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Enantioselective Reduction of Hydrophobic Keto Compounds in Multiphase Bioreactor

Cardiovascular diseases are the main causa mortis in developed countries. Extensive epidemiological
studies have shown that increased levels of low density lipoprotein (LDL) cholesterol, are a major
risk factor of cardiovascular diseases (e.g. coronary heart disease, stroke, etc.). Approaches for the
therapy of hypercholesterolaemia focus on influencing the enzymatic formation of mevalonate. This is
possible with statins, potent inhibitors of HMG-CoA reductase. The absolute stereochemistry in the
3,5-dihydroxy acid side chain is essential for this pharmacological activity. Therefore, an easy and
“universal” synthetic approach to enantiopure 3,5-dihydroxyhexanoate is highly desirable. A new
approach for the preparation of enantiopure 3,5-dihydroxyhexanoate structure was presented by
Wolberg et al. in 2000. The key step of the synthesis is the introduction of the chirality via enzymatic
reduction of 6-chloro-3,5-dioxohexanoate. The economical use of this route is limited by the costs of
the cofactor and the low solubility and instability of the substrate in water. Hence, a reactor enabling
high enzyme and cofactor turnover and simultaneously suppressing the substrate decay is required to

enhance the attractiveness of the synthesis.

In the present work a bioreactor development for the regio- and enantioselective reduction of tert-butyl
6-chloro-3,5-dioxohexanoate (CDHE) to tert-butyl (S)-6-chloro-5-hydroxy-3-oxohexanoate catalysed
by the alcohol dehydrogenase from Lactobacillus brevis (LBADH) was carried out. The irreversible
substrate degradation and its Kinetics were described. The enzymatic reduction of CDHE was
characterised. The influence of reaction conditions on the enzyme stability was measured. Possibilities
for the cofactor (NADPH) regeneration were studied, and the substrate coupled cofactor regeneration
selected. The involved oxidation of 2-propanol was thermodynamically and kinetically described;
problems caused by the arising acetone were discussed. In order to conciliate the antagonistic
requirements of the involved reaction, the biphasic (aqueous/organic) reduction was conceived. Under
this conditions the aqueous substrate concentration is kept low, preventing its decay. The biphasic
system also enables the more efficient use of enzyme and cofactor. It was shown that log P is not a
convenient criterion to guide the choice of the organic solvent. Thus, a new approach for the organic
solvent selection was developed. The approach’s generality was verified. Consequences (e.g.
thermodynamic shift) and chances (e.g. enhancement of process selectivity) of enzymatic biphasic
reductions were detailed. Using the biphasic reduction a hybrid bioreactor was designed and
constructed enabling the suppression of the substrate decay (side reaction), the efficient reuse of the
cofactor (TTN = 4200), the avoidance of thermodynamic limitation (via acetone removal), and the
decrease in enzyme consume. The process selectivity was optimised (> 90%) using the simplex
algorithm. The reactor was operated for 168 h. The reactor operation was described and simulated by a
mathematical model. Finally, the developed process was evaluated under the economic point of view.
The material cost of the synthetic route could be reduced by over 2/3 due to the improvements

proposed.






Enantioselektive Reduktion von hydrophoben Ketoverbindungen im multiphasigen
Bioreaktor

Kardiovaskuldare Erkrankungen sind die héufigste Sterbeursache in den entwickelten L&ndern.
Umfassende epidemiologische Studien haben gezeigt, dass erhdhte LDL (low density lipoprotein)-
Spiegel ein Hauptrisikofaktor fiir kardiovaskuldre Erkrankungen (z.B. Koronare Herzkrankheit,
Schlaganfall usw.) sind. Ansétze zur Therapie der Hypercholesterinamie zielen auf der Hemmung der
enzymatischen Mevalonatbildung. Diese wird durch Statine, potente Inhibitoren der HMG-CoA
Reduktase, ermdglicht. Die absolute Stereochemie der 3,5-Dihydroxysauren-Seitenkette ist
malgeblich fir die pharmakologische Aktivitat. Folglich ist ein einfacher und universeller
synthetischer Zugang zu enantiomerenreinen 3,5-Dihydroxyhexanoaten sehr erwiinscht. Ein neuer
Zugang zur Darstellung von enantiomerenreinen 3,5-Dihydroxyhexanoaten wurde von Wolberg et al.
2000 vorgestellt. Die Schlissel-Reaktion ist die Einfiihrung eines stereogenen Zentrums durch die
enzymatische Reduktion von 6-Chloro-3,5-dioxohexanoat. Die Wirtschaftlichkeit dieses Zugangs wird
durch die Kosten fiir den Cofaktor und die niedrige Ldslichkeit und Instabilitdt des Substrats in
Wasser beschrénkt. Deshalb wird ein Reaktor benétig, der hohe Zyklenzahl fiir Enzym und Substrat
mit gleichzeitiger Unterdriickung des Substratzerfalls ermdglicht, um die Attraktivitat dieser Synthese
zu erhéhen.

In dieser Arbeit wird die Entwicklung eines Bioreaktors zur regio- und enantioselektiven Reduktion
von tert-Butyl-6-chloro-3,5-dioxohexanoat (CDHE) zu  tert-Butyl-(S)-6-chloro-5-hydroxy-3-
oxohexanoat, Kkatalysiert durch die Alkoholdehydrogenase aus Lactobacillus brevis (LBADH),
durchgefiihrt. Die irreversible Substratzersetzung und deren Kinetik wird beschrieben. Die
enzymatische Reduktion von CDHE wird charakterisiert. Der Einfluss der Reaktionsbedingungen auf
die Enzymstabilitat wird gemessen. Mdglichkeiten fur die Regenerierung des Cofaktors (NADPH)
werden untersucht, und die substratgekoppelte Regenerierung ausgesucht. Die beteiligte Oxidation
von 2-Propanol wird thermodynamisch und kinetisch beschrieben, und die Folgen der Entstehung von
Aceton werden betrachtet. Damit die antagonischen Anforderungen der beteiligten Reaktionen in
Einklang gebracht werden kdnnen, wird eine biphasische (wassrige/organische) Reduktion entwickelt.
Unter dieser Bedingung wird die wéssrige Substratkonzentration geringgehalten und so die Zersetzung
vermieden. Zusétzlich ermdglicht das biphasische System eine effizientere Nutzung von Enzym und
Cofaktor. Es wird gezeigt, dass log P kein geeigneter Parameter zur Entscheidung Uber die organische
Phase ist. Deswegen wird eine neue VVorgehensweise zur Auswahl des organischen Ldsungsmittels
entwickelt. Die Allgemeinglltigkeit dieser Vorgehensweise wird verifiziert. Folgen (z.B.
thermodynamischer Verschiebung) und Chancen (z.B. Erhohung der gesamt Selektivitat) der
biphasischen enzymatischen Reduktion werden detailliert. Unter Verwendung der biphasischen
Reduktion wird ein Hybrid-Bioreaktor konzipiert und gebaut. Der Bioreaktor ermdglicht die
Unterdruckung der Substratzersetzung (Nebenreaktion), die effiziente Regenerierung des Cofaktors

(TTN = 4200), vermeidet thermodynamische Limitierung (durch Acetonentfernung) und verringert den



Enzymverbrauch. Die Prozessselektivitat wird unter Verwendung des Simplex-Algorithmus optimiert
(> 90%). Der Reaktor wurde fiir 168 h betrieben. Der Reaktorbetrieb wird durch ein mathematisches
Modell beschrieben und simuliert. Zum Schluss wird das Verfahren aus wirtschaftlichen
Gesichtspunkten evaluiert. Die Materialkosten der Synthese konnten durch die erreichten

Verbesserungen um mehr als 2/3 verringert werden.
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1 Introduction

“In principio erat verbu.”
SAINT JOHN

Cardiovascular diseases are the n@@insa mortisn developed countries. (Braun and Renz-
Polster, 2001) In Germany, for example, 47.2% of deaths are caused by cardiovascular
diseases (Figure 1), with 8.6% alone due to myocardial infarctioRor this reason, these

kinds of illnesses have been intensively studied.

respiratory
5.9%
4.9%
gastro-intestinal

cardiovascular
47.2%

others
16.9%

25.1%
cancer

Figure 1-1: Causa mortisn Germany in 2001 according to the Statistisches Bundesamt.

Extensive epidemiological studies performed in many countries have shown that increased
blood cholesterol levels, or, more specifically, increased levels of low density lipoprotein
(LDL) cholesterol, are a major risk factor of cardiovascular diseasgs ¢oronary heart
disease, stroke, etc.) (Fischaral, 1999). Therefore, much research has been focussed on
cholesterof. As a result, the biosynthesis of cholesterol has been fully elucitiae®7

carbon atoms of cholesterol are derived from acetyl CoA (Figure 1-2). The first stage in the

! Statistisches Bundesamt, http:/iwww. destatis.de/presse/deutsch/pm2003/p02680892,

2 «Cholesterol is the most highly decorated small molecule in biology. Thirteen Nobel prizes have been awarded
to scientists who devoted major parts of their careers to cholesterol”, Michael Brown and Joseph Goldstein,
Nobel Lectures, 1985.

® Biochemistry textbookss.g Stryer, 1995,
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synthesis of cholesterol is the formation of isopentenyl pyrophosphate from acetyl CoA. This
set of reactions starts with the formation of 3-hydroxy-3-methylglutaryl CoA (3-HMG-CoA)
from acetyl CoA and acetoacetyl CoA. This molecule can be reduced to mevalonate. The
irreversible reduction reaction is enzymaticaly catalysed in the cytosol and istéhe
limiting step of the cholesterol biosynthesis. In further reactions, isopentenyl pyrophosphate
is obtained. Squalene is then synthesized from six molecules of isopentenyl pyrophosphate

and subsequently converted into cholesterol.

O O
Acetoacetyl CoA HO HO, -
o o —> o —>
Acetyl CoA o OH
+

SCoA mevalonate

3-hydroxy-3-methyl-
glutaryl CoA
(3-HMG-CoA)

HO

cholesterol

Figure 1-2: Initial steps of the cholesterol biosynthesis; the reduction of 3-hydroxy-3-methylglutaryl CoA

is the rate limiting step.

Based on this knowledge, approaches for the therapy of hypercholesterolaemia focus on
influencing the enzymatic formation of mevalonate. The amount and activity of the involved
enzyme, 3-hydroxy-3-methylglutaryl CoA reductase (HMG-CoA reductase), is biologicaly
controlled. In 1976, Endet al reported the isolation of mevastatin, a metabolite of
Penicillium citrinum as a potent inhibitor of HMG-CoA reductase. Subsequently, lovastatin
was isolated fromMonascus ruberand Aspergillus terreus(Figure 1-3) (cf. Endo and
Hasumi, 1993).

Figure 1-3: Natural HMG CoA reductase inhibitors: mevastatin R = H) and lovastatin R = Me).
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Mevastatin and its analogues are reversible competitive inhibitors of the enzyme HMG-CoA
reductase (Hanefeld, 1999). Thé€y-value for mammalian HMG-CoA reductase is
approximately 10 uM, while thé-value for the ring-opened acids of mevastatin and
lovastatin are in the range of 0.2-1.0 fiNThus, the affinity of HMG-CoA reductase for
mevastatin analogues is 10000-fold or more than its affinity for the natural substrate, HMG
CoA (cf. Endo and Hasumi, 1993). The effect is attributed to the similarity between the 3,5-
dihydroxyhexanoic acid and the HMG portion of HMG-CoA (Figuré) 1-

O O
HO HO
o > o
0 HMG-CoA reductase OH

SCoA reversible mevalonate

inhibition

3-hydroxy-3-methyl-
glutaryl CoA o
HO
o
OH
R

statin

Figure 1-4: Statin as competitive inhibitor of HMG CoA reductase.

Much work directed towards the preparation of synthetic analogues of mevastatin followed. It
helped to define the structure-activity relationship of mevastatin-mimics. It turned out that the
absolute stereochemistry in the 3,5-dihydroxy acid side chain is essential for the
pharmacological activity (Endo and Hasumi, 1993). At the same time, the stereoselectivity of
the syn-diol formation is the major hurdle in the synthesis of statins {Reil, 2001). For

this reason ten years elapsed between the introduction of lovastatin and the commercialisation

of the first synthetic enantiopure statin in 1997.

The development of synthetic statins aims at fine-tuning the pharmacological properties of
statins. Thus, broader therapeutic range and reduced side-effectsnyopathy incidence)

are the primary research goals. In order to enable the investigation of a large number of
substances, an easy and ‘“universal” synthetic approach to enantiopure 3,5-
dihydroxyhexanoate is highly desirable. Some examples of statin synthesis shall illustrate of

how this objective is pursued.

4 For the meaning dfy andK, see chapters 4 and 5.

5 In 1997 atrovastatin and cerivastatin were introduced into the market.
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The Synthesis of Statins

The first total synthesis of mevastatin was accomplished in the research group of C. Sih
(1981). The major drawback of this approach was the formation of four stereocisomeric diols,

requiring tedious separations and lowering the overall yield (cf. Mulzer, 4198I1).

Since the linear synthesis suffers from low yields and the lack of flexibility, convergent routes
for the synthesis of statins were developed, allowing independent improvement of some steps.
An example is reported by Weskal (Hoechst AG): The statin synthesis is based on a Wittig
type coupling. Improvement was achieved by replacing a substituted oxane by an enantiopure
3,5-dihydroxyhexanoate derivative. The chirality is introduced in an earlyLsteglic acid is

used as starting reagent for the synthesis of the syn-diol (Wess1&o4l).

A further synthesis using a Wittig-like reaction is described by researchers of the Novartis
Institute for Biochemical Research (R&mt al, 2001). Thesyn-diol is obtained from
phloroglucinol® This compound is used because stereochemistry is more easily defined in
cyclic molecules. The starting reagent is hydrogenated in the presence of a rhodium catalyst
to give a mixture ofcis,cis- and cistranscyclohexane triols. It is possible to protect
selectively twocis-hydroxy groups. The oxidation of the remaining hydroxy group leads to a
seven-membered lactone with the desired stereochemistry. Nevertheless, Novartis produces

fluvastatirf by an alternative linear synthesis, because it is more economical.
Biotechnological Approaches

Besides the methods presented, a further possibility of obtaining the proper
stereoconfiguration is based on the intrinsically asymmetric biocatalysis. This attractive

approach was already used in one of the earliest routes for the synthesis of statins.

Hirama’s synthesis of mevastatin (1982) is characterised by the coupling of two chiral, non-
racemic building blocks. The chirality of thsyn-diol structure is obtained by baker's yeast
reduction of the starting keto acid. After the early introduction of chirality several reaction

steps are required until the final target structure is achieved (Mulzer, E9@1).

A patent assigned to Squibb & Sons describes the synthesis of intermediates for the synthesis
of statins containing theyn-diol structure starting with the biotechnological reduction of

methyl 4-chloro-3-oxobutanoate (Thottatleit al, 1994). This step is followed by chain

6 1,3,5-trihydroxybenzene.

" Commercialised as Lescol.
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elongation leading totert-butyl (S)-6-chloro-5-hydroxy-3-oxohexanoate. A selective

reduction yields the syn-diol. Here again the stereochemistry is introduced in the early steps.

Several reports on the biotechnological reduction of 3-oxobutanoic acid and its derivatives
have been publishédPatel described the reduction of methyl 4-chloro-3-oxobutanoate by a
cell suspension deotrichum candiduniThe cell free enzyme can also be used if NADH is
supplied (Patel, 2001). The research carried out by Shimizu and co-workers in collaboration
with Kaneka Corporation has drawn considerable attention. The &sloérichia colicells
expressing both the carbonyl reductase gene f@andida magnoliaeand the glucose
dehydrogenase gene fraBacillus megateriunfor reduction of 4-chloro-3-oxobutanoate has
been reported. The reaction is performed in an aqueous/organic solvent biphasic system. The
obtained results (89% yield, > 99 é@ have been reported to be very good and the enzyme

productivity is enhanced owing to the biphasic system (Kizaki. g2@01).

The enantioselective reduction of a 3,5-dioxohexanoate by cell free extréaatmetobacter
calcoaceticuswas reported by Patel. A drawback of this approach is the simultaneous
production of isomeric hydroxyoxohexanoates (cf. Patel, 2001). Finally, the same article also
refers to the lipase catalysed resolutidowever, this approach suffers from low yields at a

subsequent stage of the synthésis.

1.1 Hydroxyhexanoates

The discussed approaches to the synthesis of statins indicate that hydroxyhexanoates are
advanced key chiral intermediates. Interest in the investigation of alternative synthetic routes
for enantiopure 3,5-dihydroxyhexanoate derivatives is not merely academic. Considering the
volume of statin production (see chapter 9) and the development of new pr8dactmst
effective and safe production process is also an important target of industrial research and

development.

A new approach for the preparation of enantiopure 3,5-dihydroxyhexanoate structure was
presented by Wolbergt al in 2000. This innovative work starts with the elongation of the
carbon chain to the desired size (6-chloro-3,5-dioxohexanoate), with subsequent introduction

of the chirality via enzymatic reduction. The reduction, catalysed by the alcohol

8 E.g. Ushioet al,, 1991; Pateét al, 1992.
® Theoretical maximum yield is 50%; cf. Sheldon, 1993.
10 After the first approval of AstraZeneca's Crestor (rosuvastatin) by November 2002 in the Netherlands, its

commercialisation is expected to occur in 2003.
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dehydrogenase ofactobacillus brevis (LBADH),** afforded tert-butyl (S)-6-chloro-5-
hydroxy-3-oxohexanoate with very high enantioselectivig ¥ 99.5%). The subsequent
diastereoselective  reduction yielded quantitativelgyn-configured  (3BS)-3,5-

)2 The diastereomeric excess could be

dihydroxyhexanoate with 93%le (Figure 1-5

increased to > 99% by a single recrystallization step.

O O O OH O O OH OH O
PP LR P U R N A
(0] - ~ (0] O

NADPH  NADP* >99.5%ee 93% de
(>99% de cryst.)

Figure 1-5: Synthesis ofyn-configured (3R,55)-3,5-dihydroxyhexanoate according to Wolberget al. 2000.

The advantage of the late introduction of chirality, possible by this approach, is the higher
productivity based on the first, expensive, asymmetric compound. The clue for this

improvement is the enzymatic reduction.

The enzyme LBADH requires the reduced form of nicotinamide adenine dinucleotide
phosphate (NADPH) as cofactor for the reduction of 6-chloro-3,5-dioxohexanoate
(production reaction). Because of the high cofactor cost its stoichiometric use as reduction
equivalent is not viabl® This obstacle was overcome by an integrated cofactor
regeneratiort; wherein a sacrificial alcohol is used as cosubstrate. Under consumption of the
oxidised cofactor (NADB), the alcohol is oxidised to a carbonyl compound yielding NADPH

in the processrégeneration reactior). Wolberg et al used 2-propanol as cosubstrate.
Simultaneously, this alcohol also increased the solubility of the substrate. So it was possible
to scale up the synthesis to hectogram scale. In order to avoid the decay of 6-chloro-3,5-
dioxohexanoate in water yielding (4-oxo-4,5-dihydrofuran-2-yl)-acetate, an undssied
reaction,”® a fed batch strategy was employed. The results obtained demonstrate the
suitability of this synthesis for industrial applicatiriThe overexpression of LBADH iR.

coli guarantees the large scale availability of the enzyme at a low price, thereby facilitating

™ Alcohol dehydrogenases are oxidoreductases acting on CH-OH group of donors (see chapter 4).

2 This procedure requires complete elimination of the starting material after the enzymatic step, otherwise the
final enantiopurity will be decreased due to unselective reduction.

1346.10 €/g for 10 kg, Jilich Fine Chemicals.

4 See chapter 5.

5 See chapter 3.

18 For a detailed discussion of the process see chapter
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the use of this synthesis for commercial production. The total direct material cost for the

production is estimated at 500 €/Kgrigure 1-6 shows the distribution of the costs.

enzyme
15.5% substrate
14%
solvent
9.77%
6.2%
54.6% others
cofactor

Figure 1-6: Distribution of the direct material costs for the enzymatic reduction of 6-chloro-3,5-

dioxohexanoate.

Since the major cost contribution is by the cofactor, improvement of the productivity can lead
to drastic cost reductioff.

1.2 Process Development

In the early days of economical theory, David Ricardo recognised that not the ability of
producing goods but the productivity give rise to the profit. While inHrisciples of
political economy and taxation (1817), the productivity was defined by the fertility of the
farmer’s land, in today’s industry the productivity is defined by the boundary of technical
possibilities. Thus, it sounds natural that today research and technological development

closely interact with economical development.

According to Joseph Schumpeter, firms compete for successful innovation and this kind of
competition has proved more effective for economic progress than the traditional price

competition.

7 See chapter 9.
8 The cofactor productivity is commonly expressed by the total turnover number (moles productfonuies

cofactor consumed); see chapter 5 for a detailed discussion.
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Progress in chemistry is a good example of this interaction. Since the demand for chemicals
has outstripped the production capacity of manual production methods and industrial
production started, research has focused, and also been enabled by, technological
development. The production of sulphuric acid and of dyes illustrate the impact of
technological improvement originated by competition for innovation (Taylor, 1957 p 187).
Since the advent of large-scale chemical manufacturing operations in the second half of the
19" century, it became evident that process development deserved special attention. This led
to the improvement of production conditions to be independent of the synthetic route
development. It was the beginning of chemical reaction engineering. Its aims have been
described by Levenspiel. According to him, chemical reaction engineering is the synthesis of
thermodynamics, kinetics, mass transfer, economics, etc. with the aim of properly designing a
chemical reactor (Levespiel, 1999). One of its major tasks is the economical, ecological, and
safe transfer from the fundamental knowledge obtained in the laboratory to sustainable

commercial use (Gmehling and Brehm, 1996).

In the field of biotechnology, reaction engineering has a special significance. It was only due
to the combination of process development with the advances in fundamental sciences that
some industrial biotransformation have become possible. As an example, the retention of
enzymes in ultrafiltration membrane reactors reduces the catalyst costs significantle{Liese
al., 2000, p 126). Similarly, by using covalentely enlarged cofactor in ultrafiltration
membrane reactors, the cofactor productivity has been increased dramatically (Wigtmann
al., 1981)'° Hummel reports the attainment of cofactor turnover up to 600 000 by this
technique (Hummel, 1997). In addition the development of a convenient work up procedure
can largely contribute to the productivity of biotransformations, as demonstrated in the case of

L-phenylalanine (Ruffers et.a2002).

Hence, it is expected that process development based on reaction engineering could
contribute significantly to increase the productivity of cofactor and decrease work up costs.
Such improvements can enhance the attractiveness of the LBADH-catalysed synthesis of
Tert-butyl (S)-6-chloro-5-hydroxy-3-oxohexanoate CHOE for industrial application.

9 This article was reprinted by the journBlotechnol. Bioeng200Q 67, 791-804 as the highest impact
publication of the year 1981.



Introduction 9

1.3 Other uses ob-hydroxy-[3-ketoesters

The use o®-hydroxy{3-ketoesters is not restricted to the synthesis of HMG-CoA reductase
inhibitors. The use dert-butyl (R)-6-chloro-5-hydroxy-3-oxohexanoate in a synthesis of (-)-
callystatin, a polyketide marine natural product showing high cytotoxic activity has been
reported (Vicarioet al, 2002, Enderset al, 2002). Drochner and Miuller employed
enzymatically producedert-butyl (R)-5-hydroxy-3-oxohexanoate in the synthesis of semi-
vioxanthin, the monomeric precursor of vioxanthin. The asymmetric synthesSs(of
argentilactone, an8-(-)-goniothalamin, non-natural enantiomers of natural products showing
anti-leishmanial and cytotoxic activity, and teratogenic and cytotoxic activity respectively, are
published by Jolket al In both routes hydroxyhexanoate is used as intermediatee{Jb
2001). Wolberg referred to further application of this compound class (Wolberg, 2001).






