For biotransformation II (Fig. 6.6, B and F), the transient
DMB-alcohol accumulation was somewhat overestimated, which involved an underestimation
of the specific DMB-alcohol oxidation rate. Towards the end of this biotransformation and of
biotransformation III (Fig. 6.6, C and G), in which the transient DMB-alcohol accumulation
was well predicted, the experimental reaction rates fell below the simulated rates, which may
be due to the low metabolic activity of stationary-phase cells and thus to an impaired NADH
regeneration. Such an increased loss of viability at pH 7.4 is affirmed by the higher impact of
bioconversion on growth as discussed above and by the decreasing cell concentrations at the
end of, e.g., biotransformation III (Fig. 6.5C). Thus, the reduced NADH regeneration capacity
in the stationary phase as the transition to the stationary phase might be a consequence of the
stress associated with the production and presence of heterologous proteins, especially of
active membrane associated monooxygenases (Nieboer, et al., 1993; Chen, et al., 1995; Chen,
et al., 1996; Neubauer, et al., 2003; van Beilen, et al., 2003) and with the high
biotransformation rates causing high level production of toxic compounds and NADH
shortage (Park and Schmid, unpublished results). As a consequence, a high pH as compared
to a low pH seems to have a beneficial as well as an unfavorable effect on biotransformation
efficiency. The beneficial effect is that higher specific activities of the biocatalyst can be
reached during fed-batch growth. The adverse effect is the more pronounced stress for the
host cells and the concomitant reduction of viability, which leads to lower biocatalyst

concentrations and an earlier loss of biocatalyst activity.



182

Chapter 6

16

A

Simulated concentrations

) [}

23

£SO
2 035
323

e FFF
SomaA
2==2=
- alalal
oem4

14

12

10

350

T T T
j=d =3 S
S v v
(@] —
[IWw] uoneyuaduo)

250 1
100 1

T
=
(=
on

j=d
S
(@l
[IWw] uoneypudduo)

T
=
(=]
—

400 -
300 -

T

[l
S
v

400

T
=
(=]

[INw] uwoneryuaduo)

T T T

T T T
) jd [l
S S (=)
on N —

[INw] uopenuddu0)

Cultivation Time [h]



Specific Reaction Rates [U (g of CDW)™'|

Specific Reaction Rates [U (g of CDW)]

183

O First reaction step
A Second reaction step

¢ Third reaction step
Simulated reaction rates

6 8 10
Cultivation Time [h]

Modeling and Simulation




Chapter 6 184

Figure 6.6. Simulation results concerning the bioconversion in biotransformations I (A, E),
II (B, F), III (C, G), and IV (D, H). Symbols show experimentally measured values and solid
lines the simulated course of reactant concentrations (A, B, C, D) and specific reaction rates
(E, F, G, H). Panel H additionally shows the course of the experimental pH in
biotransformation I'V. The experimental two-liquid phase biotransformations were performed
as described for Figure 2 and in Chapters 4 and 5. Open arrows indicate organic phase
addition. Closed arrows indicate the change of the modeling parameters as a consequence of
the pH shifts. Growth and bioconversion parameters used for the simulations are shown in
Tables 6.1 and 6.2, respectively.

However, as indicated by biotransformation IV, the regulation of the pH during the process
may allow profiting from beneficial effects while minimizing unfavorable effects. A single
change of M; after 3.22 h resulted in appropriate simulation of reactant concentrations and
specific reaction rates in biotransformation IV (Fig. 6.6, D and H), although the response to
the pH shifts is expected to be rather continuous than immediate. As compared to the
simulation using model 1 for the rate equations (Fig. 6.3), the predicted course of the specific
reaction rates was more accurate. Combined with the use of a single set of bioconversion
parameters except for M;, this demonstrates the superiority of model 2 over model 1 for the
rate equations and supports a potential influence of the pH on the competition for NADH
between XMO and the respiratory chain. This competition may be influenced by a pH-
dependent variation of expression level, stability, or activity of XMO or of the enzymes
involved in oxidative phosphorylation. A pH-dependency of XMO activity can be ruled out
since the pH did not significantly influence the specific rate of DMB-alcohol oxidation in
activity assays (Fig. 6.4) and since a pH optimum of 7 has been reported for partly purified
XMO (Shaw and Harayama, 1995). A pH dependence of the expression level of NADH-
dependent metabolic enzymes has been reported (Stancik, et al., 2002). However, the exact
nature of the effect of the pH on biotransformation and cell growth remains to be investigated.
This might lead to an improved model especially concerning cell growth. The high accuracy
of the simulation results presented here illustrates the potential of the model for future process

optimization.