2 Obijective

“The story of industrial chemistry is not
simply that of continuous research directed
towards the fulfilling of human needs.
Its minor aims are often achieved in that fashion,
but commonly a great new advance takes its rise
from an unexpected observation

whose significance has been grasped.”
F. S. TAYLOR

The introduction presented the process development of the LBADH-catalysed production of

tert-butyl (S)-6-chloro-5-hydroxy-3-oxohexanoate based on chemical reaction engineering as

a possibility to further increase the attractiveness of the synthesis. The objective of the present

work is to perform and evaluate this process development.

Therefore the following tasks should be carried out:

» thermodynamic and kinetic description of the involved reactions

» design of a bioreactor able to:

(0]

(0]

(0]

(0]

(0]

suppress the side reaction

efficiently reuse the cofactor (regeneration)
avoid thermodynamic limitation

reduce the enzyme consumption

decrease of work up expenditure

» assembly of a bioreactor to carry out the process

* process intensification

0 selectivity optimisation

» demonstration of the long-time bioreactor operation

Finally, the developed bioreactor should be evaluated from the economical point of view.
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2.1 Structure

The work starts with an introductory part, where the motivation, the uses of the target
compound and the reasons for a process development are explained. Besides, the objective of
the work is presented.

In the second part of the work, tlieermodynamic and kinetic description of the involved
reactions are reported. The substrate synthesis and stability are subjects of chapter 3. The
advantages of the enzymatic transformation, as well as its limitations, are discussed in chapter
4. Chapter 5 focuses on the problem of efficient cofactor reuse. Chapter 6 presents the
possibility of enzymatic catalysis in non-conventional media to overcome the system

incompatibility arising form the results described in the previous chapters.

The third part is dedicated to thlesign a bioreactorbased on the fundamental knowledge
obtained in the system characterisation. The required reactor elements asdeimbly of

the bioreactor are discussed in chapter 7. Tgrecess intensificationand the demonstration

of the long-time bioreactor operation are reported in chapter 8, while in chapter 9 the
bioreactor evaluation is discussed from the economical point of view. The work concludes

with a discussion on the bioreactor development.



PART I







3 The Substrate

“Que nao seja imortal posto que é chama

Mas que seja infinito enquanto duré®

VINICIUS DE MORAES

This chapter deals with the substrate of the enzymatic redudéidrhutyl 6-chloro-3,5-
dioxohexanoate (CDHE). The synthesis of the substrate is subject of subchapter 3.1, its
stability is studied in subchapter 3.2, and the implications of its properties for analytics is

discussed in subchapter 3.3.

3.1 Synthesis

Wolberg describes different possibilities for the synthesis of CDHE. For an economic process
development and application, it is necessary to obtain the substance in high yield starting
from cheap reagents. To satisfy these requirements, Wolberg has developed a procedure
starting from methyl chloroacetate anert-butyl 3-oxobutyrate (Figure 3-1) (Wolberg,
2001)*

20t shall not be immortal given it is flame, but it shall be endless while it lasts; referring to love.

2 Important reaction parameters in the synthetic procedure are the temperature and the bisenolate concentration.
The temperature must be kept < -60°C. A high bisenolate concentration leads to the formation of aromatic by-
products (Wolberg, 2001).
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Figure 3-1: Synthesis ofert-butyl 6-chloro 3,5-dioxohexanoate described by Wolberg (Wolberg 2001).

Although it had been reported earlier that this reaction is not possible (Langer and Krummel,
2000), Wolberg obtained CDHE in approximately 80% yféld@he main by-product is a
benzofuranone. CDHE can be purified by film evaporation under reduced pressure. However,
this process lowers the overall yield significantly (to 52%). The reason therefore is the
condensation of two CDHE molecules to form aromatic compounds (Figure 3-2) (Wolberg,
2001).

(6] (@] (0]
CI\)J\/U\/U\ J< i " i
0 cl
O
+ —_—
R R’
(6] (@] (0]
CI\)J\/U\/U\ J<
O

Figure 3-2: CDHE condensation, which decreases the purification yield.

R = Cl or COO'Bu
R'= COO'Bu or CI

Since the crude substrate can be used for the enzymatic reaction, the isolation of CDHE need
not to be carried out. The work up is restricted to the removal of the starting materials under
reduced pressure. The quantitative removakedfbutyl 3-oxobutyrate is necessary because

this compound is also converted by the enzyme under NADPH consumption.

In order to obtain enough CDHE for process development work, 137 g of this compound were

synthesised according to this procedure (78% yield).

22 The achieved yield depends on the reaction procedure (cf. Wolberg, 2001).
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3.2 Stability

In view of literature reports about the instability @B-dioxoester, in particulag-halogen
substituted,d-dioxoester, Wolberg studied the stability of CDHE in aqueous solutions
(Wolberg, 2001)He observed that in contrast to methyl and efijidioxohexanoates, the
tert-butyl ester does not undergo condensation to aromatic compounds, and attributed this
behaviour to the presence of the bulky residue. However an intramolecular cyclisation yields
Tert-butyl (4-oxo-4,5-dihydrofuran-2-yl)-acetate (ODFA) under HCI elimination (Figure 3-3)
(Yamaguchi, 1988; Langer, and Krummel, 2000; Wolberg, 2001). This irreversible reaction
competes with the enzymatic reduction of CDHE lowering the production yield. It is,
therefore, an undesired sideaction and shall be suppressed in the bioreactor to enable a

high process selectivity.

C'\)T\/ﬁ\/ﬁ\ J< — Owok

Figure 3-3: Decay of CDHE under elimination of HCI formatting the Tert-butyl (4-oxo-4,5-dihydrofuran-
2-yl)-acetate (ODFA).

This pH dependent degradation reaction was suppressed at lower pH-values (see 3.2.2).
However, at low pH-values the formation of a lactone could occur. The latter was not
observed in the pH-range of interest for the present process development. Thus, the ODFA
formation is the only relevant side reaction to be avoided in this work. Its kinetic description

is the subject of this subchapter.

3.2.1 The Measurement System

The rate of the ODFA formation and of CDHE dissolution are of the same order of
magnitude> Consequently, the measurement of the reaction rate in an aqueous solution is
hindered. Given that ODFA formation is not observed in a solution of CDHE in ntethyl

butyl ether (MTBE), even when saturated with water, an agueous/MTBE biphasic system is
used to study the rate of the ODFA formation. The higher reaction rate observed by increasing
the aqueous pH indicates that the reaction is not limited by CDHE mass transfer (cf.

Willeman et al., 2002)** The reaction rate is followed by sampling the organic phase and

% This observation is in agreement with the slow solution rate described in Wolberg, 2001.

24|f the reaction were mass transfer limited, the same reaction rate would be observed for different pH-values.
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determining the ODFA concentration by NMR analysis. Under these conditions, the reaction
can be described dsst order irreversible decay of CDHE (Figure 3-4). Hence, the rate
constantksige can be used to study the influence of pH, buffer substance and temperature on

the reaction rate.

residual concentration / -

00 T T T T T
0 50 100 150 200 250

time/h

Figure 3-4: Decay of CDHE in 150 mM phosphate buffer at pH 7.0 and 25°CC; is the residual
concentration at a given time C, the initial concentration, kg4 the rate constant and the time.

3.2.2 Influence of pH

Wolberg reported a decrease in the rate of ODFA formation when the pH was lowered from
6.5 to 5.5. The solution at pH 6.5 was buffered with phosphate. Since phosphate buffer is not
effective at pH 5.5 a mixture of phosphate and citrate were used as buffer substances at this
pH. In order to confirm that the observed change in the reaction rate is solely caused by the
pH shift, we measured the reaction rate at different pH-values using a single buffer substance.
The results for the series with 150 mM triethylamine are depicted in figure 3-5. Increasing pH

enhances the rate of the ODFA formation.
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0.4+

0.31

0.3+

0.0-
7.0 8.0 8.5

pH

Figure 3-5: Determined values forkgg at 25°C: A: 150 mM TEA pH 7.0; : 150 mM TEA pH 8.0;
C: 150 mM TEA pH 8.5.
3.2.3 Influence of the Buffer Substance

The influence of different buffer substances was also studied. This is important because the
stability of the cofactor is dependent on the buffer substance (see chapter 5). Hence, the least

deleterious buffer for substrate and cofactor should be found.

The nature of the buffer substance does influence the rate of the reaction as can be seen from

figure 3-6.
1.0
<
c 0811\
-% ©o 150 mM phosphate
5 0.6- = 150 mM TEA
[
)
2
§ 0.4
° k =0.014
(_U hos — ="
S 0.2 ’
RS S~
3 T
= 0.0 . . . e
0 50 100 150 200 250

time/ h

Figure 3-6: Degradation of CDHE at 25°C and pH 7.0 in the presence of 150 mM TEAf. = 0.029 K
and 150 mM phosphate buffer Kege = 0.014 H).

A further experiment was conducted using an autotitrator to control the pH. The initial

reaction rate was comparable to the one measured for phosphate buffer. Since the use of an
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autotitrator leads to a change in the aqueous volume, which is particularly severe in small

scale experiments, phosphate buffer was used in further experiments.

3.2.4 Influence of the Temperature

To complete the kinetic characterisation of the ODFA formation the temperature dependence
of the rate constant was studied. An increase in the rate constant was observed with increasing
temperature. This increase can be described by the Arrhenius equation (Figure 3-7). From the

measurements the activation energy was calculated to be 96 k3* mol.

1.0+ 0-
) ¥
c 084" o 50C '1‘\
o |
i) . 40T
= w
S 06" " v 25T -2 e
= o s 15C = Ink=InA- Ea/(RT)
G =
g 044 L . x ¥
= i " =
— N L -4
s 0.2 g -\
=} " ~ R
0 | o v O -5 .
Y AG— S, S . , : . . , . .
0 100 200 300 400 500 600 0.0031 0.0032 0.0033 0.0034 0.0035
time/h 1T /1K

Figure 3-7: a) Residual CDHE concentration in an aqueous/MTBE biphasic system as a function of the
temperature at pH 7.0 and 150 mM phosphate buffer; b) Determination of the activation energy

according to the Arrehnius equation.

3.2.5 Conclusion

According to the description of the side reaction presented (first order CDHE decay), it is
possible to describe the rate of the side reactign, under the relevant reaction conditions.
Therefore, equatioi-1 should be used and the valudgf should be calculated according to

the Arrhenius equation.

_ d[ODFA] _ ‘

side dt side [ﬁCDHE]aq Equation 3-1

% Cf. chapter 5 for a comparison with enzymatic reactions; cf. chapter 6 and 8 for the side reaction

discrimination owing to temperature change.
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For example, the calculated value for the reaction constant in a 150 mM phosphate buffer at
pH 7.0 and 25°C is shown in table 3-1

Table 3-1:the values used in this chapter were 1/h, in order to harmonise with further chapters the value in

1/min is also given.

[1/h] [1/min]

Kealculated 0.0212 3.53 x 10°

Considering the aqueous/MTBE (50/50 v/v) biphasic system the aqueous concentration can
be calculated using the partition coefficiemt?® For the system fD/MTBE the m was

determined by NMR measurements*as:

Mo = 500 +250.
Vside = % = kside [ﬁCDHE]aq = kside |:ﬁCDHE]org Bf:% Equaﬂon 3-2

3.3 Implications for the Analytics

The structure and the instability of CDHE influence to the analytical method to be used in this
work. Being thermally instable, CDHE is instantaneously converted to ODFA in the injector
of a gas chromatograph. Therefore gas chromatography (GC) cannot be used to quantify
substrate and ODFA. Due to the occurrence of keto-enol tautomerism, the high performance
liquid chromatography (HPLC) method yields very inaccurate results, and is also not
adequate for quantification. A possibility of analysis lies in following the ODFA formation by
titration of the released HCI and the simultaneous quantification of product and CDHE/ODFA
by GC. The titration can be performed automaticiallgitu, but is accompained by a volume
change. Sampling followed by titration is not possible because of the constant pH required to
be maintained during the reaction. Therefore we decided to quantify CDHE, ODFA and
CHOE by sampling and NMR analysis.

% For ideal diluted solutions m = [§]+ [Slag

2" The very small aqueous concentration of CDHE leads to inaccuracy.
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3.4 Interim Summary

The synthesis of 137 g CDHE was carried out according to the procedure described by
Wolberg.

CDHE is unstable in water; under process relevant reaction conditions the only side

reaction to be avoided is the irreversible HCI elimination yielding ODFA.

The ODFA formation can be neglected in MTBE, even if the solvent is saturated with

water.

The ODFA formation rate is lowest under acidic conditions. It depends also on the
buffer substance. Phosphate buffer is chosen to be used in this work.

The ODFA formation rate is described by a kinetic expression based on first order

substrate decay.

The ODFA formation rate is dependent on the temperature. The calculated activation
energy is 96 kJ/mol.

Due to the CDHE instability the analytics is based on sampling and NMR-

measurements.



4 The Alcohol Dehydrogenase-Catalysed Reduction

“There is no difference between the activity of a cell

and a chemical reagent”

EMIL FISCHER

4.1 Introduction

According to the Enzyme Nomenclature, alcohol dehydrogenases (ADH) are oxidoreductases
acting onCH-OH group of donors (Figure 4-1) (International Union of Biochemistry and
Molecular Biology, 1992).

H_ OH 0
>< ADH
—_—
RrY R2 cofactor Rl R2

R!= hydrogen, organic residue
R?= hydrogen, organic residue, alcoxy residue

Figure 4-1: Reaction catalysed by alcohol dehydrogenases (Hoh and Villela, 2000).

These enzymes need a nicotinamide cofactor (either NAD(H) or NADP(H)) as a source of

redox equivalents. They are classified under EC 1.1.1 and further classification is defined by
the type of the cofactor. Depending on the initial screening and to some extent on the initial

characterisation, alcohol dehydrogenases may also be described as carbonyl- or
ketoreductases in the literature (Kula and Kragl, 2000).

4.1.1 History and Development

The use of alcohol dehydrogenases underpins some of the oldest chemical transformations
known to humans, for, brewing predates recorded history. The Sumerians, for instance,

produced at least 19 different types of beer (Ball, 2001). The book of Genesis reports the

production of winé® ADH are also related with the first use of microbial enzymes as cell-free

extracts. As early as 1897 Buchner demonstrated that alcohol formation does not require

2 Genesis 9, 18-29.
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intact cells, thus proving the pure chemical nature of biotransformations and refuting the

theory of spiritus vita¢Buchner, 1897).

In the past decades the scope of use of ADH has expanded to the conversion of non-natural
substrates and these enzymes are used today in asymmetric hydrogen transfer. Recent articles
have compared the biocatalytic methods for the reduction of ketones with classical chemical
reactions (Schmidet al, 1992; Bachmann and Seebach, 1998; Rissbat, 1999; Hagest

al., 2001; Laueet al, 2001). The advantages of the former were summarised by Faber and

coworkers (Stampfer et.ak002) as follows:

» due to the intrinsic asymmetry high enantioselectivity is achievable.

» side reactions such as aldol condensation are absent

« operation under essentially mild reaction conditions

« protective group techniques are not nece$3ary
Besides, the biocatalyst is obtainable from renewable resources and is biodegradable. An
overview of the possibilities offered by ADH is found in textbooks and review arifcldse
commercially available alcohol dehydrogenase from horse liver (HLADH),
Thermoanaerobium brock{iTBADH) and yeast Saccharomyces cerevis)akave received
the most attention (Faber, 1995; cf. 6.2.1.3), but recent reports of new enzymes disclose new
perspectives of application (Zelinski, 1995; Grogeml, 2003, Stampfeet al, 2003). The
majority of the commercially available ADH used for the stereospecific reduction of ketones
lead to the formation ofS)-alcohols. Microbial ADH which lead to the formation &)-(
alcohols are also known (Faber, 1995), but only a few of them are commercially available,
e. g. Lactobacillus kefir(Bradshaw, 1992), and these all are NADP(H)-dependent (Kula and
Kragl, 2000).

The enzyme used in the present work shows high homology to the ADH_&ctmbacillus

kefir. It was isolated in 1996 fromactobacillus brevidy Riebel (Riebel, 1996). Because of
the higher stability of cell free extracts, the ADH fraarctobacillus brevi§LBADH) is more
attractive for the technological application. The magnesium containing enzyme was
overexpressed in a recombindfgcherichia colistrain and is commercially availatfeln

this work it was used in the form of E. cotude cell extract

2 Wolberg, 2001.

% E.g. Wong and Whitesides 1994; Faber, 1995; Hummel, 1997; Peters, 1998; Kula and Kragl, 2000; Drauz and
Waldmann 2002.

31 Jiilich Fine Chemicals: 100 €/MU for > 100 MU.
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4.1.2 Application and Limitation

Despite their enormous potential, the application of ADH is still limited by some important
aspects (Grunwald et.all986; Wong, 1987; Peters, 1998;):

» cofactor cost

 difficulties in enzyme recovery/product work up

» operational stability of ADH

< inhibition of enzyme activities in the presence of substrates or products

» low solubility and in some cases instability of the substrate in water.
The problems of enzyme stability and recovery as well as cofactor cost can be overcome by
using whole cell biotransformations. Hence, most industrial biocatalysed reductions are
carried out with whole cells. (Schmid al, 2001). However, this is not an universal solution.
Although biotransformation with whole cells presents the additional advantage with respect to
saving expensive isolation of the desired enzymes (Hummel, 1997), the occurence of ADH
with different selectivity inside the cell can cause a decrease in the obtained enantiomeric
excess® The regiospecificity of the biotransformation can also be affected if whole cells are
used® Besides, the penetration of reagents into the cells may be rate limiting (Carrea, 1984)

which becomes a problem if the substrate is unstable in water.

In the case of labile substrates it may be advantageous to use isolated enzymes, since the
substrate can reach the active site faster, suppressing substrate decay. An effective process,
however, is only possible if all described limitations are worked out. Techniques for these
purposes are presented in chapter 5 and 6. In the following sections the investigations about
the influence of the reaction conditions on the stability, activity and enantioselectivity of the
isolated LBADH are reported.

4.2 Enzyme Stability

Enzymes are inherently labile. Thus their stability, the capacity to retain activity through
time (lllanes, 1999), is of paramount importance for any bioprocess. So it is necessary to

study the influence of reaction conditions on the enzyme stability. In the present work the

32 The enzyme was friendly supplied by the Institut fir Enzymtechnologie, Heinrich-Heine-Universitat, Jilich.
* The CDHE reduction with whole cells &accharomyces cerevisideads to 94%ee though with isolated
enzymes from the yeast highezis possible (M. Miller, personal communication).

34 E.g. Wolberg describes the reduction of CDHE alternatively in 3- or 5-position if whole célietfbacillus

sp. are used (Wolberg, 2001).
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thermo- and chemostability have been studied by incubating the enzyme under the given
conditions and measuring the change of standard activity in course of tithey can be
described as first order decay of the activity and are discussed in the following s&ctions.

4.2.1 Influence of the Buffer Substance

For the process development the use of a buffer free solution is desirable in the long run. For
experiments in which an autotitrator cannot be used, buffering with potassium phosphate is
determined by the substrate stability. Given the sufficient stability of the enzyme in this buffer

(cf. next section), the influence of different buffer substances was not tested in this work.

It was observed that the stability of the enzyme is highly dependent on the concentration of
the crude cell-free extract. A possible explanation for this observation is the presence of

stabilising substances present in the extract.

4.2.2 Influence of the pH

The influence of pH on the enzyme stability was studied by incubating the enzyme in
phosphate buffer solutions in the pH range from 6.0 to 8.5. To assure that the measured
deactivation is mainly caused by the pH-influence the incubation temperature is 4°C. The
enzyme activity is measured at the incubating pH. It is relevant to report that the residual
activity increased at the beginning of the assay. Two reasons may be the cause for this
observation: the slow change in enzyme conformation at 4°C after protonation/deprotonation
equilibrium is achieved, and dissociation of the enzyme/stabilizing agent complex. The half-
lives determined for these pH-values are given in figure 4-2. A stability maximum is observed
atpH 7.0

% The standard activity is measured using 10 mM acetophenone and 0.2 mM NADPH as substrates in phosphate
buffer at 30°C (Riebel, 1996).

% The stability under biphasic reaction conditions is described in chapter 6.



The Alcohol Dehydrogenase-Catalysed Reduction 27
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Figure 4-2: pH-influence on the LBADH stability expressed as half-life at 4°C.

4.2.3 Influence of the Temperature

Temperature produces opposite effects on enzyme activity and stability (cf. lllanes, 1999).
Consequently, the protein thermodeactivation is of great significance for the technical
application of enzymes. The temperature influence on the LBADH stability is determined by
incubation of the enzyme in a phosphate buffer at pH 7.0 at the studied temperature and
measuring its residual activity under standard activity conditions. The determined half-lives

are shown in figure 4-3.
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Figure 4-3: Temperature influence on LBADH stability expressed as half-life at pH 7.0.

The temperature influence turns out to be very severe for the LBADH. In order to estimate the

stability at a given temperature it is possible to use an Arrhenius-like approach. The apparent
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activation energy and pre-exponential factor of the enzyme deactivation are calculated

according to the figure below.

In (k/h)

0.0032 00033 00034 0.0035
T 1/K

Figure 4-4: Arrhenius plot for the activity decay of LBADH.

The value for the apparent activation energy.is 185 kJ/mol and the pre-exponential factor
is 6.8 x 168°/ h¥

4.2.4 Influence of 2-propanol

Since 2-propanol is a practical co-substrate to be used in the cofactor regefi®rugon,

influence of 2-propanol on enzyme stability has also been investigated in the present. The
enzyme was incubated in buffer containing different amounts of 2-propanol (0, 20, 40, 60, 80,
100%, v/v). For these studies the activity measurement was based on the 2-propanol

oxidation, for which no substrate inhibition was measurable.

Up to a concentration of 60% the presence of 2-propanol did not affect the enzyme stability.
In higher concentration the enzyme was not soluble in the mixture. Consequently activity
measurements were disturbed by inhomogeneous sampling. Nevertheless, it can be stated that

high activity is still present after 720 h of incubation.

37 For the activation energy value of a LBADH-catalysed reaction see chapter 5.
% Cf. chapter 5.
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4.3 Enzyme Activity

4.3.1 Influence of pH

Since enzymes are constituted by amino acids containing acid and basic residues, a variation
of the pH can change the conformation and ionisation status of the enzyme. The altered
conformation and charge distribution may cause a change in the rate of enzymatic reaction.
The literature often refers to the pH-optimum of an enzyteDH-catalysed reactions are
specially sensitive since the reduction requires and the oxidation releases a proton (see figure
5-8). Consequently, it is not surprising that ADH displays different pH-maxima for reduction
and oxidation reactionse(g. Uhlenbrock, 1994 p. 19, Riebel, 1996). Riebel described the
behaviour of LBADH-catalysed reduction of acetophenone and oxidation of phenylethanol.
While pH increase leads by the oxidation to a rate plateau at approximately 8.0 with smooth
decrease at higher values, the reduction is more drastically affected by pH variations. A sharp
maximum is present at approximately 7.0. A similar profile is observed for the reduction of

acetone and the oxidation of 2-propanol (see 5.3.3).

The direct determination of the influence of pH on the production reaction is not possible due
to the substrate instability. Based on the two examples, we have assumed that the highest
reduction rate is present at approximately pH 7. Since a fast enzymatic reaction is necessary

to suppress the side reaction, further work has been carried out at this pH.

4.3.2 Influence of the Temperature

In contrast to the pH-dependence of enzyme activity, the temperature dependence of the
enzyme activity does not show a maximum. Normally, the reaction rate increases with

temperature, while the stability decreases (cf. Buchholz and Kasche, 1997 p 49). Both effects,
however, are better understood and controlled if studied separately. The enzyme stability has

been described in the previous subchapter.

A good possibility of describing the temperature influence on the enzyme catalysis is the use
of the Arrhenius equation, described in chapter 3. This procedure is not possible for the
production reaction under aqueous conditions due to substrate instability. Besides, the NMR-
analysis would require a high amount of substrate converted. Under these circumstances the
reaction rate measured cannot be considered equal to the initial rate, thus hindering the

measurement. The activation energy with substrate-coupled regeneration was found to be

%9 E.g. Buchholz and Kasche, 1997.
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46 kJ/mol* Since this is identical to the value determined solely for the cofactor regeneration
(see 5.3.3.2), we conclude that the measured value actually reflects the activation energy of
the rate-limiting step, the cofactor regeneration. In order to determine the right value for the
production reaction, experiments either with stoichometric amounts of cdtaotowith

enzyme coupled cofactor regeneratfomould be necessary.

4.4 Regio- and Enantioselectivity

The regio- and enantioselectivity of the LBADH-catalysed reduction of CDHE has been
described by Wolberg (Wolberg, 200Using the isolated enzyme only the reduction of the
d-carbonyl group can be observed. In contrast, the use of whole celstobacillusyields a

mixture of single and double reduced species.

The ee of the obtained 5-hydroxyester CHG@E> 99.5% (GC-analysis). In our investigation
neither change in pH nor temperature led to a detectable change in the regio- or

enantioselectivity of the LBADH-catalysed reduction of CDHE or acetophenone.

4.5 Thermodynamics

The LBADH catalyses the reduction of CDHE under consumption of NADPH yielding
CHOE. But it also catalyses the oxidation of CHOE under consumption of NgiBRing
CDHE. The reversibility of the reaction causes the necessity of an evaluation of the

thermodynamic equilibrium of the system.

However, the direct measurement of the system composition at equilibrium is not possible
due to the occurrence of the irreversible substrate decay under reaction conditions. This

reaction gives rise to a sink, which prevents system from reaching equilibrium (figure 4-5).

o) o O O O OH O O
Ak e e A e o o LA

NADPH NADP*

Figure 4-5: The reversible LBADH-catalysed reactions and the irreversible ODFA formation. The

irreversibility of one reaction prevents the direct determination of the equilibrium.

Consequently, the equilibrium constant must be estimated based on non-equilibrium

conditions.

“C For substrate-coupled regeneration see chapter 5.
“1 LBADH presents often substrate surplus inhibition by NADPH.
42 Cf. chapter 5.
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An estimation of the equilibrium constant is possible based on the small scale reproduction of
the procedure described by Wolberg for production of CDHE on a preparative scale (cf.
Wolberg, 2001§? In this system the oxidised cofactor is regenerated by the reduction of 2-

propanol yielding NADPH and acetone (Chapter 5). The equilibrium constant for the system

is the product of the equilibrium constant of production and regeneration reactions.

Ktot = Kprod * Kreg Equation 4-1

Employing a total amount of 2-propanol corresponding to a concentration of 450 mM, 36 mM
CDHE can be completely reduc&dSince the conversion is determined by NMR-anylysis,

we consider a residual amount of 5% substrate to be present in the fixture.

_ _[aceton¢t[CHOE|
[ 2- propanc] JCDHE]

=16 Equation 4-2
Considering the value for (Chapter 5.3.2) the value fopky is estimated as

|NADP*|dicHOE]

Kprod = [NADPH] EﬁH+]EﬁCDHE] > 1400° Equation 4-3

The reversibility of the production reaction is proved by prolonged agitation of the reaction
mixture. The observed decrease of the selectivity indicates that the product is re-oxidised to
CDHE, which undergoes the irreversible HCI elimination yielding ODFA. This result
(equation 4-2) indicates the necessity of having a reducing agent in excess in order to
suppress the CHOE oxidation and thus prevent the consequent decrease of the process
selectivity.

“3 The use of the Haldane relationship to calculate the equilibrium constant of the production system turns out to
be impossible due to the approximations made in subchapter 4.6. Nevertheless, extrapolations of the reaction
rates described there leads to results similar to those obtained here.

* Overall selectivity approximately 90%

%S The actual concentration must be lower, otherwise the results eé thetermination would be influenced.
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4.6 Kinetics

Besides the thermodynamic characterisation, the development of an adequate process for the
LBADH-catalysed reduction of CDHE requires also a kinetic characterisation of the reaction.
For the purposes of the present process development a description of the reaction mechanisms
is not required. The development of a model to describe the macroscopic reaction progress is
sufficient (Wandrey, 1996).

The macroscopic rate of enzymatic reactions is frequently described with the Michaelis-
Menten kineticg®

- el Vo, 08,

dt Ky +[9 Equation 4-4

with:

[P] = product concentration, [mM];

[E]o = initial enzyme concentration, [mg/mL];
[S] = substrate concentration, [mM];

Vmax = maximum velocity, [U/mg]

Kwm = Michaelis constant, [mM].

In the case of ADH-catalysed reactions an extended Michaelis-Menten equation to describe
the influence of both substrates is use@he values of the required model parameters are
obtained using initial rate measuremefitShis is particularly convenient, since the cofactor

consumption or generation can be comfortably followed by change of absorption at 340 nm.

One important characteristic of the Michaelis-Menten kinetic is the asymptotic approximation
to a first order kinetic at low substrate concentratié@y][>> [S]. In order to suppress the

undesired ODFA formation, it is convenient to perform the production reaction at low

6 A derivation and full discussion of the equation can be found in standard books about enzyme kinetics,
e. g.:Cornish-Bowden 1981, Bisswanger, 2000.

47 Advantages and limitations of this approach are discussed in section 5.3.3

“8 Measuring the initial rates the reverse reaction, progressive inactivation of the enzyme and other complicating

features can be avoided (Cornish-Bowden, 1981).
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substrate concentratidi.Accordingly, the dependence of the product formation rate on the

substrate concentration at a constant cofactor concentration can be described as:

Vprod = d(EltD] = kE [ﬁE]o [ﬁs] Equation 4-5
with:

\/
ke = KL;X Equation 4-6

The commonly used photometric determination of the parameters is hindered due to the rapid
ODFA formation in aqueous solution and the slow dissolution rate of CDHE. Consequently,
the determination oke is carried out by sampling and NMR-determination of the product
concentration. The calculation of the enzyme concentration is based on the mass specific
standard activity (347 U/mg) and the molecular weight (104 kDa) determined by Riebel and
the measurement of the acetophenone standard activity (Riebel, 1996). To avoid influence of
the back reaction, only initial measurements are taken into consideration. To obtain an
accurate substrate concentration which is small enough to allow the first order approximation,
a MTBE/aqueous biphasic system is u¥edsor equivolumetric systems the aqueous
concentration can be easily calculated based on the partition coefficient. The partition
coefficient for CDHE is:

Mow = 500 * 250

For a solution of 21 mM CDHE in MTBE (50/50 v/v) at 25°C, 150 mM phosphate buffer,
pH 7.0, 1.0 mM cofactor and an enzyme concentration of 0.092 mg/mL (0.9 puM) the

measured rate constant of enzymatic reactidn is

4 A full discussion is presented in chapter 6.
%0 Cf. chapter 6.

51 The determination of the confidence range could not be carried out due to experimental difficulties.
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ke = 32.7 mL/(mg min)

The assumption that under these conditions the first order approximation is valid should be
confirmed by estimation of th&y-value. ThereforéVmax should be measured. Using the

equation 4-6 it is then possible to estimate thevElue.

Thus, the reaction rate is measured under assumed substrate saturation. Therefore we
postulate that the enzyme is saturated at 4.5 mM CDHE and determine the reaction rate which

leads to Wax

At 25°C and 1 mM NADPH the measured activity leads to a value for
max = 660 U/M@nzyme

This value corresponds to a relative maximum activity of 190% compared to the standard
substrate acetophenone. It should be remembered that this value is measured at 25°C, while

the acetophenone standard activity is measured at>30°C.
Using the measuredy\value and equation it is possible to estimate the valueyfor K
Kuw =20.2 mM

This value justifies the approximation of the reaction as first order for the range of
concentration used in this wotklt is an uncommonly higky-value for a LBADH-substrate

(cf. Riebel 1996§* Two major causes may account for this: as CDHE is an unnatural

substrate th&y-value has not been optimised by evolution; the approach used allows only a
rough estimation of th&y-value and not an accurate determination. Probably the major

reason for inaccuracy in the estimation is the determination of the aqueous CDHE

concentration.

The presence of product inhibition is very common for ADH-catalysis (Wong, 1986). This is

not included in the kinetic model, because the product will be continuously removed in the

%2 The relative activity measured at 30°C is 3.0 (cf. table 5-4). A direct comparison with the value described by
Wolberg (77% relative activity compared to the standard substrate) should be avoided, since his measurement
was carried out at pH 6.5, 25°C and 2 mM CDHE.

%3 The typical concentration is normally < 1uM.

% The saturation assumption for a 4.5 mM solution is not correct, but it allows the underestim&tjorTbé

measurement under real saturation condition will result in an even kghealue.
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process used in the present work. Consequently, its concentration will always be low, and the
inhibition insignificant>®

An accurate determination of the coenzyme kinetic parameters would be at least as laborious
and not more accurate than the estimation of CDHE-values. Since the cofactor is one
important cost factor, it should be used in the lowest concentration, which still allows a
sufficient reduction rate to suppress the undesired ODFA formation and thus yielding a high
selectivity. In subchapter 6.7 it is demonstrated that 0.01 mM is the lowest possible cofactor
concentration to cope with high process selectivity. For purposes of the kinetic modelling we
assume this value asy. Though probably present, inhibition by NADPH-surplus is not
considered, since high NADPH concentration should be avoided alone due to economic

aspects.
The parameters used in the kinetic expression are shown in table 4-1.

Table 4-1: Parameters regarding the production reaction kinetics; the value in italic is not experimentally

determined.

parameter unit value
ke mL/(mglthin) 32.7
Mojw O 500

KM NADPH mM 0.01

The rate of the production reaction can be expressed by

[NADPH]

Vprod = kE [ﬂE] [ﬁCDHE]aq K + [NADPH]
M

Equation 4-7

The reverse reactiom.e the oxidation of CHOE to CDHE is also catalysed by LBADH. At
25°C and the concentration of 15 mM CHOE and 2 mM NADRe activity measured for

the oxidation is 3.5 U/mgyme This value corresponds to 1% of the standard substrate
activity. Given the low reaction rate and the low CH@&nhcentration present in reaction
volume in this work, this reaction can be seen as less important. Indeed it was seldom
observed in the course of experimental work. Therefore it has not been studied in detail. For
purposes of modelling, the worst case is assumed: the reaction displays vé&iy-l@alues

and at any concentration the maximal rate is achieved (zeroth order approximation). Further

5 CHOE partition coefficient in MTBE/buffer is 200.
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we assume a low but existitg-value for NADP, and set it as 0.01 mM. Consequently the

rate for the oxidation reaction is expressed as:

\ =k_. (E DM Equation 4-8
revprod E +
K, +[NADP*]

And the parameters are summarised in table 4-2.

Table 4-2: Parameters regarding the CHOE oxidation kinetic; the value in italic is not experimentally

determined.

parameter unit value
k—E U/m%nzyme 35
KM,NADP mM 0.01

4.6.1 Influence of the cofactor regeneration

The formulated equations describe the reaction rate for the case of stoichometric NADPH
consumption. Since the cofactor is to be regenerated in the process (chapter 1), additional
compounds are going to be present in the reaction phase. They can influence the rate of the
production reaction. There are different regeneration approaches, and they are discussed in
chapter 5. Here, only the influence of one compound (acetone) involved in the cofactor

regeneration is briefly discussed as an example.

Acetone is the product of the 2-propanol coupled cofactor regeneration (subchapter 5.3). The
substance itself is also a substrate for LBADH. Thus it shows an affinity towards the active
site. When adsorbed on the active site it prevents CDHE from entering it. In other words,
acetone is an inhibitor of the production reaction. Indeed the production reaction gets slower

as the acetone concentration increases, as shown in figure 4-6 for initial rate measurements.

1.0

acetone / mM
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Figure 4-6: Effect of acetone on the initial reaction rate of the production reaction; aqueous/MTBE (50/50
vlv), 21 mM CDHE in MTBE at 25°C, 150 mM phosphate buffer, pH 7.

The inhibition can be described as:

Vv "
rod nhormalised
v =P

prodacetone — {]--Fl:acetor@j

K,

Equation 4-9

where
V prod.acetone= Production reaction rate in the presence of acetone (normalised)
V prod,normalise= Production reaction rate in the absence of acetone (normalised)

K, = acetone inhibition constant

Graph-fitting indicates the value for:K

K|Yace: 4.6 i 0.6 mM

4.7 Interim Summary

« The influence of the reaction conditions on the enzyme stability was studied; the

highest stability was observed at pH 7, the enzyme is thermolabile.

* The regio- and enantioselectivity of the biotransformation was not affected by the

reaction conditions.
« The thermodynamic equilibrium position of the reaction was estimated.

» Equilibrium shall be avoided to suppress the re-oxidation and thus avoid substrate

decay.

» For the small working CDHE concentration, first order description of the production
reaction rate was used. The kinetic expression was extended to describe the cofactor

influence.

» The reverse reaction was described as zeroth order regarding CHOE and also extended

to describe the cofactor influence.

» The influence of acetone as inhibitor of the production reaction was also described.






5 The Cofactor Regeneration

“Der Cofactor ist der biologische Akku®®

MARTINA POHL

5.1 Introduction

The redox equivalent required by LBADH catalysed reductions are supplied in form of the
cofactor NADPH. This cofactor is prohibitively expensive if used in stoichiometric amounts.
Having nature as an inspiration, it is possible to reduce the consumed cofactor and allow it to
re-enter the reaction cycle. Thus, the expensive cofactor is only needed in catalytic amounts,
which leads to a crucial reduction in costs. Therefore, an efficient and cost-effective
integrated’ regeneration from the oxidised cofactor form is a prerequisite for commercial
applications (Kragkt al, 1992). The efficiency of a regeneration process is measured by the
number of cycles which can be achieved before a cofactor molecule is withdrawn from the
system (either by decay or by convection). It is expressed as the total turnover rfiurhber,
TheTTNis calculated as the total number of moles of product formed divided by the moles of

cofactor used during the course of a complete reaction (Equatipn 5-

TTN = molesproductformed
molescofactorconsumed

Equation 5-1

The required absolufETN-value to enable the economic application of the enzymatic process
depends on the price achievable by the product and the cost of the cofactor. The cost for the
whole catalyst system should not be higher than 10% of the product value. Estimating the
expected price for CHOE to reach 250 €7kgporresponding to 60 €/mole, the total catalyst
cost for a mole of product should be at most 6.00 €. Considering the cofactor price to be
7.45 €/g NADP, which corresponds to 5866 €/mole, THEN must be at least 1000. Since the

%6 “The cofactor is the biological accumulator®, during a lecture celebrating the awidetésther Zukunftspreis

2002.

5" The former expressidn situis avoided, because a regeneration in a different rooms may be concieved.

%8 The present price for 10 g quantities is 89.00 €/g (Julich Fine Chemicals). The price estimation considers the

price for a large scale integrated production.
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enzyme cost must be also considered (Chapter 4}athet TTN for this process is 2000

(cf. chapter 9).

Since most oxidoreductases depend on nicotinamide cofattoemy approaches have been
developed to regenerate the cofactor. Beside the regeneration efficiency, cofactor retention
and cofactor stability are important aspects guiding the achieVaiNe These three aspects

are subject of the following sections.

5.1.1 Regeneration Approaches

The reductive regeneration is of interest for the present work. Hence, this section will
concentrate on approaches for the reductive regeneration of NADPH. This is specially

sensitive, because NADPH is the most expensive among the nicotiamide cofactors (table 5-1).

Table 5-1: Prices of nicotinamide cofactors quotated by Jilich Fine Chemicals for a 10 kg order.

cofactor mol weight [g/mol] €/g €/mol
NAD", free acid 717.5 1.90 1363.19
NADH, disodium salt 709.4 6.05 4291.87
NADP", disodium salt 787.4 7.45 5866.13
NADPH, tetrasodium salt 883.4 46.10 40 724.74

An adequate cofactor regeneration should lead to the following goals (Adlercreutz, 1996):

1. high cofactor total turnover numb@arT(N).

2. shift of the production equilibrium towards higher product yield.

3. avoid limitation of the production rate due to lack or excess of a cofactor Sfecies.
Concerning goal 1, it is important that the regeneration reaction displays a very high 1,4-
regioselectivity’* Peters has correlated the regeneration selectivity with the achidveile
(Peters, 1998). The regeneration selectivity is a fundamental issue in the choice of the
regeneration method. Goal 2 is of particular interest in the present process development,

because complete conversion of the substrate is reqiéstéds aspect needs special

980% on NADH and 10% on NADPH (Faber, 1995, p. 161)

€ E.g supply the redox equivalent rapidly enough and decrease of substrate/product inhibition caused by the
cofactor.

®1 The hydride addition to the pyridine ring of the nicotinamide subunit can occur in the 1,4- and 1,6-position.
Only the 1,4-addition leads to the active cofactor species.

%2 Unconverted substrate will decrease the enantiopurity of next step’s product, due to unselective reduction.
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attention during the entire work. Goal 3 can be achieved by enabling the regeneration rate to
prevent the depletion or accumulation of the inconvenient cofactor species. This aspect will
be discussed in detail in chapter 6.7, 7 and 8.

According to Kragl (Kragl, 1997), the requirements for successful use of a regeneration
system are:

« no inhibition or deactivation of the enzyme by substrate or product/mediator

* no additional procedure in product recovery and isolation

» cheap substrate/low mole specific catalyst cost
An overview of regeneration possibilities can been found in books devoted to
biotransformations in the organic synth&Sif the following, the different approaches to the

cofactor regeneration will be discussed.

Whole Cell

A widespread way to enable the cofactor regeneration is the use of whole cells as biocatalyst.
Here, the cofactor is recycled by the metabolism of the cell. The redox equivalents supplied
are cheapg.g. carbohydrates) and the cofactor is retained by the cell membrane. Very low
cofactor costs are achievable by this approach (Kietlkil, 2001)®* However, the use of

whole cells as biocatalyst in the present work cannot be regarded as a practicable alternative

because:

« whole cells of Lactobacillus brevisause to further reduction of the prodtfct.
e a genetically modified organism containing the recombinant LBADH and a

regeneration enzyme is not available.

Therefore an isolated cofactor regeneration is needed.

The different approaches for the isolated cofactor regeneration can be divided into two groups
(Adlercreutz, 1996):

» electrochemically driven

» substrate driven

6 E.g Wong and Whitesides, 1994; Faber, 1995; Drauz and Waldmann, 2002.
% For whole cell biotransformation the reference to a calculBfétis not reasonable.
& Mller et al, 1999.
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Electrochemical Cofactor Regeneration

The direct cathodic cofactor reduction is not possible, because the selectivity achieved is not
high enough to couple with the desir@dN°® To overcome this limitation, different
approaches using mediators have been developed. Their properties have been compared by
Adlercreutz (1996). Due to several drawbacdksg, lack of mediator stability, the process

development will concentrate on substrate driven regeneration.

Substrate Driven Cofactor Regeneration

The substrate driven regeneration is achieved by the oxidation of a compound and
concomitant generation of a second product. The basic concept is derived from the
metabolism but is simplified from the network to a single reaction, which is more amenable to
optimisation by reaction engineering techniques (Kula and Kragl, 2000). Two groups of

systems can be identifiéd:

e enzymatic

+ non-enzymatit®

Non-enzymatic Cofactor Regeneration

The direct non-enzymatic regeneration using a reducing agent such as sodium dithionite
(Na&S;04) lacks the required regioselectivity. Furthermore, enzyme deactivation caused by
NaS,0, may occur. To overcome these limitations, transition-metal-complexes as catalysts
have been used as homogeneous catalyst for the reduction. Encouraging results have been
described €.9. Steckharet al, 1990, Wagenkneclat al, 2003) Nevertheless, a drawback of
transition metal homogeneous catalysis persists: the direct (unspecific) reduction of the
substrate by the regeneration catalyst (¢fUhlenbrock 1994).

Enzymatic Regeneration

Nature offers a great number of enzymes dependent on nicotine amide cofactor. Some of them
can be used for the isolated cofactor regeneration. Their 1,4-specificity has been provided by
evolution. Consequently, enzymatic regeneration is at present the approach enabling highest

selectivity (Peters, 1998, Faber, 1995, p. 162). Therefore, we focus on enzymatic regeneration

¢ Kai Vuorilehto, personal communication, 2003.

7 There are photochemical approaches belonging to both groups. Since the efficient methods require an
expensive sensitizer, they are not a competitive alternative at present, and consequently will not be discussed in
this work; cf. Adlercretz, 1996.

® The non-enzymatic cofactor regeneration is often referred to simply as “chemical”. Since enzymatic reactions

are also chemical, this nomenclature will be avoided.
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for the present process development. There are two possibilities of conducting the
regeneration enzymatically: enzyme-coupled and substrate-coupled. In subchapter 5.2 the
enzyme-coupled approach is described. Subchapter 5.3 deals with the substrate-coupled

approach.

5.1.2 Cofactor Retention

As previously stated, a highTN is fundamental for the implementation of a cofactor
dependent catalysis. Besides the efficiency of the regeneration reactioh]Khis also
dependent on the concentrations of cofactor and substrate present in the solution (equation 5-
1). The concentration of the cofactor should be as low as possible and is determined by its
Kwm-value. The concentration of the substrate is normally determined by its solubility in water,
inhibitory effects and/or enzyme stability. In the case of water-soluble substrates, high
substrate concentrations are possible. Because the minimal cofactor concentration required for
most dehydrogenases-catalysis is lgow Ky-value), efficient cofactor regeneration alone is

able to provide a TTHigh enough for economic application in these c&&es.

For poorly soluble substrates, which is the case of most alcohol dehydrogenase substrates
including CDHE, the substrate to cofactor concentration ratio is significantly lower than in the
case of water-soluble substrates. Thus, the cofactor has to be separated from the products and
reutilised in order afford sufficiently highTN. Different methods have been developed for

this purpose. The most common is cofactor immobilisation. The diverse techniques of

immobilisation can be classified into two groups (Peters, 1998): coupling and entrapping

Coupling methods It is possible to couple the cofactor on cross-linked enzymes or

simultaneously with the enzyme on a carrier.