Inhibition of DMB-alcohol oxidation by DMB-aldehyde
All inhibitions exerted by pseudocumene and DMB-alcohol have been described in earlier
studies (Chapters 2, 3, and 4). Here, reasonable simulation of DMB-alcohol oxidation

necessitated the introduction of an additional inhibition by DMB-aldehyde into the model.
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When model 1 for the rate equations was used for simulation, the best results were obtained
by assuming a non competitive inhibition of the second reaction step by its product. In
contrast, model 2 for the rate equations indicated a competitive type of inhibition. In order to
prove the existence of such an inhibition and to gain insight in its characteristics, we
experimentally analyzed the kinetics of the second oxygenation step in detail. We determined
apparent maximal reaction velocities (gmax2) and substrate uptake constants (Ksaic) for E. coli
JM101 (pSPZ3) at various initial DMB-aldehyde concentrations (Table 6.5). At all inhibitor
concentrations, the cells showed Michaelis-Menten-like kinetics for DMB-aldehyde formation
from DMB-alcohol. The corresponding Lineweaver-Burk plots are shown in Figure 6.7. The
curves fitted according to the weighted parameters gmax2 and K; aic tend to intersect next to the
y axis as expected from the low variance of the apparent gmax» and the high variance of the
apparent K a1c with inhibitor concentration (Table 6.5). This points to a competitive inhibition
of the second step by its product as suggested by model 2 for the rate equations. However,
mixed type inhibition with a strong contribution of competitive inhibition cannot completely
be ruled out.

The apparent K 142 values given in Table 6.5 were calculated according to equation 20 (see
Materials and Methods) assuming competitive inhibition and normalizing ¢max2 at 93 U (g of
CDW)"! = 5.58 mmol (g of CDW)™' h'. The variance of the apparent K a1a2 with inhibitor
concentrations may be due to various additional factors determining the kinetics of whole-cell
biocatalysts as compared to isolated enzymes such as membrane permeability and cofactor
availability. For the oxygenation of DMB-aldehyde to DMB-acid by E. coli IM101 (pSPZ3),
we could not identify Michaelis-Menten like kinetics (Chapter 3). In further analyses, we
observed a rather sigmoid than hyperbolic dependence of the reaction rate on the DMB-
aldehyde concentration (results not shown) suggesting allosteric effects caused by DMB-
aldehyde. Such effects might also influence DMB-alcohol oxidation thus partially overriding
the inhibition by DMB-aldehyde at high DMB-aldehyde concentrations. Moreover, the kinetic
analyses in aqueous single-phase systems showed that, at concentrations above the water
solubility of DMB-aldehyde, increasing aldehyde amounts still caused increasing reaction
rates, suggesting direct aldehyde uptake from organic-phase droplets (Chapter 3). Such
interactions of DMB-aldehyde in the organic BEHP phase with the cells in the aqueous phase
might explain the difference between the apparent inhibition constants determined in an

aqueous single-phase system (Table 6.5) and the value for Kja2 (4 uM) obtained by
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Table 6.5. Apparent’ ¢max2, Ksaieo and Kiaaz values of E. coli JM101 (pSPZ3) for the

second reaction step determined at different inhibitor (DMB-aldehyde) concentrations.

DMB-aldehyde concentration ~ Apparent” gmax2 Apparent’ Koo Apparent” Kiaia2”

[pmol Laq'l] [U (g of CDW)"] [pmol Laq'l] [pmol Laq'l]
0 93+3 24+ 3
100 884 51+8 84
500 90+2 83+3 195
1000 74 + 12 124 + 36 171

CDW: cell dry weight.