Entrapping methods: A brief discussion on the most attractive entrapping methods for the

process development follows:

The cofactor can bleound to a water soluble polymer The polymer can be retained during
ultrafiltration while small substrate and product molecules can freely pass the membrane.
Polyethylene glycols (PEG-10 000 and PEG-20 000) were used by Wichehahrfor the
entrapment of NADH (Wichmanmt al, 1981). This approach enables very hiGhN

600 000 (Hummel, 1997). However, it requires a tedious synthesis of polymer bound cofactor

and an eventual decrease of the cofactor activity.

894t can be stated that for water-soluble substrate#nthitu regeneration has been solved” (Kula and Kragl,
2000)
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Modifications of the enzymmembrane reactorconcept make use of membranes in order to
retain the cofactor in the reactor. Two distinct approaches have been described: the use of
charged membranes (Rotheg al, 1990, Ikemi and Ishimatsu, 1990) and the more versatile
use of nanofiltration (Seelbach, 1994; Kragl, 1997; Seelbach and Kragl, 1997). Seelbach has
determined the retention of NADMy nanofiltration membrane as being 0.98. So,Tthnl

could be enhanced 3 to 4 fold.

The retention of the charged cofactor in the aqueous phaséiphasic systemis a third
entrapping possibility. Carrea used this technique for NADH-dependent steroid
dehydrogenase (cf. Carrea, 1984). The advantages of this approach are the very high retention
of the cofactor and the facile implementation. An important disadvantage is the notorious
instability of ADH in the presence of organic solvents, which is subject of chapter 6. This
limitation can be (partially) overcome by a bimembrane reactor (Ketsg¢ 1994; Kruse,

1995; Kruse et al1996).

In conclusion, there are sufficient possibilities for cofactor retention. Before the
implementation of polyethylene glycol it is necessary to investigate the effects of bounding
NADPH on the LBADH kinetics. The use of the biphasic approach for the cofactor retention
depends exclusively on the existence of a solvent not affecting the enzyme stability. The
retention of the cofactor by a nanofiltration membrane is a technology readily available for
application. Therefore, both the last possibilities are more straightforward. The decision on
the most suitable solution should be made considering the process as a whole. This is

discussed in chapt@r No further investigation is necessary at this stage.

5.1.3 Cofactor Stability

Given a selective cofactor regeneration and a high retention valueT Mkmiting factor is
the chemical stability of the cofactor. Therefore aspects influencing the stability are briefly

discussed here.
Nicotinamide cofactors contain three labile bonds which may be target of general or specific
acid- and base-catalysed hydrolysis (Figure 5-1):

« the Nglycosidic bond between nicotinamide and ribose
» the phosphodiester bond between the two ribose-units

» the bond between ribose and phosphate
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|
20,0  OH HO OH

Figure 5-1: The labile bonds in NADPH.

The mechanism of the decomposition and the different pathways were studied in detail (cf.
Wong and Whitesides, 1994; Peters, 1998). The influence of pH and buffer on the cofactor
stability is also described (Johnson and Tuazon, 1977). Under basic conditions the reduced
cofactor is stable, but unstable under acidic conditions. In contrast, the oxidized cofactor is
stable under slightly acidic and labile under basic conditions. A pH range of 8-8.5 represents a
compromise in stability (Wong and Whitesides, 1984jhe presence of inorganic phosphate
increases the rate of the cofactor decomposition, while some organic buffers like
triethanolamine (TEA), HEPES and Tris buffers are less detrimental.

The effect of the pH on the stability of NADPH is illustrated in figure 5-2. The light
extinction ) at 340 nm of a standard solution is measured at different pH-values. The
decrease of absorption in course of time, as a measure for the decay, is plotted against the
time.
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Figure 5-2: The influence of pH on the NADPH stability illustrated by the extition at 340 nm of a 0.1 mM
NADPH solution at 25°C.

" Depending on the production/regeneration ratio the working pH-window may differ from the value mentioned
above.
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Finally, it is important to consider that a temperature increase has severe consequences for the

cofactor stability.
5.2 Enzyme-Coupled Cofactor Regeneration

5.2.1 Introduction

In the case of the enzyme-coupled cofactor regeneration, the production reaction and the co-

factor regeneration reaction are catalysed by two different enzymes (figure 5-3).

O E-1 OH

RJ\R‘ 7\ R

NADPH NADP*

cpP ;—4 cs

E-2

Figure 5-3: Enzyme-coupled cofactor regeneration; E-1 and E-2 are different enzymes; CS is the co-
substrate and CP, the co-product.

Levy and coworkers used this method to regenerate NADH consumed by ADH in the
synthesis of a pure enantiomorph of ethandi{Levy et al, 1957)"* Glucose dehydrogenase
catalysed the reduction of the cofactor using glucose as substrate. Several other systems were
developed. The best and most widely used system uses formate dehydrogenase (FDH) (Faber,
1995). It is shown in figure 5-4.

NAD(P)H  NAD(P)*

co, 4‘:—4 HCOO™

FDH

Figure 5-4: The cofactor regeneration using formate dehydrogenase (FDH).

The NAD'-dependent FDH of the methylothropic ye@sindida boidiniiwas described by
Sahm, Kula and co-workers (Schigeal, 1976). The enzyme’s production was optimised
(Weuster-Botz, 1994) and it is used on a industrial seaglefor the production of-tert-
leucine (Liese et a2000)’?

The enzyme-coupled regeneration has found great acceptance due to following advantages:

™ n this publication the cofactor is named DPNH (diphosphopyridine nucleotide).
2 For their work dedicated to the FDH-coupled substrate regeneration Prof. Dr. Dr. Kula and Dr. Martina Pohl

were awarded with the Deutscher Zukunftspreis 2002.
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1. The position of thethermodynamic equilibrium can be (easily) influenced.
Thermodynamically unfavourable production reactions can be driven by coupling with
a favourable cofactor regeneration (Peters, 1998). For the enzyme-coupled
regeneration it is possible to take advantage of the (almost complete) irreversibility of
the reaction.
2. Theactivity fraction of both enzymes can be optimised (Peters, 1998), enabling a
control on the relative concentrations of NAD#hd NADPH.”
3. Substrate and co-substrate do not haveotapete for the active siteof a single
enzyme (Faber, 1995).
Thus, it is possible to compensate the disadvantage of additional cost and complexity due to
the inclusion of a second enzyme (Adlercreutz, 1996). Therefore, it is necessary to assure the
compatibility between both enzymes concerning pH and temperature working window
(Peters, 1998). Also the compatibility between enzymes and substrates/products must be
guaranteed. Moreover, both enzymes should have different specificities for their respective

substrates (Faber, 1995), so that undesired catalysis is prevented.

The widespread use of formate dehydrogenase is due to the following facts:

1. The thermodynamic equilibrium of the regeneration system is very favourable.
Although the reverse reaction could be detected, the product (carbon dioxide) leaves
the reaction mixture continuously (Schigeal, 1976). Hence, the reaction can be
regarded as irreversible.

2. lts substrate, formate, is cheap, safe and water soluble. Besides, it is not converted by
most production enzymes, thus avoiding competition for the active site.

3. The regeneration product, carbon dioxide, is easily removed from the reaction
mixture, not causing additional work up steps. It is also not obnoxious to protein.

Beside the exclusively NABRdependent FDH o€andida boidinij the bacteriaFDH from
Pseudomonasp. 101has been intensively studied. The three dimensional structure has been
characterised to high resolution. This enzyme is of interest because the wild-type displays
activity also with NADP, though it is low (about 5% reaction rate compared to NARd

high Ky value of 35 mM). Tishkoet al generated an NADRlependent FDH by rational
design strategy. The mutant enzyme exhibits about 60% of the reaction rate compared to
NAD". TheKy value has been lowered by more than 100-fold by site directed mutagenisis.

The new NADP-dependent FDH has been produced in pilot scale using a recombinant E. coli

73 Cf. enzyme activity fraction in Kragit al, 1996.
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strain. (Tishkovet al, 1999). It is commercially availabfé,and its use in integrated
regeneration has been reported. This enzyme regenerated the NADPH consumed in the ADH-
catalysed reduction of acetophenone (Seeltetclal, 1996)” Further use in a coupled
synthesis of chiral lactones by monooxygenase has also been reported ®isdp1997).

For its low cost and reported compatibility with ADH frdoactobacillus sp. this FDH is

studied as a possibility for cofactor regeneration in the present process development.

Equally attractive is the use of hydrogenase enzymes, which are so-called for being able to
accept molecular hydrogen directly as hydride donor. The latter is strongly reducing,
innocuous to the enzymes and nicotinamide cofactors, and its consumption leaves no by-
product. Thehydrogenase fromPyrococcus furiosusdisplays NADP-activity. In spite of

recent development (Greiner, 2002), drawbacks of this approach are the enzyme’s extreme
sensitivity to oxidation and the lack of commercial availability combined with complicated
fermentation procedures (Faber, 1995, p. 165). For these reasons, this enzyme cannot be

considered at present for a technological application.

A further enzyme used for NADPH regenerationglacose-6-phosphate dehydrogenase
(G6PDH) (Faber, 1995). Due to the spontaneous hydrolysis of the product, 6-
phosphoglucolactone, to the corresponding gluconate, the equilibrium of the reaction is quite
favourable. A major disadvantage of this system is the expensive substrate (see table 5-2). To
decrease its cost, the substrate may be gendratl (Faber, 1995 p. 164). However, this
increases the complexity of the system. Hence, this approach will not be considered in the

present work.

A similar method uses thglucose dehydrogenas€GDH) for the cofactor regeneration
(Figure 5-5). The enzyme fromBacillus cereus is stable and accepts NADPH with high
specificity. However, the final regeneration product, gluconate, may complicate the work-up

(Faber, 1995). In addition, the gluconate formation requires constant pH adjustment.

OH OH OH
Q
HO GDH HO Q spontaneous HO o
—_— —_—
HO OH /\ HO HO COH
o}
OH OH OH
NAD(P)" NADPH

Figure 5-5: Glucose dehydrogenase (GDH) catalysed cofactor regeneration followed by the spontaneous

gluconate formation.

" Julich Fine Chemicals, a solution containing 51 U/mL, 47.05 €/kU.

S ADH from Lactobacillussp..
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The use of asecond ADH for the cofactor regeneration can also be considered. This
alternative offers little advantage with respect to the substrate-coupled cofactor regeneration.
The thermodynamic situation is comparable; cross inhibition and undesired catalysis are
possible. The only advantage is the possibility of controlling the activity fraction. So, this
system is only to be used if a more effective regeneration reaction is indispensable and cannot

be obtained by other means (cf. 6.7, 7).

The different systems discussed are summarised in table 5-2.

Table 5-2: Systems for enzyme-coupled cofactor regeneration.

enzyme substrate product substrate cost [€/mal]
rec. FDH sodium formate carbon dioxide 0.014
[EC 1.2.1.2]

ADH [EC 1.1.1.2] 2-propanol acetone 0.05
glucose glucose gluconate 0.13
dehydrogenase

[EC 1.1.1.47]

glucose-6-phosphate glucose-6-phosphate 6-phospho- 5330.00
dehydrogenase glucolactone

[EC 1.1.1.49]

hydrogenase molecular hydrogen — <0.01
[EC 1.18.99.1]

In conclusion, the only system for NADPH regeneration relevant at present for this process
development is the recombinant FDH fréteeudomonasp. 101. Its compatibility with the

production system is investigated in the next section.

5.2.2 Compatibility between Production and Regeneration

The compatibility between production and regeneration systems is indispensable. Important

aspects to be considered are listed:

* pH-range for enzyme activity and stability
» temperature range for enzyme activity and stability
» effect of substrate and product on the enzyme (stability, inhibition)

» undesired reaction between substrate or product and co-substrate or co-product
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Previous works have shown that the NABfRpendent FDH can be used at the same
temperature and pH-ranges aimed for the present process development. (®telbald06,
Rissomet al, 1997). Thus, the next step was to investigate the effect of the substrate on the

enzyme.

Therefore, FDH was dissolved in the presence of a 7.5 mM solution of CDHE and incubated
at 30°C. Samples were collected periodically and its activity is determined photometrically. A
control experiment was carried out, repeating the incubation conditions but without CDHE.

The results are plotted in figure 5-6.
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Figure 5-6: Residual activity of FDH in the presence of 7.5 mM CDHE and in the control experiment

without CDHE; pH 7.0, 100 mM pohsphate buffer, 30°C.

The results clearly show an absolute incompatibility between the regeneration enzyme and the
substrate. Incompatibility between oxidoreductase @awtiloro ketones have been observed

before’®

Consequently, the direct use of the FDH for cofactor regeneration must be disregarded. For
this reason, it is not possible at present to regenerate the cofactor in this process development

via an enzyme-coupled systéh.

" Wolberg for the essential activity 8. cerevisiagregarding CDHE (Wolberg, 2001 p. 51); Shimiual,
regarding 4-chloro-3-oxobutanoate, (Shimital 1990).

" Options to decrease the concentration of CDHE in the regeneration room are discussed in chapter 6 and 7.



The Cofactor Regeneration 51

5.3 Substrate-Coupled Cofactor Regeneration

5.3.1 Introduction

In the substrate-coupled approach both the production and the regeneration reaction are
catalysed by the same enzyme (figure7h- A second, sacrificial substrate (co-substrate)
serves as hydride donor. Hence, it resembles the Meerwein-Ponndorf-Verley reduction (cf.
Stampfer et aJ 2002).

NADPH NADP*

O \_/ OH
A £1 A

Figure 5-7: Substrate-coupled cofactor regeneration with 2-propanol as sacrificial substrate (Co-

substrate).

The co-substrate must be a low cost alcohol. Ethanol should be avoided, because its oxidation
product, ethanal, can react with the enzyme forming a Schiff's base. If secondary alcohols are
converted by the enzyme, they should be preferred. In the case of LBADH, the use 2-propanol
as the sacrificial co-substrate is possible. This alcohol and its oxidation product, acetone, are
volatile and can be easily separated from the product by distillation. However, the catalysed
reaction is reversible. So, the thermodynamic equilibrium must be considered when this
method is applied. This is the subject of the next section. To shift the equilibrium of the
system to the desired position, the co-substrate is usually applied in large excess. This large
excess of alcohol increases the solubility of the substrate and is consequently advantageous
for the process. However, it is often detrimental with regard to enzyme stability or may affect
kinetic constants. This approach is advantageous considering the enzyme availability and the
compatibility between enzyme and substrates. On the other hand, the overall efficiency is
reduced since the enzyme’s activity is distributed between substrate and co-substrate (Faber,
1995). Cross inhibition is very likely to occur. Besides, pH optima for production (reduction)
and regeneration (oxidation) are not coincident. The major disadvantage of this regeneration
is the activity fraction for production and reduction. At given reaction conditions (pH) this

ratio is a natural constant.

It may be mentioned here that the substrate-coupled cofactor regeneration approach is the

most frequent for the synthesis Bfalcohols, since alR-selective ADH presently used in
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biotransformations are NADPH dependent, and the cofactor could not be regenerated
otherwise in a more economical way (Kula and Kragl, 2000). The substrate-coupled
regeneration is also very compatible with the use of enzymes in non-natural media, specially

where the cofactor is not soluble (Adlercreutz, 1996).

5.3.2 Thermodynamics

The substrate-coupled cofactor regeneration employed here is based on the reversible reaction
depicted in figure 5-8.

OH ADH

)\ + NADP* =———= NADPH + )OJ\ + HY

Figure 5-8: The reversible oxidation of 2-propanol used for the substrate coupled cofactor regeneration.

The equilibrium constant of the regeneration system can be obtained according to the law of

mass action (equation 5-2):

_ [acetongdiNADPH] dH" |
* " [ 2 propano] NADP" |

Equation 5-2

The value forKeq at 30°C was obtained in a series of experiments where the concentration of
the oxidised and reduced cofactor were determined by HPLC, the concentration of co-

substrate and co-product, by GC, and the equilibrium condition confirmed photometrically.
Ko = 11x10°

This is in good agreement with the value measured by Uhlenbrock if the pH is considered
(Uhlenbrock, 1994%® It clearly indicates the thermodynamic limitation of this regeneration
system’® In order to compensate this barrier, high 2-propanol concentrations are used (Peters
et al, 1993; Schubert al, 2002; Stampfeet al, 2002). Often, the highest concentration of
2-propanol possible is determined by the sensibility of the enzyme to the presence of this
alcohol in solution. The investigation of the compatibility of LBADH with 2-propanol is

described in 6.2.4.2. It can be stated that the enzyme tolerates high 2-propanol concentration

8 The determination of the equilibrium constant is very sensitive concerning the pH. Inaccuracy in the pH
determination are probably the reason for the small difference.
" Incorporating the pH to the constakity o= 0.11.
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while being soluble in the 2-propanol/water mixttft&o, high 2-propanol concentrations can

be used to shift the thermodynamics of the system. The highest 2-propanol concentration to
be used in this process development is determined by kinetic and economic aspects. It is not
possible to influence thermodynamics with a pH-shift, because it will affect the production
equilibrium in the opposite direction. Possibilities of influencing the thermodynaiaic

reaction engineering are discussed in chapter 7.

TheKevalue depends also on the temperature. Decreasing the temperature to 20°C, the value

measured for the equilibrium constant is:
Kjg = 083x10°®
A comparison of the results reveals that at higher temperature the product equilibrium

concentration is higher. This indicates that the regeneration reaction is endothermic.

5.3.3 Kinetics

The complete characterisation of the regeneration system includes beside the thermodynamic
also the description of the kinetic behaviour of the regeneration reaction. In contrast to the
production reaction, following the time-dependent concentration changes in the case of the
NADP* reduction by 2-propanol is a standard procedure. The 340 nm extinction can be
correlated to the NADPH concentration according to the Lambert-Beer law. This is a facile

method to conduct initial rate measurements.

5.3.3.1 pH Dependence

As discussed in chapter 4, the rate of enzyme-catalysed oxidation and reduction are strongly
influenced by the pH. Figure-% shows the dependence of the reactions involved in the

cofactor regeneration on the pH.

80 At 80% (v/v) 2-propanol the protein coagulates forming glue-like fibbers.
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Figure 5-9: Influence of pH-value on the enzyme activity for 2-propanol oxidation and acetone reduction

at 30°C.

A comparison of the obtained results with those for acetophenone and phenylethanol

described by Riebel reveals the same pH-dependence of oxidation and reduction (Riebel,
1996 p.147). Distinct is the magnitude of rate difference between oxidation and reduction.

While an overlap can be noticed for the reduction rate of acetophenone and the oxidation rate
of phenylethanol, the acetone reduction is always much faster than the 2-propanol oxidation.

For further studies pH 7.0 has been chosen based on the arguments presented in chapter 4.

5.3.3.2 Temperature Dependence

The influence of temperature on LBADH-catalysis has been discussed in chapter 4. For the
regeneration reaction (2-propanol oxidation), it is possible to describe the kinetic dependence
in the temperature interval between 5°C and 30°C according to Arrhenius. At higher

temperature the linearity is not present anymore, probably owing to thermal enzyme

denaturation. The activation energy of the cofactor regeneration can be calculated for this
linear interval using an Arrhenius plot (Figure 5-10).
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Figure 5-10: The temperature influence on the reaction rate of the 2-propanol oxidation.

The value obtained for the activation energy is 46 kJfmBurther studies are conducted at

30°C, since at this temperature denaturation effects during the measurement can be neglected.

5.3.3.3 Kinetic Model

The kinetic description of the regeneration reaction is different from the production reaction.
The latter can be described with first-order rate law due to the low substrate concentration
present. For the cofactor regeneration, the reaction rate must be high to enable an efficient
regeneration. Consequently, high amounts of co-substrate aré?usechigh substrate
concentration first-order rate law loses its validity and saturation kinetics must be used to
described the system (&fg. Cornish-Bowden, 1981).

In the present work an extended Michaelis-Menten equation with two substrates, competitive
product inhibition and uncompetitive substrate inhibition is used according to equations 5-3
and 5-4%°

81 Activation energy values for enzyme catalysis are frequently between 40-50 kJ/mol (Bisswanger, 2000). Cf.
6.7.2 for the implications of this result.

82 Beside kinetic reasons, thermodynamic reasons therefore are discussed in the previous section

8 «“Thus it is hardly ever possible to determine with reasonable confidence which is the correct mechanism why

not select the simplest empirical rate expression which satisfactorily fits the data.” (Levenspiel, 1972 p 466)
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Vieg =Vinaeo E] 3 [2- propand) o [NaDP) Equation 5.3
reg maxox - B
KM‘Z*Propanol EE]- + [aceton]aj + [2 - propanO] M,NADP + [ ]

laceton

and

vo =V €] [acetong q [NADPH]
revreg — ¥ maxred 2
K vaceton I:El"' [Z—prOpano]] + [aCGtOﬂ}? K. nadpr I:El+ [NADP]] + [[NADPH] ] + [NADPH]

1,2-propanol | ,NADP I,NADPH

Equation 5-4
with:
Vv = reaction rate [mM/min]
Vmax = maximum velocity [U/mg]
[E] = enzyme concentration [mg/mL]

Km = Michaelis constant [mM]

K, = inhibition constant [mM]

Advantages and limitations of this model are listed below (cf. Biselli, 1991):

» the model is based on initial rate measurements
« every parameter has a physico-chemical meaning
« reduction and oxidation are treated independently (although catalysed by the same
enzyme)
» knowledge about the reaction mechanism is not required
» the model implies a dependence on the initial concentratiom&jotherefore it is not
adequate to describe a system near the equilibrium.
» inhibition is described by formal inhibitory terms, which are not based on enzyme-
substrate-equilibria, but enable a data fitting.
Owing to these limitations, the application of this model is restricted. Nevertheless, in the
process developed of the present work the products are continuously removed and substrate
continuously added (see chapter 7), thus preventing the system to reach equilibrium. Rather, a

stationary situation equivalent to a constant initial reaction situation with product inhibition is
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present. This situation justifies the use of this model in the estimation of reaction rate for this
bioreactor.

Determination of Kinetic Constants

The determination of the kinetic constants was conducted by photometric initial rate
measurements and non-linear regression. In order to enable comparison between the different
measurements, the values for the maximum velocity were normalised by the standard
acetophenone velocity and converted to the mass specific value afterwards. Some examples of

the reaction rate dependence on substrate and product concentrations are given in Figure 5-11.
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Figure 5-11: Examples of curves used in the determination of kinetic constants at 30°C; The standard
acetophenone activity is used as activity reference (1.0). a) influence of the 2-propanol concentration on
the 2-propanol oxidation rate (NADF = 0.2 mM); b) influence of the NADPH concentration on the
acetone reduction rate (acetone = 5.0 mM); c) influence of the NADRoncentration on the 2-propanol
oxidation rate (2-propanol = 50 mM); d) inhibition of the 2-propanol oxidation with increasing acetone

concentration (2-propanol = 50 mM, NADP = 0.2 mM). All reaction conducted at pH 7 in 50 mM
phosphate buffer.

The values are summarised in table. 5-3
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Table 5-3:Value of the kinetic constants according to initial rate determination.

parameter unit value confidence range
Vimax, ox U/ mg 25 +1
Kwm,2-prop mM 1.8 +0.3
Km,naDP mM <0.005 -
Kiace mM 5.8 +0.5
Vinax red U/mg 9.7 -16 +0.8 - 16
Kwm,ace mM 1.4 +0.5
Km,NADPH mM 0.11 +0.06
Ki,NADPH mM 0.07 +0.04
K|, 2-prop mM 7.3 +0.5
Ki,.NaDP mM 0.40 +0.03

A precise determination d&€u napp IS Not possible due to the very small value. For modelling
purposeKu napp is set equal 0.005 mM. No inhibition of the oxidation reaction regarding
NADPH can be noticed if the enzyme is saturated with substrates. This can be caused by the
reaction mechanism, the very smidllvalue for NADPH, or the very smafly napp, Which

even when shifted by inhibition is not detectable. Regardless of the reason, competitive
product inhibition caused by NADPH is not significant in the working window and is

disregarded.

The existence of the acetone inhibition deserves special attention. Besides limiting the
thermodynamic of the system, high acetone concentration is also a kinetic obstacle to the

cofactor regeneration.

5.3.3.4 Integration of the Cofactor Regeneration

The model presented in this section describes the oxidation of 2-propanol under consumption
of NADP' yielding NADPH and acetone. Two important kinetics aspects concerning the
integration of this reaction in a process for cofactor regeneration shall be discussed here: the

regeneration activity fraction and the cross inhibition.
Regeneration Activity Fraction

The activity fraction of production and regeneration reactions is a decisive parameter
governing the efficiency of the cofactor regeneration. While it can be easily controlled in
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enzyme-coupled regenerations, it is constant in substrate-coupled regeneration under given
reaction conditions. The maximal mass specific values obtainable for the reaction rates at
30°C and pH 7.0 are given in table 5-4. The values are normalised by the standard

acetophenone velocity.

Table 5-4: Relative maximal enzyme specific reaction rates obtained at pH 7 and 30°C; The value concerning

CDHE differs from that in chapter 4 due to the different measurement temperature.

substrate relative maximal reaction rate
CDHE 3.0

CHOE 0.01

2-propanol 0.075

acetone 0.80

Thus, at pH 7.0 the regeneration activity fraction is:

regeneragin - 0024

regeneratinactivityfraction= - —=
production+ regeneratin

Possible implications of this very low value %re

» accumulation of the cofactor in the oxidised from.

» bad overall selectivity due to low production rate

* low enzyme efficiency; low space time yield
It is possible to influence the activity fraction inherent in LBADH regeneration by pH-shift,
since oxidation and reduction display different sensitivity to pH changes. However, this
procedure would also change the rate of the reverse reactions. Further more, in the special
case of 2-propanol oxidation, the sensitivity to pH-shift is not high enough to enable
significant improvement. Thus, another solution must be found to resolve this problem. (see

chapter 7).
Cross Inhibition

Since CDHE and CHOE are substrates of the LBADH, a competitive inhibition by this two

compounds on the regeneration reaction must be expected. A direct determination of CDHE is

84 For the case that both reactions are saturated with substrates.
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not possible though, owing to its instability in water. Although critical for one-pot reactions,
this limitation is not a hurdle for the description of the regenerating system in the reactor
developed in the present work (see chapter 7). The concentration of CDHE must be kept very
low, beyond itsKy value, in order to enable a good discrimination of the undesired ODFA
formation (cf. chapter 6). Under this condition, the competitive inhibition is expected to be
very low and will be neglected. Similarly, the inhibition caused by CHOE is expected to

cause only insignificant changes in the regeneration rate.

5.3.4 Cofactor Concentration

The low regeneration activity fraction described in the previous section has important
consequences for the process. If production and regeneration occur at maximal rate, the
cofactor will accumulate in the oxidised form, and the regeneration will be the rate limiting
step. This means that the stability of NADRther than NADPH must be considered for
setting the reaction conditions. On the other hand, it means, that the production reaction is
limited, thus limiting the space-time-yield. In addition, product inhibition is expected to occur

in ADH-catalysed reactions. Hence, not only the low NADPH concentration will limit the

production rate, but also the accumulation of NARHI cause a rate decrease.

The concentration of NADPH is governed by the regeneration fraction, which cannot be
altered by reaction conditions. The inhibition due to NADRowever, can be at least
controlled by the proper initial cofactor concentration. Small total amounts of c8fdoter
kinetic limiting cofactor regeneration will lead to a smaller accumulation of NABB the

limitation of the production rate is attenuated. This effect is described in chapter 6.7.

5.4 Conclusion

The results presented in this chapter describe the enzymatic cofactor regeneration as an
efficient possibility for the cofactor regeneration. Allied with one of the various techniques

for cofactor retention, it assures satisfactbi for the cofactor.

In addition to high TTN, the integration of the cofactor regeneration has two further

requirements: they are of special importance in the case of the reduction of CDHE:

« Shift of the production equilibrium towards higher product yield because no trace

of the substrate shall be present in the product.

% [NADP] + [NADPH]
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It must be assured that the production reaction is the rate limiting step of the
coupled systenf® Otherwise the substrate decay will decrease the overall selectivity.

These requirements are easily achievable with enzyme-coupled regeneration. However,

among the methods available at present, none offers an economic and compatible solution as

discussed in subchapter 5.2. At the same time, the requirements cannot or not completely be

fulfilled by the substrate-coupled regeneration.

As the only available approach for the one-pot reaction, the substrate-coupled regeneration is

used in the studies described in the next chapter, in spite of its limitations. In chapter 7

reaction engineering approaches to enable a conciliation of all three requirements with the

production are discussed.

5.5 Interim Summary

An efficient cofactor regeneration is a prerequisite to the commercial process
application (highTTN required). Three aspects must be considered: the cofactor

retention, the cofactor stability and the regeneration reaction

Different methods of cofactor retention were discussed (cross-linked with the enzyme,
bound to water soluble polymer, membrane reactor and biphasic system). A choice is

to be taken considering the whole process.

Factors affecting the cofactor stability were discussed. A slightly basic pH enables the
highest stability.

Different ways of cofactor regeneration were discussed. The substrate-coupled
cofactor regeneration (2-propanol as co-substrate) is the only possible approach for

this work.

The thermodynamic of the substrate-coupled regeneration was studied. The

equilibrium position is unfavourable to the process development.

An kinetic expression for the description of the regeneration reaction was elaborated.

It is based on an extended Michaelis-Menten equation.

The limitations of the regeneration systeay. regeneration activity fraction) were

presented, o) that technical solutions can be found.

8 The rate of the whole system must be kinetically independent of the nature of the recycling reactior{Bastos
al., 2002).






6 Alcohol Dehydrogenase in Biphasic Systems

“Bei Gefahr und gro3er Not
bringt der Mittelweg den Tod.“

ALEXANDER KLUGE

6.1 Introduction

6.1.1 General Aspects

Despite the increasing number of publications dealing with the application of biocatalysis to
transform non-natural organic compounds, prejudices are frequently encountered. One of the

most common is:

‘Enzymes work only in their natural environmenf”’

In living cells, water is the predominant solvent. Consequently, most scientists think of dilute
aqueous solutions as the medium for enzymatic catalysis (Halling, 1994). The use of aqueous
solutions as “conventional” reaction media ‘represents something of a nightmare for the
organic chemist if it is the solvent of choice’ (Faber, 1995). Hence, it is one of the factors
limiting the laboratory and industrial applicability of ADH (Wong 1987, cf. chapter 4.1.2)

Among the reasons for this are (Peters, 1998):

* most of the organic compounds are poorly soluble or even insoluble in water
» the high boiling point and high heat of vaporisation make the removal of water
expensive and tedious
» side reaction such as hydrolysis, racemisation, decomposition, or polymerisation are
often encountered when using water as a solvent.
However, one should bear in mind that high concentrations of proteins, other biopolymers and
low molecular weight compounds are present around the enzymes in living cells.
Furthermore, some enzymes are associated with membrane structure containing mainly
hydrophobic lipids. Accordingly, some of the “non-conventional” reaction media used
recently for enzymatic reactions may be as natural for the enzymes as dilute aqueous solutions

(Adlercreutz, 2000). The necessity of a clear nomenclature definition is noticeable. The terms

87 Faber, 1995.
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“natural medium” and “non-natural medium” should be avoided. In the sense of the present
work “non-conventional” media are those where the water content is reduced compared to

“conventional media”.

The applicability of non-conventional media to biocatalysis is now a well-established fact
(Adlercreutz, 1996). Besides overcoming the limitations imposed by aqueous solutions it can

offer some further advantages suci%s:

« the thermodynamic reaction equilibrium is shifted to favor synthesis over hydrolysis,

« decrease of substrate and/or product inhibition, either indirectly by maintaining a low
concentration in the micro-environment of the biocatalyst, or directly by changing
interaction between the inhibitor and the active site of the enzyme,

e easy recovery/reuse of the biocatalyst which does not dissolve in the organic solvent,

» possibility to manipulate stereo- and regio-selectivity of the enzyme in such media,

< under optimised conditions the stability of enzymes is often higher than in aqueous
solutions,

* better integration with chemical steps in a synthetic sequence,

« the risk of microbial contamination is much lower in non-conventional media.

Evidently not all these advantages are relevant to all categories of non-conventional reaction
media and enzyme classes. The shift of the equilibrium in favor of the synthesis over the
hydrolysis, for example, is of special interest for hydrolases. And of course disadvantages of

using biocatalysts in non-conventional media also &Xist:

« the solvent may denature or inhibit the biocatalyst,

¢ introduction of an organic solvent into the reaction mixture increases its complexity,

« organic solvents may not dissolve charged or polyfunctional species,

» adjusting the pH is difficult,

» loss of stereoselectivity may occur,

* because of the reversible nature of the reaction acquired in non-natural media severe

substrate or product inhibition may occur.

It becomes obvious that finding the adequate medium for the biocatalysis is the first major
task if a non-conventional environment is to be employed. This medium engineering not only

involves the (partial) substitution of aqueous reaction media by non-conventional media, it

8 Cf. Adlercreutz 2000; Vermue and Tramper, 1995 Halling, 1987.
8 cf. Adlercreutz 2000; Wong and Whitesides, 1994
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also implies the adaptation of the biocatalyst &y immobilisation, lyophilisation,

introduction of additives for stabilisation, etc (Vermue and Tramper, 1995).

‘The behaviour of biocatalysts in non-conventional media often seems to be less easy to
predict than in simple aqueous solution. In part this reflects less experience with these
systems, in part their greater complexity’ (Halling, 1994). It is also important to note that not

all biocatalysts show the same properties concerning non-conventional media. While in whole
cell the biocatalytic species is separated from the medium by a lipophilic membrane, cell free
biocatalysts are in direct contact with the macroscopic reaction medium. The cell membrane

is responsible for the differences observed between microbial and cell free enzymatic

catalysis.

Even among cell free enzymes differences can be observed. For example, in biphasic systems
lipases show “interfacial activation”. This phenomenon is responsible for a sharp increase in
lipase-activity when the substrate concentration is enhanced beyond the solubility limit, in

contrast to the normal Michaelis-Menten activity dependence on the substrate concentration

observed by esterases (Figure 6-1).

esterase lipase
- soluble insoluble
2 2
= =
© °
© ©
substrate concentration substrate concentration

Figure 6-1: Activity dependence of esterase and lipase activity on substrate concentration (Faber, 1995).

This is usually explained by a conformational change of the lipase when it contacts the
interface. (Figure 6-2) (cf. Wong and Whitesides, 1994).
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Figure 6-2: Difference of lipase structure in aqueous solution and in aqueous/organic biphasic system
(Buchholz and Kasche, 1997).

For phospholipases the term “interfacial catalysis” is being used in the literature. It indicates
that catalysis occurs after binding of the enzyme to the interface between aqueous phase and
phospholipids vesicle. However, neither “interfacial activation” nor “interfacial catalysis”
seems to be in action for enzymes other than some hydrolases, (Straathof, 2003). To the best
of our knowledge no such effect has been reported for the biocatalytic reduction of ketones

The tolerance of lipases towards organic solvents is one of the major reasons for its important
role in biotechnology® But the use of non-conventional media is not restricted to lipases and

it is a growing field of research for other enzyme classes Grienglet al, 1998;). Its
application opens new possibilities for the technological employment of biocatalysis and
therefore should be considered in the development of bioprocesses, as discussed recently
(Schmid et al, 2001). Among the several non-conventional media already employed in
biocatalysis, five are of special interest for the process development of an ADH-catalysed
reaction with hydrophobic and unstable substrates (FigBje 6

A. monophasic organic solvent
solid adsorbent resin
multiliquid biphasic system

reverse micelles

moow

water-miscible cosolvent

0 About 30% of all biotransformations reported have been performed with lipases (Faber, 1995).
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Figure 6-3: Non-conventional media applied in biocatalysis: (A) monophasic organic solvent; (B-1) solid
adsorbent resin suspended in aqueous enzyme solution, (B-1l) enzyme (and water) adsorbed on a solid
resin suspended in organic solvent, (C) multiliquid biphasic system, (D) reverse micelles, (E) water-

miscible cosolvent.

In order to choose the most adequate system for this process development, the different types
of non-natural media presented are compared with respect to their application in the
development of a continuous process application (Table 6-1). The characteristics of each

approach is evaluated from highly favourable (+ + +) to most unfavourable)(
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Table 6-1: Table showing pros and contras of non-natural media for ADH catalysis.

retention of] overcome cofactor need of catalyst | product phase
enzyme substrate or |regeneration enzyme | recovery| recovery | transport
activity | product inhibition pre-
preparation

monophasic - -—— - - + /- - +++
organic
solvent
solid + ++ + + + ++ + + /- -
adsorbent
resin
multiliquid + ++ + + ++ + ++ + ++ + ++ +
biphasic
system
reverse + + + + + + + - +
micelles
water + /- - + + + + - - + + +
miscible
cosolvent

It becomes evident that the multiliquid biphasic system is the most appealing for the

development of a process with continuous use of enzyme and cofactor. In the words of Carrea
‘The combined use of biphasic systems and cofactor regeneration should make these
enzymatic reactions suitable for preparative scale transformation’ (Carrea, 1984). Since this
approach can be coupled with high concentration of cosubstrate affording advantages

described next , we will concentrate on this approach in the continuation of this work.

6.1.1.1 Multiliquid Biphasic Systems

In the present work multiliquid biphasic systems will be defined as systems consisting of two
phases, an agueous phase and a second, water immiscible, liquid phase. This may include a
water-immiscible solvent, or may simply consist of liquid reactants. They are often referred to
as “biphasic” or “two-phase” systems, though these terms do not define them precisely. (cf.

Halling, 1987). Aqueous biphasic systems are not considered here.

Probably the first catalysis by cell free proteins in multiliquid biphasic systems was observed
in the 1890’s by Buchner (Buchner, 1897). After obtaining a cell free press juice from yeast
cells he could observe the formation of carbon dioxide from carbohydrates, sucrose, glucose
and maltose. Chloroform, an antiseptic inhibiting microbial growth, did not inhibit the cell

free “fermentation” (which meant the enzymatic reaction).

The biphasic approach offers some singular advantages for biocatalysis. Here, the enzyme and
the cofactor are dissolved in the aqueous phase. For this reason, the plain enzymatic activity

can be reached. Moreover, the cofactor can be released from the active site to be regenerated,
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which is of special interest if the substrate coupled regeneration is the limiting step in the
system, or if an enzyme coupled regeneration is desired. Furthermore, if the cofactor
concentration decreases due to degradation (Wong, 1987), it can be easily replaced.
Simultaneously, the hydrophobic substrate is present in a high concentration in the organic
phase. This enhances the volume productivity. The extraction of the formed product is also

inherent in this approach. Hence, its concentration in the aqueous phase is low (Bigure 6-

starting products
materials

4‘ ﬂ organic phase

L ‘L agueous phase
biocatalyst

starting ————  products

materials

Figure 6-4: lllustration of the equilibria in a multiliquid biphasic system; according to the partition

coefficient, the concentrations of hydrophobic substrates and products are higher in the organic phase.

Since enzyme and cofactor are insoluble in most organic media, the simple entrapment and
reuse of enzyme and cofactor is an intrinsic advantage of this system. These characteristics
make the multiliquid biphasic system very useful for enzymatic conversion of substrates that
exhibit low solubility and/or instability in water. It is also a useful system for minimising
undesired effects of substrates and products, such as inhibition and inactivation of enzymes
(Shimizuet al, 1990). Moreover the transfer between phases is satisfactorily rapid compared
with that encountered when substrates are present as solid particles or loaded onto silicone-

polymers.

Thus, it is not surprising that as early as 1974 a patent claiming the use of ADH in aqueous-
organic biphasic system was granted (Antonini, 1974). In 1987 the utility of isolated ADH for
the biphasic reduction of carbonyl compounds having low water solubility was demonstrated
(Drueckhammeeet al, 1987). TBADH and HLADH were used for the production §f4-
hydroxyhexanoate in buffer hexane biphasic systems. Common to these reports is the choice
of highly apolar solvents to be used as a second phase in enzymatic transformations. Their use
was recommended by Brink and Tramper (Brink and Tramper, 1985). eaaheeinforced

the recommendation in 1985 with the IBgconcept (see 6.1.2). This concept has since had
widespread influence on the choice of organic solvents to be used as a second phase in
enzymatic transformations and was assumed to be valid for cofactor-requiring enzymes (Kise,

and Hayashida, 1990, Hummel, 1997, Andersstral., 1998). However, attempts to use
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ADH under liquid-liquid biphasic conditions employing solvents with a high polafioyded
unsatisfactoryesults. Prof. Antonini, a pioneer of the study of biphasic systems, described in
his patent application that in the presence of benzene the deactivation of YADH was
observed, which explains the fact that the reaction does not proceed in an appreciable manner.
(Antonini, 1974). The instability of YADH in biphasic systems was also observed by Orlich
and Schomaecker (1999 the case of HLADH high amounts of enzyme were needed to
obtain full conversion despite enzyme deactivation (Matos, and Wong 1986). The TBADH-
catalysed reduction described by Drueckhameterl stopped at 50% conversion. Also
LBADH-catalysed reduction in the presence of cyclohexane was tried, but fast deactivation
was noticed (Wolberg, 2001). On studying the effect of water on the enzyme action in organic
media Zaks and Klibanov reported that at the water solubility limit enzymes (including
HLADH) tend to form glue-like fibres devoid of catalytic activity (Zaks and Klibanov 1988).

Such observations led to the conclusion that alcohol dehydrogenases were not stable in
biphasic systems (Kruset al, 1996; Peters, 1998; Liese, 1998).

To assess the feasibility of using ADH in the presence of organic solvents HLADH was
coimmobilised with the cofactor and used for the production of long chain aldehydes in a

biphasic system (Lortiet al, 1989).

Another method of performing biocatalysed reductions in biphasic systems is the protection
of the enzyme in whole cells, avoiding the direct contact of the enzyme with the organic
phase. For the stereoselective reduction of ethyl 4-chloro-3-oxobutanoate Shimizu and co-
workers have identified different enzymes, affording eith®)- (or (S§-4-chloro-3-
hydroxybutanoate (Shimizu and Yamada 1990; Yasobted, 2000). The use of biphasic
systems is desirable because the substrate is unstable in an aqueous solution and both
substrate and product strongly inhibit enzyme reaction (Shimtizal, 1998). In order to

obtain an efficient catalyst for this reaction, recombiriastherichia colicells expressing

both the carbonyl reductase gene fr@andida magnoliaeand the glucose dehydrogenase

from Bacillus megateriunffor cofactor regeneration) was used (Kizekal., 2001).

The advantages of the multiliquid biphasic system are summarized below (Figure 6-5):
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« higher amount of hydrophobic substrate converted per reaction votuthereby
avoiding dilution of catalyst and cofactor

» overcome substrate and/or product inhibition and degradation

» straightforward product recovery

» simple reuse of enzyme and cofactor

« uncomplicated cofactor dosage (soluble in the water phase)

» different possibilities of cofactor regeneration

Sy
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Figure 6-5: lllustration of an enzyme-catalysed reaction in multiliquid biphasic system.
The main disadvantage of this approach remains the deactivation of the isolated enzyme in the

biphasic system. A discussion about concepts of medium engineering for the solution of this

core problem will follow.

During the final stages of the present work some reports have been published describing the
discovery of dehydrogenase-compatible biphasic reaction media. eduge applied an

% As reaction volume only the aqueous phase is considered. The organic phase must be seen as an inert reservoir
of substrate. Hence, the real concentration of substrate in the aqueous phase is not increased in the biphasic
system. (Carrea, 1984)
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aqueous-dsopropylether system as a simple method for entrapment and reuse of both
enzyme (HLADH) and cofactor (Suy al, 2002). A patent application claiming the use of
organic solvents showing Idg between 0.6 and 1.9 for biphasic enzymatic reductions was
disclosed on 31 October 2002 (Guptat al, 2001). The use of ADH frorRhodococcus
erythropolis in a biphasic system was published in 2003 (Groger et al., 2003).

6.1.2 Medium Engineering Aspects

In section 6.1.1 the importance of the solvent choice for the biocatalysis in non-conventional
media has been discussed. The present section will focus on the main aspects concerning

medium engineering for multiliquid-phase biocatalysis.

In 1984, Carrea published a review on biocatalysis in water-organic solvent two-phase
systems. In this contribution he listed several factors to be considered by the choice of the

organic solvent:

* enzyme activity and change in enzyme kinetics

¢ enzyme stability

» high capacity to solubilize reagents and products

« partition coefficient of substrates and products
A further factor which is also relevant is the

« influence on the enzyme’s regio- and enantioselectfvity
The various solvent effects on the efficiency of bioconversions are often contradictory and
optimisation is necessary when choosing an organic solvent (Brink and Tramper, 1985). The
choice is often a compromise since it is unlikely that one solvent will possess all ideal

characteristics (Carrea, 1984).

As far as the present work is concerned, the highest priority is assigned to the solvent’s effects

on:

e enzyme stability

e enzyme activity

* regio- and enantioselectivity
Because of the difficulties emerging when one has to decide which precise organic solvent to
choose for practical application of a particular enzyme, the use of biphasic systems is
considerably hindered (c&g. Carrea, 1984; Brink and Tramper, 1985; Laaheal, 1987).

92 Cf. Fitzpatrick and Klibanov, 1991; Villela, 1998
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To overcome this limitation, medium engineering approaches were proposed with the aim to
help choose suitable organic solvents for biocatalysis. The most relevant methods are based
on?3

» Free energy of micellization

« Denaturation capacity

» Hildebrand solubility parameter

» Partition coefficient in octanol-water system
The partition coefficient inn-octanol/water system (Idg) is the most widely accepted
parameter to guide the choice of organic solvent in multiliquid-phase biocafalysis.

deserves special attention here.

6.1.2.1 Partition coefficient in octanol-water system

This concept was suggested by Laabal in 1985. In accordance with the work of Brink
and Tramper, it is understood that high activity retention is usually favoured by a low solvent
polarity in combination with a high molecular weight. However, a direct parameter reflecting
the polarity of solvents is employed: the logarithm of the partition coefficientPjlag a

given compound in the standarectanol/water biphasic system2&°C (Equation 6-15°

P — [S]octanol

Equation 6-1
[s]

water

The authors have categorized solvents into three groups, according to Phedtige?®
1. solvents having a ldg < 2. These solvents are considered to be least suitable in
biocatalytic systems,
2. solvents having a ldg between 2 and 4. For some applications these solvents might

be suitable, but harmful effects can be expected,

93 Cf. Khmelnitskyet al, 1991; Jénsson,1999;.Brink and Tramper, 1985.

% This concept is referred to in many books and review articles about enzyme in organic synthésiser,

1995, Hummel, 1997; Drauz and Waldmann, 2002.

% Strictly, logP denotes hydrophobicity, which is related to polarity, but is not synonymous with it. The term
polarity was preferred by the authors since it is rather general and more current in scientific language than
hydrophobicity (Laanet al, 1987).