“ The term “apparent” refers to the fact that these kinetic values were determined for
whole-cells and in the presence of varying inhibitor (DMB-aldehyde) concentrations.

b Apparent K a1q2 values were calculated according to equation 20 assuming competitive
inhibition and normalizing gmax» at 93 U (g of CDW)! (see Materials and Methods).
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Figure 6.7. Lineweaver-Burk plots for DMB-alcohol oxidation catalyzed by E. coli
JM101 (pSPZ3) in the absence and in the presence of varying initial amounts of the
product DMB-aldehyde. Whole-cell assays to determine weighted apparent gmax2 and K aic
values were performed as described in the Materials and Methods section.
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parameter fitting using the model for the two-liquid phase process. Such a direct uptake of
DMB-aldehyde from the BEHP phase would influence the bioconversions of DMB-aldehyde,
especially its reduction to DMB-alcohol by E. coli dehydrogenases.

However, the experimental analysis of the kinetics of the second reaction step confirmed the
inhibition by DMB-aldehyde predicted by the model. Model 2 for the rate equations even

predicted a competitive type of inhibition, for which clear experimental evidence was found.

Organic-Aqueous Mass Transfer

The mass transfer coefficient for the interexchange of reactants between the aqueous and the
organic phase, (kLa)org/aq, Was estimated to be 1300-1500 h' on laboratory-scale (2 L) and 500
h™' on technical scale (30 L) (see modeling aspects). In order to examine the influence of
(kLa)org/aq and of organic-aqueous mass transfer in general on the biotransformation pattern,
we performed a sensitivity analysis for (kLa)orgaq- Panels A and B of Figure 6.8 show the
simulation results for biotransformation I (2-L scale, pH 7.1), for which a (kLa)org/aq value of
1500 h™' has been used for the simulation shown in Panels A and E of Figure 6.6. Increasing
this value had only a minor impact on biotransformation pattern and rates, which also applies
to a decrease down to 500 h™'. Below, the simulated DMB-aldehyde accumulation is
somewhat slower and the transient DMB-alcohol accumulation higher, which is due to a
lower reaction rate for the second step.

The same was found for biotransformation IV on a 30-L scale including pH shifts (Fig. 6.8, C
and D). Here, a (k1@)org/aq Of 500 h™! has been used for the simulation shown in Panels D and
H of Figure 6.6. The relatively low sensitivity of the first oxidation step to (kLa)org/aq can be
ascribed to the contribution of direct pseudocumene uptake from the organic phase to the total
substrate uptake. It cannot be excluded that such direct uptake also occurs for DMB-alcohol
and DMB-aldehyde (see above). However, for these reactants the contribution of direct
uptake would be low in the biotransformation system under investigation since their aqueous
concentrations are considerably higher as compared to pseudocumene. This and the
inhibitions of their oxygenations by other reactants, which in turn may also be influenced by
direct interactions between cells and solvent droplets, hinder the identification of a potential
direct uptake from the organic phase.

A modeling approach was also used to describe the interfacial mode of activity of
hydroxynitrile lyase in a diisopropyl ether / aqueous buffer two-liquid phase system (Pereira,
et al., 2002). This system was reported to show a linear dependence of the reaction rate on

interfacial area and enzyme activity exclusively at the interface (Hickel, et al., 1999). The
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Figure 6.8. Sensitivity analyses for the organic-aqueous mass transfer coefficient
(kL@)orgiaq- The effect of varying (kLa)orgaq between 200 and 10000 h™' on the course of the
reactant concentrations (A, C) and of the specific reaction rates (B, D) is shown for
biotransformations I (A, B) and IV (C, D). Model 2 for the rate equations including metabolic
inhibition was used for the simulation of the bioconversion. Open arrows indicate organic
phase addition. Closed arrows indicate the switch of the modeling parameters as a
consequence of the pH shifts in biotransformation IV. Except for (kLa)org/aq, the growth and
bioconversion parameters shown in Tables 6.1 and 6.2 were used for the simulations.