% The proposed explanations for this behaviour are concerned with the ability of organic solvents to distort the
vital, but delicate, water-biocatalyst interactions merely by penetration of the organic solvent into the essential
water layer stabilizing the biocatalyst or by pushing aside the essential water. A consequence of this reasoning
would be that organic solvents saturated with water lose their water-stripping activity and hence will never be

harmful to biocatalysis. This is undoubtedly incorrect.
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3. solvents having a |ldg > 4. These solvents are suggested to be applicable for any
biocatalytic system.
Among the advantages of this approach are:
 logP is more sensitive than previously presented parametegs, the
Hildebrand solubility-parameterd)®’ especially for the relatively apolar
systems, for which the best results are expected.
* logP-values can easily be determined experimentally, or calculated from

fragmental constants. (see 6.2.1)

The majority of medium engineering approaches is based on only one measurement of the
enzyme activity at a certain time after the addition of the organic solvent. This result gives
information about the activity retention of the biocatalyst in the presence of organic solvent
compared to the biocatalyst in pure agueous phase. In the present work this will be labelled as
instantaneous inhibition according to the nomenclature used by Carrea (Carrea, 1984).

Though necessary, the activity retention is not enough to fully characterise the compatibility
of an organic solvent with biocatalysis. Since the conversion can take place over a prolonged
period of time and the continuous application presupposes long time enzyme stability,
supplementary information about the time-dependent deactivation of the enzyme is

indispensable.

Hence, it is not surprising that the studies revealing no agreement with tRedogept are
those involving long periods of enzyme exposure to the organic solvent. IndeedeBaler
used the measured half-life of the enzyme under biphasic conditions to investigate the effect

of the organic solvent on hydroxynitrile lyase. (Bageal, 1999)

We are convinced that the inhibition or instantaneous enzyme deactivation caused by the
solvent must be considered in the solvent choice. But the influence of the solvent on the
further rate of deactivation is also of fundamental importance for the performance of an

enzymatic system under production conditions.

Accordingly, the development of a method to provide a suitable organic solvent to be used in
biphasic ADH-catalysed reduction of keto-compounds is an essential part of the present work
and will be described in section 6.2.

%7 Cf. Brink and Tramper, 1985.
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6.2 A New Method to Guide the Solvent Choice

The aim of the current section is thevelopment of a general proceduréo be used in the
search for organic solvents to be applied as second phase in ADH-catalysed reductions.
Aspects concerning thastantaneous inhibition of the enzyme by the organic solvemtd

the time dependent deactivationin the presence of the solvent are to be taken into
consideration. Anathematical modelto describe the solvent effect on the biotacalyst is to be
developed. In section 6.2.1 general aspects of the procedure development will be presented.
Section 6.2.2 will describe the development of experimental conditions and the obtained
results will be discussed in 6.2.3. In depth insight of the solvent effect on LBADH will be

studied in section 6.2.4 and conclusions will be made in section 6.2.5.

6.2.1 General Aspects

In the absence of general rules for the choice of the organic phase, solvents must be tested
individually (Carrea, 1984). Given the enormous amount of possible solvents to be
considered, this approach would demand a massive consumption of time, enzyme and
reagents. A common approach is to classify solvents as polar/apolar, protic/aprotic, etc. and
select typical solvents from different classes to be used in a first screening (Carlson, 1985). In
a second step, more solvents belonging to the class displaying best results are tested
(Figure 6-6).
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Figure 6-6: lllustration of the proposed method for solvent selection: classify the amount of possible
solvent (A) into groups (B); use typical solvents in the first screening step (C) and study the best class in

the second step (D).

Different criteria for the classification of solvents were presented by Chastrettén 1985.

The decisive issue is the choice of the parameter to be used in the classification of the organic

solvents.

Our option used was based on a report by Mozleaed (1989). These authors noticed that

log P could be used to compare solvents of the same functiomadjtya{cohols) but that it is
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not a convenient parameter for the comparison of solvents of different functionality.
Therefore, we decided to test enzyme activity and stability in the presence of water-
immiscible organic solvents of different functionality, regardless of their Rogrhus,
representatives of unbranched alkanes, cyclic alkanes, aromatic compounds, halogenated
solvents, ethers, and esters were tested. Besides, the effect of tertiary alcohols on the enzyme
was studied, since these alcohols cannot be accepted as substrates by ADH. Another
compound tested in the screening represents a further class of water immiscible solvents,

namely, the ionic liquids.

6.2.1.1 lonic Liquids

lonic liquids are low melting point salts that represent a new class of reaction solvents for
catalysis (Gordon, 2001). They may be distinguished from classical molten salts by the low
melting point, generally <100°C, although many are liquid at room temperature. They are also
generally much less corrosive than their high melting point counterparts. This means that they
can be conveniently used in place of conventional organic solvents. Being composed entirely
of ions, they possess negligible vapour pressure. Other solvent properties may be easily

controlled, given the wide range of possible cations and anions.

The pioneering work using ionic liquids in enantioselective biocatalysis has employed this
class of solvents in the lipase catalysed racemic resolution of phenylethanol. The results were
compared to those obtained with MTBE (Kraglal, 2002). To the best of our knowledge no

study has been published describing the use of ionic liquids in combination with ADH.

The ionic liquid used in this work was 1-butyl-3-methylimidazolium
bis((trifluoromethyl)sulfonyl)amid¢BMIM][(CF 3sSO,).N]. Its structure can be seen in figure
6-7.

/) [(CFsS0,)N]”

Figure 6-7: The formula of [BMIM][(CF 3SO,),N] the ionic liquid used in this work.

The compound is colourless and water-immiscible. Its density is > 1, thus in a biphasic
system with water it forms the lower phase. The partition coefficient of some ADH-substrates

and products in this biphasic system are given in table 6-2.
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Table 6-2: The partition coefficient of some ADH-substrates and products in this biphasic system.

substrate concentration MiLw
acetone 50 and 300 mM 2
2-propanol 50 and 300 mM 0.4
2,5-hexandione 50 mM 25
5-hydroxyhexan-2-one 50 mM 0.5
2,5-hexandiol 50 mM 0.2

The results have been determined according to equation 6-2:

EN
[Shvaer

The importance of these measurements is related to the fact that the partition coefficient in

m=

Equation 6-2

biphasic systems will influence the thermodynamic equilibrium of the system (see 6.6). It is
specially relevant for 2-propanol and acetone, common substrate and co-substrate of the
substrate-coupled cofactor regeneration (see chaptdtr must be emphasized that a good
separation of acetone and 2-propanol is not easy to achieve, neither by extraction nor by
pervaporation or distillation.

6.2.1.2 Comparison with the Hydrophobicity Approach

The results obtained by the measurements of enzyme activity and stability shall also be
evaluated with regard to solvent’s hydrophobicity (Rgalue). This will enable an
examination of the validity of the most popular approach in medium engineering for ADH
and also demonstrate any correlation between the new method proposed in this work with the

conventional. Therefore, the I&gvalue for all organic solvents investigated will be given.

The logP-values are calculated according to Crippen’s fragmentation method (Ghose and
Crippen 1986; Ghose and Crippen 1987). The resulting constants usually are in good
agreement with experimental data, but there are obviously still some deviations. To illustrate
the correlation between calculated and measured values, and to the hypothesis formulated
later in this chapter the partition coefficient of two solvents of importance for the present
work in the standard-octanol-water biphasic system have been experimentally determined.

The obtained lo@-value are compared with the calculated in table 6-3
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Table 6-3: Comparison between measured and calculateB-egues.

solvent theoretical experimental
MTBE 0.96 0.96
DIPE 1.40 1.6

6.2.1.3 Broadening the Scope of the Studies

In order to obtain results of a generic nature that can be applied in a general procedure to be
used in the search for organic solvents compatible with enzymes lacking interfacial activation,
it is important to assure that observations are not distorted by specific enzyme-solvent
interactions. Therefore, besides LBADH two additional commercially available enzymes were
used in this investigation: the NADH-dependent alcohol dehydrogenase from horse liver,
HLADH, and the NADPH-dependent alcohol dehydrogenase fildmrmoanaerobium
brockii, TBADH.

Additionally, a parallel study with a different class of cofactor dependent enzymes was also
carried out (Stillger, in preparation; cf. Villeket al 2003). These thiamine diphosphate
(ThDP)-dependent enzymes display C-C bonding activity and show great potential for use in
chiral synthesis (Pokdt al, 2002). Similarly, the poor solubility of interesting substrates may
hinder the utilization of this enzymes. The technical application of benzaldehyde lyase (BAL)
and pyruvate decarboxylase (PDC) are subject of investigation in the Institut fir
Biotechnologie 2. The results obtained with ThDP-dependent enzymes will be briefly

mentioned in the general discussion in section (see 6.2.5.)

6.2.2 Development of Experimental Conditions
According to the procedure for identification of organic solvents proposed in section 6.2.1:

1. solvents are going to be classified in groups according to their functionality,
2. the enzymes will be dissolved in buffer,
3. the initial enzyme activity of the solution will be determined,
4. representatives of different solvent classes will be added to the enzyme solution,
5. the instantaneous inhibition of the enzyme’s activity will be determined,
6. the time-dependent enzyme deactivation will be measured.
In order to allow this procedure, the buffer properties have to be set. A standard assay for

activity measurement of each enzyme has to be developed. Typical representatives of
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different solvent classes have to be elected, and the conditions for the biphasic system have to

be established.

Conditions for LBADH

The conditions for the standard activity assay for the LBADH were developed by Riebel
(1996). Acetophenone is used as substrate and the course of the reaction is followed
photometrically by the decrease of the NADPH absorption at 340 nm. It is important to avoid
an excess of cofactor due to substrate inhibition.

For convenience, the buffer used for dilution of the enzyme is the same used in the activity
test (150 mM phosphate buffer, pH 7.0)

Conditions for HLADH

As standard reaction for the activity measurement the oxidation of 110 mM ethanol to
acetaldehyde in the presence of 1.0 mM NAB used. On-line measurement of the
absorption at 340 nm indicates formation of NADH, describing the progress of the reaction.
The reaction is carried out at pH 8 and 30°C. The selected concentrations to be used in the
assay are: 110 mM ethanol and 1.0 mM NABince the enzyme is stable in the pH range of

5 to 10, a pH 8.0 buffer is to be used in the preparation of the enzyme solution, thus

harmonising with conditions of the activity measurement.

Conditions for TBADH
The reaction chosen as standard for the measurements was the reduction of 70 mM acetone
with 0.2 mM NADPH. The reaction performance at 30°C and pH 8.0.

The Solvents

According to section 6.2.1. the classes of solvents selected to be tested in the first step of this
procedures are: unbranched alkanes, cyclic alkanes, aromatic compounds, halogenated
solvents, ethers, esters, tertiary alcohols and ionic liquids. The representatives of the solvent

classes selected to be tested are given in table 6-4 with corresponding calculBted log
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Table 6-4: The representatives of the solvent classes with respective calculated log

solvent class selected representative log P
tertiary alcohols tert-butanol 0.6
esters ethyl acetate 0.7
ethers tert-butyl methyl ether 1.0
halogenated solvents dichloromethane 1.0
aromatic toluene 2.3
cyclic alkanes cyclohexane 2.7
unbranched alkanes nonane 4.3
ionic liquids [BMIM][CF 3S0,)2N] n.d.

Though soluble in watetert-butanol was tested as a model to study the effect of tertiary
alcohols on the enzymes activity, due to its easy availability. ThE Majue for the ionic

liquid has not been calculated.

The Biphasic Conditions

For the evaluation of the effects caused by organic solvents on alcohol dehydrogenases in
biphasic systems the enzymes are dissolved in phosphate buffer solution and the initial
activity is measured. A volume of the organic solvent to be tested equal to the aqueous phase
is added® To minimise changes in the phase volumes, the organic solvent is previously
saturated with water. Intense shaking for one minute afford the almost instantaneous
saturation of the aqueous phase. The system is then continuously stirred with a magnetic
stirrer in order to provide an emulsion during the whole experiment. The effect of stirring on

the enzyme can be neglected (Figure 6-8).

% The composition of the two phases in equilibrium with each other are independent of their relative volumes.
Hence, the dissolved concentration of organic solvent seen by the biocatalyst in the aqueous phase will not
change as the volume fraction of the organic phase is increased from less than 1% to over 99%, provided its

composition is unaltered (Halling, 1987).
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Figure 6-8: Comparison of the residual activity of LBADH at 4°C: stirred at 700 rpm and unstirred; 150

mM phosphate buffer pH 7.0.

To assure that the observed loss of activity can be mainly attributed to the presence of the
organic solvent and is not caused by thermoinstability of the enzyme, the emulsion is kept at
4°C (see chapter 4). Five minutes after the addition of the organic solvent a first sample of the
aqueous phase is taken and the activity is measured under standard assay conditions. Samples
are then taken periodically. Two minutes before sampling, the stirrer is stopped, enabling a

clear phase separation.

6.2.3 Activity and Stability of ADH in Multiliquid Biphasic Systems

6.2.3.1 A Mathematical Description

For all three enzymes the effect of a second phase on the measured residual Atoaty (

be described as resulting from two independent contributions:

* instantaneous inhibition

» time-dependent deactivation
The former can be determined by comparing the enzyme activity in the water phase before
and five minutes after the addition of the organic solvent. The observed time-dependent
deactivation of all three enzymes is described as a first order exponential decay of the

activity’® Figure 6-9 shows a typical result of the measurements.

% Cf. Baueret al, 1999.
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Figure 6-9: Residual activity of HLADH in the presence of a second phase as a function of time: In this
examplel = 0.74 andkgea= 0.0037 H.

Accordingly, the observed residual activity can be determined from equation 6-
Ac=Aol- e_kdea't Equation 6-3

where

A residual activity at time (normalised)

Ao initial activity (normalised)

I instantaneous inhibition constant

kiea apparent deactivation constant [1/h]

This model allows the calculation of the deactivation constag) from the obtained results

for every combination of enzyme and solvent. Half-lives can be calculated according to

Equation 6-4.
t, = IN 2Kgea Equation 6-4

The calculated half-life shall be used as a parameter to evaluate the effect of the solvent on the

enzyme stability in multiliquid systems.

6.2.3.2 The First Screening Step

In the first screening step to find an adequate solvent for the biphasic application of ADH, the

effect of representatives of different solvent classes has been studied.

The Instantaneous Inhibition
For solvents in the presence of which enzymes displays little stability, the measurements of
the instantaneous inhibition overlaps with the influence of the time-dependent inhibition. To

take this aspect into consideration, all valueslfarere calculated according to the model
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presented in section 6.2.3.1 (Equation 6-3). The results obtained for each enzyme solvent

combination are shown in table 6-5.

Table 6-5: Values for the instantaneous inhibition constaialues in italics are associated wigh< 24 h.

solvent LBADH HLADH TBADH log P
tert-butanol 0.92 0.40 0.58 0.6
ethyl acetate 1.00 0.22 0.09 0.7
tert-butyl methyl ether 1.21 0.64 0.54 1.0
dichloromethane 0.15 1.17 1.32 1.0
toluene 0.48 0.66 0.45 2.3
cyclohexane 0.81 1.18 0.85 2.7
nonane 1.58 1.48 0.85 4.3
[BMIM][CF 3S0,)2N] 0.96 1.16 n.d. n.d.

The influence of the time-dependent deactivation for strong deactivating solvents can be the
explanation for some values bbeing > 1 €g. TBADH and dichloromethane, and HLADH

and cyclohexane). Nevertheless, for some measurements a value > 1 could be okgerved (
HLADH and nonane, and LBADH anirt-butyl methyl ether). In these caskeshould be

referred to as instantaneous activation constant rather than instantaneous inhibition constant.

The finding that LBADH activity is enhanced at the beginning of the investigation is
consistent with observations that dilution of the enzyme preparation causes increase in

enzyme activity and decrease in stability (cf. chapter 4).

The correlation of the instantaneous inhibition with solvents hydrophobicity should be given
according to Laanet al Tert-butanol should be excluded from the discussion, due to its
water-solubility. A general correlation may be observed. If present, it is more pronounced for
HLADH. It can also be assumed for TBADH, if the value for dichloromethane (numerical
artefact) is ignored. For LBADH such a correlation is not apparent.

It is worth noticing that for toluene reduced activity was noticed for all three enzymes. A
further interesting observation is that in the case of TBADH in the presence of nonane
(log P > 4) the expected high activity could not be measured. The result is rather in the range

of cyclohexane (lo® > 2.7).
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The Time-Dependent Deactivation

Measurements were performed by periodical sampling of the aqueous phase until complete
deactivation of the enzyme or up to 1 000 h. The obtained curve was fitted according to the
model presented in section 6.2.3.1. The resulting valuggdpwere used in the calculation

of t, according to equation 6-4

The control experiments were carried out until contamination was nogcedBADH after
200 h). For this example the obtained curve up to this point was identical to the curve
obtained in the presence of MTBE. The obtained values, fare given in table 6-6

Table 6-6: Half-lives / h of enzymes in the presence of solvents.

solvent LBADH HLADH TBADH log P
tert-butanol 3.8x 10 3.1 24 0.6
ethyl acetate 24 196 <1 0.7
tert-butyl methyl ether 1.80 x 0 1.84x 10 3.4x16 1.0
dichloromethane 1.3 15 0.97 1.0
toluene 6.9 22 1.0 2.3
cyclohexane 8.3 6.2 2.1 2.7
nonane 1.0 4.8 52 4.3
[BMIM][CF 5S05)2N] 116 6.5x 16 n.d. n.d.

The accuracy of each activity determination is estimated &40%. The extremely high
stability calculated for HLADH in the presence of MTBE may include a numerical artefact.
Nevertheless, it must be reported that the activity decay observed over 1000 h in 22

measurements was just in the range of the test accuracy.

For a better interpretation of these results, the half-lives are presented as histograms in figure
6-10. To enable a comparison with the approach by Laars¢ the solvents are ordered

according to increasing Idgrvalues.
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Figure 6-10: Histogram representing the half-lives of HLADH, LBADH and TBADH in multiliquid

biphasic systems (Villeleet al, 2003).

While the best results for all three enzymes have been achieved in the presence of MTBE,
dichloromethane caused fast deactivation of the enzyme in all three cases. The magnitude of
the half-lives varies from enzyme to enzyme, but a general pattern of stability in dependence
on the functionality of organic solvents seems to be given. This agrees with the classification

of solvents proposed in this work and must be confirmed in further experiments. A

dependence on Idg cannot be observed.

Furthermore, the ionic liquid does not cause a fast enzyme deactivation. Therefore, its use
shall be compatible with ADH.

According to the procedure proposed in 6.2.1 the results obtained in the first screening step
shall identify a class of solvents displaying compatibility with the use of ADH in biphasic
systems. The final identification of the solvent to be used in biotransformations is to be
carried out in a second step. Since the results were observed in the presence of MTBE,

additional ethers are going be tested in the second step.
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6.2.3.3 The Second Screening Step

Solvents Used
The ethers selected for this screening step are shown in table 6-7. Here agaifihelles
are calculated according to Crippen’s fragmentation method. To enable an evaluation of

important parameters in the choice of the solvent, the price and the boiling point of the
solvents are also given in the table.

Table 6-7: Ethers used in the second step of the solvent screening and the respective properties (Fltia 2002).

ether log P price/ €/L b.p./°C
tetrahydrofuran 0.4 14.70 66-67
diethyl 0.8 9.70 35
tert-butyl methyl 1.0 9.90 55
diisopropy! 1.4 18.50 67-69
di-n-butyl 2.6 12.00 139-142

Despite its solubility in water, THF is used as a model for cyclic ethers; diethyl ether and
dibutyl ether are used to compare the influence of the side chain sizasapdogiylether to
study the effect of two bulky residues. The results obtained for MTBE are also shown to

permit a better comparison.
The Instantaneous Inhibition

The instantaneous inhibition constanits Were calculated in the same way as described in
6.2.3.2. The results obtained are displayed in table 6-8

Table 6-8: Values for the instantaneous inhibition constant.

ether LBADH HLADH TBADH log P
tetrahydrofuran 1.0 0.03 0.39 0.4
diethyl ether 0.89 0.46 0.81 0.8
tert-butyl methyl ether 1.21 0.64 0.54 1.0
diisopropyl ether 1.43 0.72 0.95 1.4
di-n-butyl ether 0.74 0.72 0.17 2.6

10 pue to different quotation, the MTBE price differs from chapter 9. The catalogue price is used here in order
not to distort the comparison.
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Given the high stability of the enzymes in the presence of all ethers except THF, the
calculated results fdrare almost identical with the measured results. In the case of THF, the
calculations are strongly influenced by the fast deactivation observed.

According to Mozhaet al the logP-approach should be valid for solvents showing the
same functionality. Thusl should increase with Idg. A correlation of log® with the
obtained activities after the ether addition is only given for HLADH. For LBADH and
TBADH this correlation cannot be postulated based on these results.

The Time-Dependent Deactivation

The procedure to obtakyea andty, is the same as in the first step. The values fare given
in table 6-9

Table 6-9: Half-lives/h of enzymes in the presence of solvents.

ether LBADH HLADH TBADH log P
tetrahydrofuran 3.2 2.6 12 0.4
diethyl ether 566 1.77 x 19 151 0.8
tert-butyl methyl ether 1.80 x 0 1.84 x 16 346 1.0
diisopropyl ether 646 2.60 x 10 128 1.4
di-n-butyl ether 55 130 76 2.6

The results are highly significant:

« MTBE is the most compatible solvent for all the three enzymes

« diethyl and dsopropyl ether show comparable good results for all the three enzymes

e tetrahydrofuran is the least compatible solvent for all the three enzymes
This procedure establishes the choice of ethers as the best class of solvent. The second step
indicates that MTBE is the most gentle solvent for all the three studied enzymes.
Nevertheless, diopropylether presents a higher inhibition constanthus a higher initial
activity of the enzyme, and the stability is still good enough for technical application. Since
for the choice of the solvent not only the stability is of concern, but also the activity in the
presence of the solvent, the area under the curve described by the equasboud be
adopted as the quantification parameter of choice.

For the present work a more pragmatic approach should be emphasised: safety. The lack of
epoxide formation makes MTBE more suitable for long term experiments and for distillative

work up. Therefore, this solvent will be used in further work.
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6.2.3.3.1 Additional investigation

In order to draw conclusions about the influence of functionality, chain size and
hydrophobicity on the stability of ADH in biphasic systems, additional measurement of the
stability of the enzymes in the presencendfeptane were carried out. The results were
obtained as previously described and are summarized in table 6-10. The results for nonane are

shown for comparison.

Table 6-10:The values fot andt,,concerning n-heptane and nonane.

solvent [LeADH IHLADH IteapH | twisaon/h | tyriapon/h | tureapn/h|  log P
n-heptane 1.2 11 0.74 5.5 1.9 3.5 3.4
nonane 1.58 1.48 0.85 1.0 4.8 52 4.3

6.2.3.4 Discussion

We have shown that the ldg)concept is not satisfactory to guide the choice of an organic
solvent serving as the second phase in ADH-catalyzed reactions. The biphasic enzymatic
reduction of ketones is possible if short-chain aliphatic ethers are employed. This suggests
that a single physicochemical parameter is incapable of satisfactorily predicting the
biocompatibility of organic solvents, given the complexity of the enzyme deactivation in
biphasic systems. Rather a set of properties is necessary to guide the solvent choice. Based on
our results we propose that the set of properties inherent in the chemical functionality (e.g.
ether) gives rise to the compatibility of solvents with alcohol dehydrogetfAseserefore,

we recommend that instead of the hydrophobicity of the solvent Hjogts chemical

functionalityshould be considered when screening for a solvent.