model proposed a two-layer adsorption mechanism at the interface with a first layer consisting
of unfolded enzymes with lower activity and a second layer consisting of native enzymes
(Pereira, et al., 2002). Gerrits et al. exploited mass transfer limitation in a similar system with
methyl fert-butyl ether as organic solvent to enhance the enantiomeric excess in the
hydroxynitrile lyase based synthesis of chiral cyanohydrins (Gerrits, et al., 2001a; Gerrits, et
al., 2001b). However, such a process for the production of (R)-mandelonitrile from
benzaldehyde and hydrogen cyanide was consistently modeled without considering enzyme
activity at the interface but assuming the reaction to occur in the bulk of the aqueous phase
and by modeling substrate mass transfer from the organic to the aqueous phase (Willeman, et
al., 2000; Willeman, et al., 2002a). A comparative evaluation of the mass transfer model and
the adsorbed enzyme model showed that the two mechanisms often have qualitatively similar
consequences and suggested that both models may be valid simultaneously (Straathof, 2003).
Further developed versions of the mass transfer model, which is similar to the model
developed in this study, facilitated reaction temperature optimization (Willeman, et al.,
2002d) and allowed to compare batch, fed-batch, and continuous modes of operation
(Willeman, et al., 2002c). Modeling indicated that continuous operation is not feasible and
that the choice between batch and fed-batch operation depends on reactor and enzyme costs. It
also facilitated the development of a process for the production of (R)-4-
hydroxymandelonitrile from 4-hydroxybenzaldehyde and hydrogen cyanide (Willeman, et al.,
2002b). Cruickshank et al. (2000) modeled phenol degradation by P. putida in a 2-
undecanone based aqueous-organic two-liquid phase system and identified oxygen mass
transfer as the main factor restricting the amount of phenol degradation over time, whereas
phenol mass transfer was not limiting. This process model was used to optimize the phenol

feeding strategy and included a cell entrainment factor in order to simulate the loss of active
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cells to the organic phase and due to biofilm formation in the form of foam and wall growth
(Collins and Daugulis, 1997).

In the process investigated in this study, we observed no significant cell loss, no cell-
adsorption to the interphase (results not shown), and no significant dependence of the specific
reaction rates on power input (scale) (Chapter 5). The developed model considers the
reactions to occur in the bulk of the aqueous phase and additionally assumes direct
pseudocumene uptake from the organic phase via collisions of cells and solvent droplets. The
poor impact of the (kra)orgaq On Overall process performance indicates that, also on a technical
scale, substrate-cell transfer is efficient and that, at the actual state of the process, other
factors primarily affect the productivity of the whole-cell based two-liquid phase
biotransformation of pseudocumene to DMB-aldehyde. Such factors may include intrinsic
enzyme activity, enzyme stability, oxygen supply, and cofactor regeneration capacity, which
is linked to cell viability. Studies on octane mass transfer in two-liquid phase cultures of P.
putida GPol growing on octane contained in hexadecene as organic carrier solvent suggested
that high solvent-cell transfer rates may also be achievable in biocatalytic two-liquid phase
processes using recombinant strains for the production of a specific metabolic pathway
intermediate, which is not further degraded (Schmid, et al., 1998a; Schmid, et al., 1998c).
Together with the effective production of (S)-styrene oxide on pilot-scale by E. coli
containing a recombinant styrene monooxygenase (Panke, et al., 2002), the efficient solvent-

cell transfer attained for DMB-aldehyde production confirms this assessment.

CONCLUSIONS

A process model has been developed to describe the multistep bioconversion of
pseudocumene to DMB-aldehyde in a BEHP-based two-liquid phase system catalyzed by
recombinant E. coli containing XMO and growing in fed-batch mode. The correlation
between simulation and experimental results of biotransformations at varying conditions was
high with respect to the course of the reactant concentrations and satisfying with respect to
specific reaction rates. Simulation of cell growth meets the main goal to predict the
biocatalyst concentration. However, the variation of the growth parameters during
biotransformation is suboptimal, but allows the conclusion that bioconversion and pH have an

impact on cell growth.
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A comparison of the kinetics of the multistep oxygenation of pseudocumene in the aqueous
single-phase system with the kinetics in the two-liquid phase system and process simulation
indicated the occurrence of pseudocumene uptake directly from the organic phase. An
increase of the pH from 7.1 to 7.4 has been found to increase biocatalyst activity at the
expense of cell growth (Chapter 5) pointing to a pH-influenced competition for NADH
between XMO and the respiratory chain. The introduction of a pH-dependent feedback
inhibition of the NADH consuming bioconversions allowed good simulations of the multistep
biooxidation of pseudocumene in experiments performed at varying pH, scale, and initial
substrate concentration. This supported the assumed intracellular NADH shortage and the
consequential pH-influenced competition for NADH. Furthermore, the modeling indicated
competitive inhibition of the second oxidation step by DMB-aldehyde, which could be
confirmed experimentally. A sensitivity analysis for (kra)orgaq indicated that the organic-
aqueous mass transfer does not affect the overall productivity of the process under the
conditions applied and emphasized the efficient substrate-cell transfer in the BEHP-based
two-liquid phase system.

The described model represents a first step towards the complete modeling of this
biotransformation process. Ongoing research concentrates on the investigation of the
interrelationship between bioconversion, cell growth, and acetic acid formation and thus is
supposed to enable a more detailed modeling of bioconversion and especially of cell growth,
also including acetic acid formation. The successful simulations presented in this study
illustrate the potential of the model for future characterization and optimization of the present
process and especially analogous processes using the same catalyst and concept for the
production of different oxidation products. The model and results of this study will also
provide valuable theoretical background for other two-liquid phase biooxidation processes

based on growing cells.

NOMENCLATURE
CH concentration in aqueous phase [mmol Ly,"']
Cr® concentration in organic phase [mmol Lorg'l]

Ce. . . . -1
Co initial concentration in organic phase [mmol L ]
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(Ohe inhibitor concentration in aqueous phase [mmol Laq'l]
Ca glucose concentration in aqueous phase [g Laq'l]

Céleo initial glucose concentration in aqueous phase [g Lag ']
C e glucose concentration in feeding solution [g Lceq™ ]
Co oxygen concentration in aqueous phase [mmol Laq'l]

aq . . e e -1
Co o =C,, aqueous oxygen concentration in equilibrium [mmol Laq ]

Cy biomass concentration [(g of CDW) Laq'1 or mCmol Laq'l]
Cxo initial biomass concentration [(g of CDW) Laq'l]
F aqueous glucose feed flow [Lieq h™']

sample flow [L h™']

sample
K..(=K,,) Michaelis (substrate uptake) constant for oxygenation of compound a
[mmol Laq'l]

K Michaelis constant for pseudocumene uptake from organic phase [mmol Lorg'l]

m,Ps,org

K, Atapack Michaelis constant for back reaction (dehydrogenation) of DMB-aldehyde to

DMB-alcohol [mmol Laq-l]

K. At Michaelis constant for DMB-alcohol oxygenation in the presence of inhibiting
DMB-aldehyde [mmol Laq'l]

Ky inhibition constant for compound b and reaction n [mmol Laq'l]

K., partition coefficient for compound a [Laq Lorg'l]

K, . Saturation (Monod) constant for glucose [g Lag ']

Ko, Saturation (Monod) constant for oxygen [mmol Laq'l]

K evap evaporation rate constant for pseudocumene [h™']

(k@) orgraq organic-aqueous mass transfer coefficient [h™']

(kLa)O2 gas-aqueous mass transfer coefficient for oxygen [h™']

M. metabolic inhibition coefficient [mmol (g of CDW) "' h™]

M. maintenance coefficient for glucose

[ (g of CDW) " h™! or mCmol mCmol™ h™']

maintenance coefficient for oxygen [mmol (mCmol biomass)”’ h]
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9 maxn maximal rate for reaction n [mmol (g of CDW) ™" h™']

r, reaction rate for step n [mmol Laq'l h']

Fovap pseudocumene evaporation rate [mmol Lo h™']

¥ NADH total NADH coupled bioconversion rate [mmol Laq'1 h]

T61e glucose consumption rate [g Laq'1 h']

Yo, oxygen consumption rate [mmol Laq'l h']

Ty biomass formation rate [(g of CDW) Laq'1 h']

t time [h]

t start of fed-batch cultivation [h]

 org time of organic phase addition [h]

y aqueous phase volume [L,q]

Ve organic phase volume [L,]

4% aqueous phase volume at #; [Lag]

vy organic phase volume at 7, [Lor]

Yo maximal yield of reaction steps on glucose [mmol mCmol™]
Yoo, maximal yield of reaction steps on oxygen [mmol mmol™']

) S maximal yield of biomass on glucose [(g of CDW) g”' or mCmol mCmol™]
Yo, maximal yield of biomass on oxygen [mCmol mmol™']

Yo, /61e glucose dependent oxygen demand [mmol mCmol™]

®, organic-aqueous transfer rate of compound a [mmol Laq'1 h']
Po, oxygen transfer rate [mmol Laq'1 h']

7. maximum specific growth rate [h™']

Compounds a and b (inhibiting)