Di-n-butyl ether and nonane are fairly compatible with TBADH, whereas LBADH is very
sensitive to both solvents. This correlation suggests that the large sized unbranched chains of
the ether confers alkane-like properties, which at the size size of four C atoms starts to
become dominant over the ether functionality. The dominance is not high enough to cause a
differentiation by HLADH.

101 Chemical functionality is a pragmatic label for a set of molecular properties like the presence of certain
heteroatoms and residues, the absence of others, molecular georletcyronic density distribution and
frontier orbitals, etc., and consequent macroscopic properties of solvents, like surface tension, solubility,

solvation energy, etc..
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In the presence of short chain aliphatic ethers or ethers with bulky residues good results could
be achieved. Whether the presence of the short chain or the bulky residue is predominant in
MTBE must be clarified by further investigation. A third possibility is that the combination of

both these factors is the key to the compatibility with the enzymes.

Further investigation would bring more clarity to the importance of the solvent’'s molecular
structure. Interesting solvents for investigation include asymmetric ethers, espesially
butyl ethyl ethern-butyl ethyl ethertert-butyl iso-propyl ether and methyso-propyl ether.

Ether with one alicyclic residue, cyclic water-immiscible ethers, phenol ethers, especially
anisol, and thioethers also should be investigated. Methyteairbutyl acetate should also be

investigated. Some initial investigations in this field are discussed in the following section.

Finally, it becomes clear that the enzyme activity measured once after the addition of a
solvent to the system is not sufficient to enable the choice of the organic solvent. While
HLADH suffers from a high inhibition in the presence of MTBE=(0.64), the high stability
overcompensates this effect. On the other hand, the use of cyclohbexatbel8) or nonane

(I =1.48) is not favourable despite the lower inhibition. The area under the curve of an
activity plot as a function of time (equation 6-3) can be used to evaluate both effects
(inhibition and deactivation) simultaneously.

6.2.4 Further Investigation

Complementary studies to obtain a deeper insight of the behaviour of ADH in non-natural
environments were restricted to LBADH and are discussed in this section. Results obtained
for additional investigation of the influence of the molecular structure are subject of
subsection 6.2.4.1 and the use of LBADH in predominantly organic solvents is discussed in
subsection 6.2.4.2

6.2.4.1 Additional Solvents

In order to investigate the contribution of single structure variation, the effect of different

solvents was studied.
Chain Size

To compare the role of the chain size in alkanes, the effeehekane and-heptane on the
LBADH was investigated, thus allowing a comparison betwe&exanen-heptane ana-

nonane. The results are summarised in table 6-11.
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Table 6-11:Instantaneous inactivation constant and half-lives/h of LBADH in the presence of alkanes

alkane I tw/h log P
n-hexan 1.0 2.4 3.0
n-heptane 1.2 55 3.4
n-nonane 1.6 1.0 4.3

Given the short half-life any conclusion risks to be inaccurate. The increasing vélugtof
increasing lodg>-value might be a numerical artefact. The only significant observation is the
incompatibility of alkanes with the use of LBADH.

Alcohols

Since LBADH has proved to be stable in the presence of water miscible alcohals, it is
interesting to look at the effect of water-immiscible alcohols. Despite the possibility of

conversion by the enzyme, octanol was used as a model for its previous employment in
biocatalytic processes (Rissom, 1999; Schroder, 2003; Haberland, 2003). To avoid
contradictory reactions in the measurement of the activity, the oxidation of 2-propanol was

used as standard system. The results are presented in table 6-12.

Table 6-12:Instantaneous inactivation constant and half-lives/h of LBADH in the presence of alcohols

alcohol I t/h log P
2-propanol (50% v/v) 1.1 4.2 x 16 0.4
tert-butanol 0.92 3.8x 1G 0.6
octanol 1.1 2.3x 10 2.6
Cyclic Ether

The short half-life observed for LBADH in the presence of tetrahydrofuran could be
attributed to its solubility in water or to its cyclic character. So a further cyclic ether, which
was water-immiscible was studied: 15-crown-5 ether (1,4,7,10,13 pentaoxo

cyclopentadecane). The results are shown in table 6-13
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Table 6-13:Instantaneous inactivation constant and half-lives/h of LBADH in the presence of alcohols

ether I ty, log P
THF 1.0 3.2 0.4
15-crown-5 ether 1.4 185 -0.8%2

The observed half-life in the presence of 15-crown-5 ether is rather in the magnitude of those
measured for acyclic ethers than of the value of THF. This indicates that the cyclic character
of the ether alone is not responsible for its incompatibility with enzymes. Nevertheless, it
must be noticed that 15-crown-5 ether is a polyether. Thus the evaluation of water-immiscible
cyclic monoether should be performed to enable a conclusion for the reason of the deleterious

effect caused by THF.
Steric and Electronic Effect in Aliphatic Ethers

The ethers displayed in table 6-14 were studied to partially elucidate the importance of steric

and electronic effects in aliphatic ethers regarding its enzyme compatibility.

Table 6-14:Instantaneous inactivation constant and half-lives/h of LBADH in the presence of ethers

ether I tw/h log P
n-butyl-ethyl ether 1.2 119 1.7
tert-butyl ethyl ether 1.1 394 1.3
diisopropyl! ether 1.43 646 14
tert-butyl methyl ether 1.21 1.80 x 16 1.0

These results suggest that steric and eletronic effects enhance the functionality character.
Thus, if thetert-butyl residue is substituted by ambutyl residue the enzyme stability
decreases. The comparison between the isomeopipyl andtert-butyl ethyl ethers reveals

the importance of the steric effects. But the comparisons betigedsutyl ethyl ether and
tert-butyl methyl ether suggests that steric effects alone are not responsible for the solvent

properties concerning enzyme deactivation.

192 |t is important to stress that 15-crown-5 ether is water-immiscible and that the calculated valu® fouktg

be verified experimentally.



92 Alcohol Dehydrogenase in Biphasic Systems

6.2.4.2 LBADH in Predominantly Organic Solvents

Given the remarkable compatibility of LBADH with organic solvents, it is necessary to
investigate the behaviour of this enzyme in media formed by predominantly organic solvents.

Two possibilities are to be distinguished:

1. Water-immiscible solvent with residual water content
2. Water miscible solvent with > 50% (v/v) solvent

Water-Immiscible Solvents

To investigate the use of water-immiscible solvents, cofactor was added to the LBADH
preparatiort®® The protein solution was given to a solution of 10 mM acetophenone and 1.5
M 2-propanol in MTBE, so that a homogeneous solvent phase was present. The protein
formed a coagulated suspension. No conversion could be detected after 24 h. This preliminary
study indicates that a detailed investigation of the enzyme preparation condéigns (
lyophilisation in the presence of cofactor at different pH-values) is necessary to enable the

LBADH utilisation in a water-immiscible solvent.
Water Miscible Solvent

The possibility of carrying out biotransformations in 2-propanol is be very attractive (cf.
Stampferet al, 2002). The organic solvent would enhance the solubility of liphophilic
substrates, simultaneously favouring the thermodynamic equilibrium. This option was studied
by testing the activity of LBADH assays with increasing 2-propanol concentration. The
amounts of the organic solvent were enhanced in 20% (v/v) steps. Up to 60% (v/v) 2-
propanol, the enzyme is soluble and active. Above 80% (v/v) the protein coagulates forming
glue-like fibres'® The coagulation is reversible and the enzyme, when redissolved in water,

shows its originahctivity.

Conclusion

In conclusion, the utilisation of LBDAH in predominantly organic solvents, mainly in 2-
propanol, seems to be feasible. However, the conciliation of enzyme activity with the desired
high organic solvent concentration is limited by the solubility of the protein, which coagulates
if no previous precaution is taken. Lyophilisation and immobilisation offer promising

perspectives?® but requires further investigations.

103 Crude cell extract containing the enzyme.
104 Similar observations were made in respect to HLADH (Zaks and Klibanov, 1988)
195 Cf, Guinn et al., 1991; Ansorge-Schumacher, 2002.
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6.2.5 Conclusion

In subchapter 6.2, it has become possible to develop and utilise a procedure to guide the
choice of organic solvents to be used in biphasic ADH-catalysed reactions. In contrast to
conventional medium engineering approaches, not only the inhibitory effect of the solvent,
given by the inhibition constari is considered, but also the time-dependent deactivation is
taken into account. Therefore a mathematical model has been developed to describe the

behaviour of ADH in the presence of organic solvents.

The procedure to guide the choice of organic solvents consist of the following steps:
classify the organic solvent according to the functionality.
2. screen for the best solvent class testing typical representatives of each class. (first
screening step)
3. use the area under the curve given by equation 6-3 as the quantitative parameter for
the selection.
screen further solvents of the best class to find the best solvent.
again use the area under the curve given by equation 6-3 as the quantitative parameter
for the selection.
This algorithm led to the selection of MTBE as organic solvent for further work. Besides
being the solvent associated with the highest half-live it displays d Righy-value. Further
advantages of this solvent are: it is cheap, has a low boiling point, thus facilitating the work
up, the availability is guaranteed, the lack of peroxide formation enables safe handling, and, it

is already used in technical processes.

An alternative solution to the choice of the second phase is the use of an ionic liquid. This
system is very attractive, mainly due to the positive thermodynamic effect caused by the
partition coefficient of acetone and 2-propanol. However, this solution would involve the
development of a new work up strategy for the product, since the solvent possesses negligible
vapour pressure. For volatile products the evaporation and condensation can be imagined.

This will not be considered in the present work.

The proposed procedure should not be regarded as a solution to the solvent selection
problem, but merely as an approach to a solution

Thus, Stillger has applied the method to search for organic solvents compatible with thiamine
diphosphate-dependent enzymes (Stillger, in preparation). Very similar results were obtained
(Figure 6-11).
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Figure 6-11: Half-lives of BAL in multiliquid biphasic systems.

These results present the first independent successful use of our procedure for an enzyme of a

distinct enzyme class.

Moreover, the good correlation observed between the chemical functionality and the enzyme
stability in the presence of solvents strengthen the evidence supporting our hypothesis that the

chemical functionality gives rise to the enzyme compatibility of solvents.

The report that as-hydroxynitrile lyase fromHevea brasiliensis is stable in the presence of
MTBE encourages the application of this procedure for other enzymes lacking interfacial

activation (Baueet al, 1999).

6.3 Biotransformation

Using a developed procedure to guide the choice of organic solvents to be used in biphasic
ADH-catalysed reactions enables the identification of a solvent in the presence of which
LBADH retains its activity over a long period of time. Since the activity determination was
carried out by sampling the agueous phase and included a 100-times dilution in aqueous
solution it is possible that any reversible deleterious effect of the solvent to the enzyme
remains occult due to the a concomitant dilution of the solvent during the activity
measurement. Consequently, it is necessary to prove the feasibility of a biotransformation in

the chosen biphasic system.

6.3.1 The Feasibility of Biphasic Biotransformations

To verify the feasibility of biphasic biotransformation the reduction of acetophenone was
again used as a model. The substrate coupled cofactor regeneration was carried out according
to figure 6-12
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Figure 6-12: LBADH-catalysed reduction of acetophenone with substrate-coupled cofactor regeneration.

A solution containing LBADH and the reduced cofactor NADPH was coveredavgtiution

of 1.0 mM acetophenone in MTBE. For timesitu NADPH-regeneration 2-propanol is added

to the emulsion in a concentration of 1.5 M. The formation of phenylethanol is detected by
GC-analysis. After complete conversion the organic phase containing the product and solvent
was removed and replaced by a fresh solution of acetophenone in MTBE so that anew

conversion takes place (Figure 6-13).
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Figure 6-13: Conversion over time for the first four runs of the repetitive batch; 1.0 mM acetophenone,
aqueous/MTBE 50/50 v/v; 150 mM phosphate buffer pH 7.0 at 20°C with 40;{yinL LBADH.

In this repetitive batch mode, the productivity of enzyme and cofactoemenced. Simple
distillation of the solvent allows a facile work-up. This procedure was repeated for 1400 h
since the half-life of LBADH at room temperature under these conditions is 480 h. The
acetone accumulation caused a progressive reduction of the achievable conversion. (cf.

chapter 7). The cofactor decay was compensated by periodical dosage of new cofactor.

6.3.2 Interfacial Effects
Enzymes catalysing reactions in biphasic systems can be affected by the presence of the

liquid-liquid interface in at least three ways (Straathof, 2003) :
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« the substrate concentration at the interface is significantly higher than in the
homogeneous aqueous phase (mass transfer limitation)
« the enzyme concentration is significantly higher at the interface (interfacial
adsorption)
« the intrinsic specific enzyme activity is significantly higher at the interface (interfacial
activation)
Here, interfacial adsorption and interfacial activation should be discussed.
Interfacial Adsorption
The sampling of the bulk agueous phase for activity determination shows that at an enzyme
concentration of 3.0 U/mL no significant decrease of activity occurs in the bulk of the
aqueous phase if a MTBE interface (approx. 3)dmintroduced. This means that either no
significant interfacial adsorption occurs, or the phase boundary is already saturated at a much
lower enzyme concentration (Buhler and Wandrey, 1992). Given that the ratio between
enzyme concentration and interface area in further experiments are of the same m&nitude,
effects of interfacial adsortion will be considered non-existent in this work.
Interfacial Activation
Given that:
» interfacial activation seems not to be in action for enzymes other than some hydrolases
(Straathof, 2003),
» interfacial activation must be preceded by interfacial adsorption (Straathof, 2003),
» the biphasic reaction rate of enzymatic catalysis is always lower than it would have
been if the same substrate amount would be present in homogeneous aqueous phase,

the effect of any possible interfacial activation will be considered irrelevant for this work.

6.4 Enantioselectivity

It was demonstrated that the enzyme enantioselectivity in non-natural media can undergo
alterations (Fitzpatrick and Klibanov, 1991). Jonssenh al have shown that the
enantioselecivity of TBADH depends on the water activity (Jénsson et al., 1999). In biphasic
systems, the enantioselectivity of lipases could be modified by varying of the organic solvent
(Villela, 1998) (Figure 6-14).

1% Only membrane free experiments are considered.
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Figure 6-14: Comparison of theee versugonversion plot for theMucor mieheilipase catalysed hydrolysis

of butane-1,3-diacetate carried out in aqueoustheptane (—) and aqueous/dichloromethane (ss*) biphasic
systems (50/50 v/v) (Villela, 1998).

Consequently it is necessary to verify if the enantioselectivity of LBADH is diminished in the
MTBE/water biphasic system. The GC-analysis of the product obtained by the reduction of
acetophenone in the biphasic system reveals R)gihenylethanol remains optically puese(

> 99%,GC-analysis) over the whole experiment (Figure 6-15).
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Figure 6-15: Concentration of R)- and (S)- phenylethanol during LBADH-catalysed reduction of 1.0 mM
acetophenone in aqueous/MTBE biphasic system; 150 mM phosphate buffer pH 7.0 at 30°C.

The optical purity of enzymatically produced CHOE under biphasic conditions was also
determined by GC-analysis after derivatisatibhe determineae (> 99.5%) confirms that

the LBADH enantioselectivity is not decreased by the presence of a second, organic phase.

This observation is compatible with the assumption of the absence of interfacial adsorption.
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6.5 Cofactor Regeneration

In the previous sections of this chapter the possibility of using ADH in biphasic systems was
demonstrated. Activity, stability and selectivity were established. For the implementation of
the biphasic biotransformation the aspects concerning the cofactor regeneration must be taken

into consideration.

6.5.1 General aspects

For some non-natural media, the possibilities of cofactor regeneration are limited due to the
insolubility of the cofactor in the solvent. Thus the cofactor must not leave the enzyme and
substrate coupled regeneration is the only possibility. This is not the case for multiliquid
biphasic system. For this non-natural medium the lack of solubility of charged molecules (as
the cofactor) in the organic phase is a great advantage. It represents a kind of immobilisation
of the cofactor in the aqueous phase, but without changes in the kinetic constants. This allows
the decoupling of residence time between product and cofactor on orf&’h@mdthe other

hand it also enables the use of any of the regeneration techniques previously discussed.
However, the presence of the second phase can influence the regeneration dramatically. Thus,
it is necessary to investigate the consequences for each regeneration approach individually. In
this work we shall concentrate on the enzymatic methods for the pragmatic reason that the use

of enzymes in biphasic system has already been demonstrated in this work.

6.5.2 Substrate Coupled Cofactor Regeneration.

Given that the enzyme used in this approach is the same involved in the production, the
cofactor regeneration will be affected by the biphasic system to an extent comparable to the
production reaction. This approach was used in the studies about the feasibility of biphasic
biotransformations (see 6.3.1) and proved to be suitable for further work. Hence, it will not be

discussed here further.

6.5.3 Enzyme Coupled Cofactor Regeneration

The study of the enzyme coupled cofactor regeneration should elucidate two main questions:
» Is it possible to apply this approach in biphasic systems?
« Is the partition coefficient of CDHE in MTBE/buffer high enough to avoid the

deactivation of FDH?

197 For the importance of this decoupling, see Kragl, 1997.
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The first question can be investigated using the reduction of acetophenone as production

reaction and regenerating the cofactor with the FDH-catalysed oxidation of formate (Figure 6-

16).
0 LBADH OH
Q)K NADPH  NADP* (j/K
co, &~ 7 HCOO"

FDH

Figure 6-16: LBADH-catalysed acetophenone reduction with FDH-coupled cofactor regeneration.

As can be seen in figure 6-17 the regeneration using FDH and formate is possible.
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Figure 6-17: Conversion in course of time with FDH-coupled cofactor regeneration; 150 mM phosphate
buffer pH 7.0 at 30°C, FDH = 6 U/mL and LBADH =4 U/mL.

Change of the organic phase enables new conversion.

The next topic of investigation is the behaviour of FDH in biphasic systems containing
21 mM CDHE. As described in Chapter 5, the presence of 5 mM CDHE in the aqueous phase
leads to a fast FDH deactivation. If the partition coefficient of CDHE in MTBE/buffer is high
enough and consumption of the substrate is faster than its transport, the residual substrate
concentration may be sufficiently low to be compatible with FDH presence. In this case, the
production system would be limited by mass transfer, but the advantages of the enzyme

coupled system could overcompensate this limitation.

To elucidate this question, a solution containing LBADH, cofactor, FDH and formate was
converted by an equal volume of a solution containing 21 mM CDHE in MTBE. Figure 6-18

shows the course of the reaction.
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Figure 6-18: Concentrations- and selectivity-time profile of the LBADH-catalysed reduction of CDHE

with FDH-coupled cofactor regeneration in aqueous organic biphasic system; the concentrations refer to

the organic phase; 150 mM phosphate and 150 mM citrate buffer pH 5.5 at 25°C, FDH = 12 U/mL and

LBADH = 20 U/mL.

During the first hours very fast enzymatic conversion of CDHE can be achieved.
Consequently high selectivity is detected. After almost complete conversion, the organic
phase was replaced by a new substrate solution. Conversion reaches 80% but does not
increase further. The addition of 5% of the initial amount of FDH after 48 h leads to new
conversion. This fact indicate that the CDHE concentration in water is probably still too high

to coupled with the presence of FDH.

6.5.4 Conclusion

A comparison between the reduction of CDHE in biphasic systems employing enzymatic
cofactor regeneration (6.3.1 and 6.5.2) makes it clear that the enzyme coupled regeneration
affords easily a better and constant process selectivity for the one pot biphasic reaction.
However two major disadvantages are associated with this technique:

« FDH regeneration in the presence of LBADH needs to be optimised

* Residual amounts of CDHE still causes deactivation FDH
While the former can be achieved by changing the reaction conditions, overcoming the latter
disadvantage demands a special reactor concept (see chapter 7). For this reason it is wise to
apply the substrate coupled regeneration for the continuation of the investigations concerning
the one pot biphasic reactions. Moreover, optimisation of the reaction conditions can lead to

high process selectivity using substrate coupled cofactor regeneration.
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6.6 Thermodynamic Equilibrium

The thermodynamic equilibrium of a reversible reaction is modified due to the presence of a
second phase. This aspect of biphasic biotransformations is of practical interest, since it can
lead to dramatic changes in the obtainable yield. It was studied in detail by Martinek and
coworkers and Halling’® In the case of hydrolytic enzymes, the thermodynamic equilibrium
shift may be crucial for the use of the biocatalyst in synthetic reactions. For isolated ADH
with integrated cofactor regeneration the effects have not been described yet, to the best of

our knowledge, and is the subject of this subchapter.

6.6.1 General Aspects

The presence a second phase, where the catalytic reaction does not occur affects the
thermodynamical equilibrium because the effective concentration of reagents in the reaction
phase is different from the total amount of the reagents in the system. Moreover, the water
activity is changed. Consequently hydrolytic equilibria are altered. For the ADH-catalysed
reactions the formation of hydronium ions and solvation phenomena are affected. For the one-
pot reactions studied in this chapter, the former can be disregarded because hydronium
formation and consumption are identical. The latter will be disregarded for reasons of

simplicity. Thus, the system studied is described in figure 6-19.

A + B CcC +D

Figure 6-19: lllustration of the system studied.

A theory describing chemical equilibrium shift for this system was firstly presented in 1977
(Klibanov et al). Despite certain limitations, it reveals important thermodynamic aspects.

Therefore it is employed here to describe the system. The following assumptions are made:

» fixed phase volumes
« ideal behaviour (fixed partition coefficient®)
The apparent equilibrium constant for the biphasic syskagh{sid can be calculated

according to the following equation:

[0l

biphasic ~ [ A]lot[B]tol Equation 6-5

1% Martinek, et al, 1981; Semeng\et al, 1987, Valivetyget al, 1991; Halling, 1994.

199 This is not valid at high concentration of reactants
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with:

Kbiphasic= apparent equilibrium constant for the biphasic system

[X] ot = the total amount of substance X divided by the total volume of the biphasic system
If the value of the equilibrium constant in waté€,), the partition coefficients and the

volume ratioa are known, it is possible to calculdtgpnasicfrom the equation below?

(1+ ma)i+m,a)

« "+ ma)ir mya)

K

Equation 6-6

biphasic ~

with:

Kw = equilibrium constant in water

my = [X]org/ [X]w; partition coefficient

[X] org = concentration of substance X in the organic phase

[X]w = concentration of substance X in the aqueous phase

0 =Vorg/ Vw; volume ratio

Vorg = volume of the organic phase

V. = volume of the aqueous phase

Accordingly, it is possible to alter the product equilibrium concentration by modibyiig
consequence of this fact is that the dependence ofyéetdis phase volume ratio may show,
in principle, an extremum Equation 6-6 was used by Semergival to demonstrate the
potential of aqueous/organic biphasic systems as media for biocatalytic reactions, since higher
yield can be achieved due to equilibria shift (Semeebal, 1987) The consequences of

equilibria shift for ADH-catalysed reaction is the subject of the next section.

6.6.2 Equilibrium Shift for ADH-Catalysed Reactions

To study the equilibrium shift for ADH-catalysed reactions in biphasic systems the reduction
of acetophenone will be chosen as a model, due to the absence of side r€a@iocs. the
occurrence of measurable equilibrium is desired, the substrate coupled regeneration is

employed. For the regeneration 2-propanol is used as co-substrate. Thus acetone is the co-

10 For the deduction see Martinekal, 1981.
11 When studying the CDHE-reduction catalysedSaccharomyces cerevisia#/olberg noticed a decrease in

yield when the reaction was performed in biphasic system.