Ps pseudocumene
Alc 3.,4-dimethylbenzyl alcohol
Ald 3,4-dimethylbenzaldehyde

Acid 3,4-dimethylbenzoic acid
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Reaction step n

1 Ps — Alc

lorg Ps — Alc (Ps uptake from organic phase)
2 Alc — Ald

2back Ald — Alc

3 Ald — Acid

Modeling and Simulation
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CHAPTER 7

CONCLUSIONS AND OUTLOOK

Bruno Biihler
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7.1. MULTISTEP OXYGENATION CATALYZED BY XYLENE MONOOXYGENASE —

BIOLOGICAL AND PRACTICAL IMPLICATIONS

As pointed out in Chapter 1 (section 1.4.2.3), oxygenases often catalyze multiple oxidations.
This is a drawback in oxygenase-based biocatalysis when the product of the first oxygenation
step, e.g., an alcohol, is the desired product. However, such an activity can also be beneficial,
when the multistep oxidation can be controlled and thus allows the accumulation of a desired
overoxidized product such as an aldehyde, ketone, or acid. With a focus on the application of
enzymes of the upper xylene degradation pathway of P. putida mt-2 for the specific oxidation
of xylenes to corresponding aldehydes, we investigated the potential of xylene
monooxygenase (XMO) to catalyze multistep oxidations. Recombinant E. coli expressing the
monooxygenase genes xy/M and xylA were found to catalyze the consecutive oxidation of
toluene and pseudocumene to corresponding alcohols, aldehydes, and acids (Chapter 2). For
all three steps, the incorporation of one atom of molecular oxygen was demonstrated.

The second enzyme of the xylene degradation pathway, benzyl alcohol dehydrogenase (XyIB)
catalyzes a reaction with the thermodynamic equilibrium on the side of the benzyl alcohols
and thus was found to lower benzaldehyde formation rates and to cause back formation of
benzyl alcohols from benzaldehydes in recombinant E. coli. Consequently, the presence of
XylB in a biocatalyst based on recombinant E. coli is not suitable for the biocatalytic
production of benzaldehydes and a strategy based on E. coli containing only XMO was
chosen.

In the wildtype, XylB may have two functions. It may prevent the intracellular accumulation
of particularly reactive benzaldehydes. Moreover, in the case of high fluxes through the
degradation pathways and low aldehyde concentrations, XylB may contribute to
benzaldehyde formation via the NADH-producing and thus energetically more favorable
dehydrogenation of benzyl alcohols. As described in Chapter 3, the multistep oxygenation
catalyzed by xyIMA expressing recombinant E. coli exhibits complex kinetics. Pseudocumene
and toluene were shown to inhibit XMO-catalyzed alcohol and aldehyde oxygenations and
corresponding alcohols were shown to inhibit XMO-catalyzed aldehyde oxygenations. At
relatively high xylene concentrations, these inhibitions may promote aldehyde and acid
formation via the energetically favorable dehydrogenations in the wildtype. The arrangement
of NADH and substrate oxidation activities on two separate protein subunits may decelerate

electron transfer and was proposed to minimize overoxidation (van Beilen, et al., 2003). Thus,
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this may be another biological strategy to optimize the energetics of xylene degradation in the
wildtype. Further studies including metabolic flux analysis are necessary to evaluate the exact
role of the dual capability for alcohol and aldehyde oxidation during growth of P. putida mt-2

on xylenes.

7.2. PROCESS DEVELOPMENT FOR OXYGENASE CATALYSIS

The exploitation of the complex kinetics of the multistep reaction catalyzed by XMO for the
specific accumulation of one oxidation product is discussed in Chapter 3 and was
implemented for the production of 3,4-dimethylbenzaldehyde from pseudocumene as
described in Chapter 4. A two-liquid phase system based on bis(2-ethylhexyl)phthalate as
organic carrier solvent allowed to direct the multistep oxygenation of pseudocumene to the
exclusive production of 3.4-dimethylbenzaldehyde. Process data of representative
biotransformations at varying pH, scale, and initial pseudocumene concentration and with two
different growth substrates are given in Table 7.1. Various issues generally associated with
oxygenase- and/or multistep catalysis were addressed during process development and are

summarized below.

7.2.1. PRODUCT DEGRADATION AND BIOCATALYST ACTIVITY - APPROACH: RECOMBINANT
WHOLE-CELL BIOCATALYSIS

Aromatic aldehydes are further metabolized in Pseudomonas strains, also in the absence of
the benzaldehyde dehydrogenase (XylC) of the xylene degradation pathway. Such product
degradation was efficiently prevented by the use of E. coli as recombinant host strain.
Recombinant whole cells of E. coli IM101 allowed the efficient and stable expression of
membrane bound XMO to specific oxygenation activities up to 252 U (g of CDW)™ in short-
time activity assays based on resting cells (kinetic analyses, Chapter 3) and up to 100 U (g of
CDW)™"' under process conditions considering that a two-step oxygenation was catalyzed
(Table 7.1, Chapter 5). Thus, the 100 U (g of CDW)™' reached on a laboratory as well as on a
technical scale represent the respective sum of the two specific reaction rates for the two-step
oxygenation of pseudocumene to 3,4-dimethylbenzyl alcohol and further to 3,4-
dimethylbenzaldehyde. The expression system based on the alk regulatory system of P. putida
GPol and present on plasmid pSPZ3, which has been constructed by Panke et al. (1999),

proved to be very effective, also with respect to genetic stability. The plasmid as well as
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biocatalyst activity remained stable for 11 generations without selection pressure during two
successive biotransformations, thus enabling the elimination of antibiotics from the
bioprocess, which is useful from an economical and ecological point of view (Chapter 4).
These results and the high volumetric activities during the process (Table 7.1) illustrate that
reasonable oxygenation rates can be reached by recombinant whole-cell biocatalysis. This

strategy also efficiently prevented product degradation.

7.2.2. BIOCATALYST STABILITY AND COFACTOR REGENERATION - APPROACH: FED-BATCH
CULTIVATION

High and stable productivities (Table 7.1) were reached by employing growing cells with a
high metabolic activity providing enough energy for efficient cofactor regeneration and
oxygenase synthesis. Cells were cultivated in fed-batch mode in a minimal medium optimized
for E. coli (Riesenberg, et al., 1991) and xy/MA expression. The medium contained glucose as
the preferred carbon and energy source and high iron concentrations to support high and
stable expression levels of the nonheme diiron enzyme XMO (Chapter 4). In the stationary
phase, when metabolic activity and viability of the cells decreased, biocatalyst activities
declined independently from the reactant concentrations.

The pH was found to have a significant effect on cell growth and specific biocatalyst activity
(Table 7.1, Chapter 5). Increasing the pH from 7.1 to 7.4 caused a doubling of the specific
biocatalyst activity and lowered the cell growth rate, the biomass yield on glucose, and the
maximal cell (biocatalyst) concentration reached. The higher biocatalyst activity, obtained at
the expense of cell growth, points to an intracellular NADH shortage leading to a pH-
influenced competition for NADH between XMO and the respiratory chain. Chapter 6
describes the development of a mathematical model to further characterize and improve the
process. Here, the introduction of a pH-dependent feedback inhibition of the NADH
consuming bioconversions allowed good simulations of biotransformation experiments
performed at varying pH, scale, and initial substrate concentration. This supported the
assumed effect of intracellular NADH shortage and the pH-influenced competition for
NADH.

Clearly, the results presented in this study show that the catalytic performance of oxygenase-
based whole-cell biooxidation processes depends on the physiological state of the cells and
that this catalytic performance can significantly be improved by both biocatalyst as well as

biochemical process engineering.
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Further investigation of the interrelationship between bioconversion, cell growth, and acetic
acid formation is necessary. This and a more detailed process model may help in developing
strategies towards a more efficient use of the cell machinery for oxygenase-based biocatalysis.
Furthermore, uncoupling of oxygenase activity from cell growth would be of great interest.
This would reduce oxygen and energy source requirements during the biotransformation and

prevent the formation of biomass as “byproduct”.

7.2.3. TOXICITY AND LOW SOLUBILITY OF THE REACTANTS AND MULTISTEP BIOCATALYSIS
- APPROACH: TWO-LIQUID PHASE CONCEPT

Hydrocarbons and their oxidized products are often poorly water-soluble and toxic or
inhibitory for the biocatalyst. In situ product removal, as described in section 1.4.4. of
Chapter 1, is commonly used to overcome these hurdles.

In fact, the sparingly water-soluble substrate pseudocumene and its oxidation products are
highly toxic for the biocatalyst E. coli IM101 (pSPZ3) as determined in Chapter 3. The use of
a two-liquid phase system with bis(2-ethylhexyl)phthalate as organic carrier solvent afforded
the addition of pseudocumene to high overall concentrations and efficiently prevented
substrate and product toxicity. Furthermore, the use of this carrier solvent with its low
flammability and low toxicity to E. coli (Chapter 3) and humans (Hasmall, et al., 2000)
allowed the safe operation of stirred tank reactors at different scales with an organic phase
volume fraction of 50%. Based on the kinetic data and the favorable partitioning behavior of
the reactants in the two-liquid phase system, engineering of the initial pseudocumene
concentration enabled exploiting the kinetically controlled multistep oxidation of
pseudocumene for a process with 3,4-dimethylbenzaldehyde as the main product (Table 7.1,
Chapter 4).

In this process, high substrate-cell transfer rates of up to 50 and 44 mmol per liter of aqueous
medium were achieved on a 2-L and a 30-L scale, respectively (Chapters 5 and 6). A
comparison of the kinetics of the multistep oxygenation of pseudocumene in the aqueous
single-phase system with the kinetics in the two-liquid phase system and process simulation
based on the model presented in Chapter 6 indicated the occurrence of direct substrate uptake
from the organic phase via cell-droplet interactions. A sensitivity analysis for the organic-
aqueous mass transfer coefficient showed that, above a value of 500 h! for this coefficient,
the organic-aqueous transfer is not critical for the process performance.

These results demonstrate that the two-liquid phase concept is an efficient tool to exploit the

kinetics of multistep biotransformations. Furthermore, this concept was shown to allow high
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substrate-cell transfer rates also for systems with high organic-aqueous partition coefficients
for the substrate. Efficient substrate-cell mass transfer can be supported by direct substrate
uptake from the organic phase, for which evidence was obtained in the system presented in
this study.

A drawback of two-liquid phase cultivation is that stable emulsions can be formed, which
complicates product isolation. In the process developed in this thesis, the tendency for the
formation of a stable emulsion was reduced by eliminating yeast extract from the medium
(Chapter 4) for a straightforward downstream processing consisting of phase separation by
centrifugation followed by vacuum distillation of the product (Chapter 5). A strategy for a
further simplification by eliminating the centrifugation step is the separation of the two phases
by a membrane as described in section 1.4.4.3 of Chapter 1. This approach also allows
uncoupling of the dilution or cycling rates of the separated organic and aqueous phases during
continuous operation. Critical factors in the use of such membrane reactors are the often low
rates for the mass transfer over the membrane, membrane fouling, and phase breakthrough

due to membrane leakage.

7.3. INDUSTRIAL FEASIBILITY OF OXYGENASE CATALYSIS

Oxygenase-based two-liquid phase processes have thus far mostly been operated on a
laboratory-scale. We scaled up the process to a 30-L scale in a bioreactor with an estimated
power input of 5 W L™, which is close to values typically reached on industrial scales and
thus allowed the evaluation of the industrial feasibility of biocatalytic hydrocarbon
oxyfunctionalization (Chapter 5). On this technical scale we reached for the first time an
average volumetric activity of 330 U Laq'1 for a two-step oxygenation process. The maximum
amounted to 500 U Laq'1 (Table 7.1), which translates into a maximal overall oxygenation
activity of 1000 U Laq'1 or 500 U Lto{1 (representing the sum of the reaction rates of both
steps). The resulting production of 484 ml of 3,4-dimethylbenzaldehyde (purity: ~97%) from
pseudocumene involved a mean productivity of 31 g Ly’ day’, a final DMB-aldehyde
concentration of 37 g L in the organic phase, and an isolated product yield of 65%
(conversion yield: 77%). These values meet the requirements for industrial oxidation
processes as assessed by Straathof et al. (2002) and detailed in Chapter 5. This illustrates the
practical feasibility of large-scale two-liquid phase processes and points to the high potential

of biocatalytic hydrocarbon oxidation in organic synthesis.
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This thesis and the present process show that the combined use of different concepts in the
fields of biochemical engineering and modern DNA technology allows the application of
oxygenases for complex reactions such as kinetically controlled multistep reactions. Future
developments in these fields are thus considered to enable the development of many and

varied industrial scale processes based on oxygenase catalysis.
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