Alcohol Dehydrogenase in Biphasic Systems 103

product. The partition coefficient of the compounds involved in the calculatid€ytsic

were determined by GC-analysis and are given in table 6-15

Table 6-15:Partition coefficient in MTBE/150 mM potassium phosphate buffer at 20°C.

compound m

acetophenone 34.5
phenylethanol 26.7
acetone 1.11
2-propanol 1.10
CDHE 500
CHOE 200

The equilibrium constant in aqueous solution for acetophenone reduction system was
determined as:

Kw=0.7

According to equation 6-fhe value folKyiphasicwas determined experimentally in a 50% v/v

MTBE/water biphasic system.

Kpiphasic= 0.001

The drastic effect of the equilibrium shift in biphasic systems can be noticed comparing the
conversion achieved in aqueous and in biphasic systems. They are depicted in figure 6-20
The two experiments were conducted with the same amounts of starting reagents and the

same water volume. In the biphasic system an equal volume of MTBE was added.

1.0

0.8+

0.6

0.4+

conversion / -

0.2

0.0+

aqueous biphasic

Figure 6-20: Equilibrium conversion determined for the aqueous solution and biphasic system (50% v/v)

for the reduction of 10 mM acetophenone using 1.5 M 2-propanol as co-substrate at 20°C.
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This equilibrium shift associated with the partition of the co-product in water decreases

the maximal achievable conversion in repetitive batches.

Using the values for the partition coefficient given in table @i the determined value for

Kw, Kbiphasicwas also obtained according to equation 6-6:

Kbiphasic= 0.78Kyw

The difference between the measured and calculated values arises from the non-ideal
behaviour of the studied system concerning the assumptions regdehe keto-enol
tautomerism, not considering the solvation effects, and mutual influence of the reagents
regarding the partition coefficients. The latter is particularly significant at the high 2-propanol

concentrations used in the experiments.

In the case of alcohols, water activity may be greatly influenced by hydrogen bonding.
Specially the high 2-propanol concentration used in the experiments (1.5 M) can intensify this
effect. Thus, neglecting this phenomenon enhances the inaccuracy of the estimation.

In conclusion, the assumptions made in the calculatidf,@fasic using the values obtained

for Ky, and the partition coefficients cause a significant distortion of the results in our working
window. Although equation 6-8as been verified for the alcohol dehydrogenase-catalysed
oxidation of 2-methylpropanol (Martinek al, 1981), the experiment was carried out without
cofactor regeneration and the reactants were very diluted. Under these conditions, the

assumptions made can be justified.

Consequently, measurements of the water activity, estimation of the real acetone
concentration present, and the change in partition coefficients in the presence of all reactants
must be determined for a satisfactory estimationKiyfhasic under the non-ideal conditions
relevant for this work. But equilibrium will never be reached in the bioreactor, because the co-
product will be constantly removed (see chapter 7). Thus, a satisfactory estimacig.af

is not necessary in the present work

For estimation of the equilibrium shift using this regeneration approach, the partition
coefficient for acetone and 2-propanol can be considered identical. In this case the
equilibrium shift is only dependent on the patrtition coefficients of substrate and product. For
this regeneration system there is no change if the catalysed reaction is a reduction or an

oxidation.

Nevertheless, the tendency of the equilibrium shift is properly given in the equafion 6-
products which are more hydrophilic than the starting reactant causes a decrease in the

achievable yield, andice-versa Given that the product of a reduction is more hydrophilic
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than the substrate due to the presence of an hydroxyl group, the introduction of a second,
organic phase will decrease the achievable yield. The contrary is true for oxidation. Here, the
yield is increased if the reaction occurs in a biphasic system.

To compensate this intrinsic characteristic of biphasic reductions, some tools can be
considered:

» change of organic solvent

e change of volume ratio

» change of co-substrate

» technical solution
Different technical solutions to shift equilibria in substrate coupled cofactor regeneration are
available (Stillgeret al, 2002). They represent the most promising approach for continuous
and semi-continuous application of ADH-catalysed reduction in biphasic system. Therefore

they are discussed in chapter 7.

6.7 Discrimination of Side Reaction

As mentioned in the beginning of this chapter, the search for non-conventional media for

enzymatic reactions aimed at the conciliation of water active enzymes with substrates that are:

» poorly water soluble

» water unstable
It was demonstrated the&rt-butyl 6-chloro-3,5-dioxohexanoate (CDHE) is stable in MTBE
solution (see chapter 3). Thus, it is expected that the biphasic reaction system presents a
solution for the problem of ODFA formation. This is the subject of this subchapter. The

discrimination of the side reaction in the biphasic system can have two causes:

» kinetics

* mass transfer limitation
For the experiments described in this subchapter it can be assumed that reaction kinetics
dominates*? Consequently, phase transfer limitation will be disregarded and the rate of

reactions in the aqueous phase will be considered. In the following section studies concerning

12 This assumption is justified by the finding that increase of enzymatic reaction rate also increases the rate of
substrate consumption and not only the selectivity; if the system were mass transfer limited the rate of substrate

consumption would remain constant (cf. Willeman, 2002).
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the discrimination of the side reaction due to concentration profile is presented. In the

subsequent section the discrimination correlated with the activation energy is described.

6.7.1 Discrimination of Side Reaction due to Concentration Profile

The ODFA formation is described in chap8rFor the purposes of this chapter it can be
considered a first order reaction concerning CDHE. The first order simplification is valid at
low substrate concentrations. It is also valid in systems where no buffer is used. Further, it is
reasonable to describe the enzymatic reduction of CDHE as saturation kinetic (Michaelis-

Menten)3

The enhancement of the selectivity of a catalysed main reaction with saturation kinetic in the
presence of an undesired uncatalysed first-order side reaction has been studied by Giffels
(figure 6-21) (Giffels, 1997). He concluded that the discrimination of the side reaction is high

if the concentration of the substrate is low.

A

Vo
AY
AN

[substrate]

Figure 6-21: Representation of reaction rate dependence on substrate concentration for reactions with
saturation (O O ) and first order (- - - ) kinetic; at low substrate concentration the selectivity is higher.

There are different possibilities to fulfil these conditions. In laboratory work the slow dosage
of the substrate is the most common apprdatim technical applications a CSTR working at

high conversion affords constant and low substrate concentration.

In a kinetic limited biphasic system the aqueous concentration of the substrate is determined
by the partition coefficient. If the solvent is properly chosen, it is possible to keep the

113 \While the model described in chapter 4 is valid only for small substrates concentrations, the saturation kinetic
is valid for the whole range of substrate concentration.
114 This approach was used by Wolberg in the production of CHOE (Wolberg, 2001).
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substrate concentration low during the whole conversion. Hence, the biphasic system is a
practical possibility of satisfying the condition for the discrimination of the side redétion.

For the properly chosen biphasic system the enzymatic reaction can be described as first order
concerning the substrate, as discussed in chepter 4. According to €eatit2001), under
this condition the ratio between enzymatic and spontaneous reactions is only dependent on the

enzyme concentration (Equation 7¥%.

V, k

-E = —E[E] Equation 6-7
Ve, Ky

with:

Ve = rate of the enzymatic reaction

Vsp = rate of the spontaneous reaction

ke = rate constant of the enzymatic reaction
ksp = rate constant of the spontaneous reaction

The theoretical prediction for the selectivity must be experimentally confirmed. In a first
experiment, a solution of 32 U/mL LBADH in phosphate buffer at pH 7.0 containing
0.01 mM NADPH was covered by a 21 mM solution of (CDHE) in MTBE (Figure 6-22). For
the regeneration of the cofactor 1.5 M 2-propanol was used as reducing'ageme.
selectivity achieved during the conversion was 85%, and decreases slowly to 80% at the end.

The decrease in selectivity is attributed to the increasing acetone concentration.

115 The biphasic system can be compared to an intelligent pump, which recognises the substrate concentration
and determine the dosage rate.
18 See chapter 9 for further discussion.

17 The concentration was calculated for the aqueous phase
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Figure 6-22: LBADH-catalysed reduction of CDHE in aqueous/MTBE biphasic system at 25°C aqueous

phase at pH 7.0 (150 mM phosphate buffer) with 0.01 mM cofactor and 48Q L.

Increasing the cofactor concentration in the aqueous phase to 1.0 mM yields important
informations. While the initial selectivity is high (approximately. 7598)a drastic decrease

is noticed during conversion: the overall selectivity is 36% at the end of the batch (Figure 6-
23). A possible explanation is an inhibition of the production reaction by the gradually
accumulating oxidised cofactor. The absolute concentration of NADP is higher if the total
amount of cofactor is higher, and the effect of the inhibition is more prominent.
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Figure 6-23: LBADH-catalysed reduction of CDHE in aqueous/MTBE biphasic system at 25°C; aqueous

phase at pH 7 (150 mM phosphate buffer) with 1.0 mM cofactor and 480 U/mL.

The enzyme-coupled cofactor regeneration enables the independent control of the
regeneration rate and is therefore used to verify the hypothesis. The proper regeneration

activity fraction will reduce the NADP concentration to low values and shall thus prevent

18 The lower value for the initial selectivity can suggest an NADPH surplus inhibition. This inhibition has no
consequences for this work.
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inhibition. The enzyme FDH (6 U/mL) and formate (200 mM) are used to regenerate the
cofactor in a system analogous to the previous one (32 U/mL LBADH; 1 mM NADPH; 21
mM (CDHE) in MTBE). The results are plotted in figure 6-24.
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Figure 6-24: LBADH-catalysed reduction of CDHE in aqueous/MTBE biphasic system at 25°C; aqueous

phase at pH 7.0 (150 mM phosphate buffer) with 1 mM cofactor and FDH-coupled (6 U/mL) cofactor
regeneration.

In the described experiment the consumption of substrate is almost entirely caused by the
enzymatic reduction. The ODFA formation is discriminated by this means. The obtained
process selectivity is high (> 0.95) as expected from the theory and constant during the whole
conversion. The reaction time is significantly decreased. These observations are in agreement
with:

* NADP inhibition of the production reaction

« Decrease in selectivity also due to acetone accumulation
In conclusion, the LBADH-catalysed reduction of CDHE is limited by the substrate coupled
cofactor regeneration. The use of FDH-coupled regeneration is not an economical solution to
the problem because of the incompatibility between this enzyme and CDHE. Consequently,
an alternative solution for the process development must be found.
The occurrence of NADP inhibition suggests that the selectivity as a function of the cofactor
concentration shows a maximum. At too low concentration, the production reaction is limited
by the Ky-value of NADPH. At too high concentration, the slow regeneration causes an
accumulation of the oxidised cofactor, and a small production rate is also observed. Therefore
it is fundamental to find out at which cofactor concentration the selectivity is at its maximum
for the one-pot reaction with substrate-coupled cofactor regeneration. Given the difficulties
for the determination oKy-value for NADPH in the reduction of CDHE (Chapter 4), the
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selectivity was determined by a series of experiments with identical conditions, but varying

the total amount of cofactor used. The results are shown in figure 6-25.
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Figure 6-25: Overall selectivity obtained in the biphasic system in dependence on the initial cofactor
concentration; aqueous/MTBE (50/50 v/v) at 25°C; aqueous phase at pH 7 (150 mM phosphate buffer)

480 U/mL.

These results suggest that tkg-value for NADPH is expected to be between 0.001 and
0.01 mM. Furthermore, it is possible to establish 0.01 mM as the lowest possible cofactor
concentration to cope with high process selectivity (cf. Keagll, 1992, Kraglet al, 1996)

for one-pot biphasic reaction.

6.7.2 Discrimination of Side Reaction Due to Activation Energy

In addition to the discrimination of a side reaction according to the proper concentration
profile it is also possible to discriminate the reaction making use of the difference in

activation energies. When two reactions have different activation energies, the reaction with
the lower activation energy will be favoured with temperature decrease, while the reaction

with higher activation energy will be favoured with increasing temperatures.

The activation energy of the ODFA formation has been described in chapter 3. Using a kinetic
limited biphasic system the activation energy of the enzymatic reaction was studied: The
dependence of the product formation rate on the temperature can be described by to an
Arrhenius approach. In spite of considering only the initial conversion rate the value obtained
for the activation energy is 46 kJ/mol, identical to the value obtained for the regeneration
reaction. This indicates that even at very low conversions, the rate of the regeneration reaction
is limiting the system.
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Hence, the activation energy of the enzymatic system is almost half of the activation energy
of the undesired side reaction. Consequently, the decrease in reaction temperature is used to
further increase the selectivity. With the constant experimental conditions 32 U/mL LBADH

in phosphate buffer at pH 7.0 and 1.0 mM cofactor, 21 mM solution of CDHE in MTBE,
cofactor regeneration with 1.5 M 2-propanol but changing the reaction temperature the
discrimination of the ODFA formation at lower temperatures is demonstrated. Figure 6-26

shows the integral selectivity at 30% conversion.
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Figure 6-26: Temperature influence on the selectivity.

6.8 Conclusions and Outlook

This chapter describes the development of a new concept for the choice of organic solvents to
be used in the enzymatic multiliquid biphasic transformation. Using the system enable us:

» use higher substrate concentration,

» easy recovery/reuse of the biocatalyst and cofactor, which do not dissolve in the

organic solvent,

» Dbetter integration with chemical steps in a synthetic sequence,

* minimisation of the risk of microbial contamination,

» discriminate the undesired side reaction,

e improve the work up.
The use of the biphasic system proved efficient to improve the selectivity, but the problems of
co-product accumulation persists. This limitation of the process is severe specially in the

biphasic system due to thermodynamic shift. Its solution is discussed in the next chapter.
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A fine tuning of biphasic systems concerning its properties (mainly partition coefficient) can

be obtained by mixtures of solvents. Finally, further studies shall help a better understanding

of the reasons for the enzyme compatibility of solvents.

6.9 Interim Summary

Among non-conventional media multiliquid biphasic system represents the best

perspective for this process development.

A new approach for the solvent selection has been developed. According to it MTBE

is chosen for further work.

This approach was verified to be valid for other ADH and also enzymes of a further

class.

It is possible to perform LBADH catalysed reaction in aqueous/MTBE multiliquid

biphasic system without loss of regio- or enantioselectivity.

The thermodynamic equilibrium of the reduction is negatively affected by the
presence of a second, organic phase.

The biphasic system enables an increase in process selectivity by keeping the substrate

concentration low. Concomitantly it allows the facile reuse of enzyme and cofactor.

The LBADH-catalysed reduction of CDHE is limited by the substrate coupled

cofactor regeneration.
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7 The Bioreactor Configuration

“Solem prae iaculorum multitudine et sagittarum non videbitis.”
XERXES
“In umbra igitur pugnabimus.”

LEONIDAS

7.1 Aim and Requirements

The intrinsic limitations of the use of ADH were presented in Chapter 4.1. They are:

.

cofactor cost

difficulties in enzyme recovery/product work up

operational stability of ADH

inhibition of enzyme activities in the presence of substrates or products

low solubility and in some cases instability of the substrate in water

Methods to overcome these limitations were the subject of chapter 5 and chapter 6. The

present chapter aims to couple the solutions in a bioreactor design to enable the economic

production oftert-butyl (S)-6-chloro-5-hydroxy-3-oxohexanoate, CHOE. The demand on the

bioreactor are:

enable high process selectivity (suppress the side reaction)
reduce the cofactor costs (regeneration and retention)
reduce the enzyme consumption

avoid thermodynamic limitation

avoid kinetic limitation due to NADPaccumulation (se.7)
decrease work up expenditure

enable high (quantitative) converstoh

The choice of a reactor to satisfy these requirements is the subject of subchapter 7.2. The

following subchapter describes how to realise the biphasic bioreactor compartment.

Subchapter 7.4 is about the possibility(s) of avoiding the kinetic limitations and subchapter

119 5ee chapter 1
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7.5 about the possibilities of avoiding the thermodynamic limitations. Finally, subchapter 7.6

analyses the reactor performance and compares it with other existing and possible reactors.

7.2 Reactor Choice

In subchapter 6.7 it is shown that biphasic systems can be used to improve the selectivity of
the LBADH catalysed reduction of CDHE. The reason is the low substrate concentration

defined by the partition coefficient. Concomitantly, this approach affords further advantages:

« confinement of the enzyme and cofactor in the aqueous phase,

* easy work up,

« avoidance of product inhibition,

* increase of enzyme and cofactor productivity.
The last mentioned advantage deserves some attention. In an aqueous batch system, the
productivity of enzyme is limited by the solubility of the substrate. The productivity of the
cofactor is limited by the necessary concentratky) (and the solubility of the substrate. In
the biphasic system, higher amounts of the substrate can be converted, since no boundary
concerning solubility limit exist§® This implicit advantage in biphasic systems can be
further exploited if the aqueous phase is used repetitively.

Motivated by various advantages offered by the biphasic system, we decided to base the
reactor development on the biphasic approach. To reduce cofactor cost and the enzyme
consumption the reactor enables the repetitive operation of the aqueou*phkseefore a

stable interface must be provided. The stable interface also enables the easy removal of the
organic phase, thus simultaneously decoupling the residence time of substrate/product and

enzymatic system, and providing a comfortable work up procedure.

The existence of a stable interface also enables the recirculation of the aqueous phase. In the
circuit a device to remove acetone should be integrated. This device is also operated
continuously, in order to avoid the accumulation of the cofactor regeneration coproduct. This
is advantageous f&inetic and thermodynamic reasons. First, inhibition of the regeneration

and production reaction is avoided. Secondly, since the concentration of one product is

120 This is equivalent to the conversion of soluble substrates in the aqueous phase, cf. Kula and Kragl, 2000 and

Peters, 1998 p 399.

121 “Although the biphasic systems can easily produce... in laboratory, they are difficult to operate

continuously...”, Wong 1987.
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continuously decreasing, the equilibrium is shifted, according to Le Chatelier's principle

leading to better results (Figure 7-1).

2-propanol
I
® ®
TePeT o 0
® ®
AEARME A
N |:> |:> acetone

Figure 1-1: Schematic representation of a bioreactor with stable phase contact and integrated acetone
removal.

Quantitative conversion is desired, because traces of the substrate would deceszisethiee
next synthesis stéf> Quantitative conversion in a CSTR can only be achieved by infinite
residence timé?* Hence, the reactor operation should be a repetitive batch or plug flow.

For the reactor development, a pH of 7.0 is to be maintained. At this pH the highest reduction
activity and the highest enzyme stability are achieved (7.0-7.5) and the cofactor stability is

also satisfactory.

As organic phase, MTBE will be used (see chapter 6). The use of the pure substrate as organic
phase is not opportune due to the bad enzyme stability in the presence of esters (see 6.2).

Moreover, the high viscosity and low solution velocity of the substrate are detrimental.

During the process development, the reactor studies will be performed in the smallest possible
scale in order to reduce costs. On this small scale, the desired pH control with an autotitrator
would cause a high change in volume ratio. Hence, at this stage of the process development

phosphate buffer is used to control the pH.

7.3 Phase Contact

Possibilities for the realisation of the biphasic reactor are given by:

* mixer-settler

22 The conditions for reduction of the hydroxyketoester (see Wolberg, 2001) leads also to the reduction of
CDHE yielding racemic dihydroxyketoester.

123 The enzymatic production reaction is considered to be first order on the substrate.
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« contifuge

* membrane phase contactor
Since the stability of the enzyme under high shear stress is not known, we decided for the
membrane approach. The technical aspects of the phase separation by membranes are
discussed by Schuigerl and coworkers (Setedd, 2000):
In the extraction modules, two liquid phases are contacted at the interface immobilised by a
membrane. In case of microporous membranes the pores are filled with the phase,
preferentially wetting it, while the other immiscible phase is completely excluded, thus, no
phase separation is required because the two liquid phases are never’mixedl. cases,
hydrophobic membrane pores are assumed to be filled with the organic phase while

hydrophilic membrane pores contain the aqueous phase.
The most frequent configurations of the membrane extractors are:

¢ the flat sheet membrane
» the hollow fibres
For the realisation of the phase contact in the reactor both approaches were tested. The results

are briefly described next:

7.3.1 Equipment Choice

Celgard X50 (Liquicel Minimodule). A hollow fibre module with polypropylene
microporous membrane, 40% porosity, pore size 300 um. This module enabled the fastest
conversion rate. Due to swelling of the epoxy potting, the housing is damaged after several

hours of operation. The durability of the module varies strongly (from 6 h to >170 h).

Spectrum MiniKros?®> polyethersulfone (PES)A hollow fibre module, with pore size
0.5 um. The same reaction rate as with the previous module was achieved. However, 22 h

after initialising the operation, the reactor presented a leakage in the housing connection.

Spectrum MiniKros *?° mixed ester(ME). Also a hollow fibre module. Similar transport
properties were observed. In this case, ten hours after initialising the operation the, reactor

presented a leakage in the housing connection.

24 This is a fundamental advantage for the present system, since under some circunstances the phase separation
is not immediate.

125 Commercialised by Membrapure GmbH, Bodenheim



The Bioreactor Configuration 119

Spectrum MiniKros *?” polysulfone (PS)A hollow fibre module, with pore size 0.05 pm.

Due to high phase instability this module was found to be inadequate for the process.

Flat sheet membraneCelgard 25032 in combination withOptisep flat sheet membrane
holde* The advantage of this system is the easy scale up. Problem: Instability of all kinds of
available special sealing ring in the presence of MTBE. This causes inadequate sealing and

consequent phase mixing.

Flat sheet membraneCelgard 2500in combination with asteel membrane modulgLaue,
1997). The instable sealing rings can be protected from MTBE with Fefloating. This
enables long operation tim&¥,since the membrane is also stable under this conditio.
disadvantage of the system is the difficult scale up. The necessary reaction time for full

conversion is significantly increased, probably due to poor transport properties.

It can be summarised that while hollow fibre modules suffer under poor stability in the
presence of the organic phase, the flat membrane showed in combination with the steel
module satisfactory properties in this respect. However, its disadvantage is the high

conversion time required.

For the continuation of the work we selected @edgard X50. The two mains reasons for the
choice are the good transport properties and the availability of modules for scale up. The
larger modules, however, are available without the epoxy potting. Thus, a higher stability

under the reaction conditions can be expetted.

7.3.2 The Use of Hollow Fibre

Hollow fibre membranes are specially suitable for membrane extraction. The aqueous and the
solvent phases are recirculated in counter-current mode through the hollow fibre module.

126 Commercialised by Membrapure GmbH, Bodenheim

27 Commercialised by Membrapure GmbH, Bodenheim

128 Microporous polypropylene membrane, porosity: 55%, pore size: 0.209 x 0.054 pm

129 North Carolina SRT Inc. USA.

130 Stable over 168 h in the system without CDHE.

131 Swelling was observed but did not influence the performance

132 The larger module requires a too big reaction volume, causing high enzyme, cofactor and substrate

consumption for this stage of the process development.
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High mass transfer rates per unit volume may be provided since the modules can contain very
high surface arez.g the tested Celgard module has surface area about #6n€émThe
interface in these modules can be accurately determined from the fibre dimensions and
characteristics. Thus, the equipment can be easily characterised by pilot-plant test for scale
up. This technique also overcomes other shortcomings of the conventional liquid extraction
methods such as flooding limitations on independent variation of phase flow rates,
requirements of density difference, stable emulsions formation or poor liquid-liquid
contacting resulting in a low stage efficiency. The disadvantage of this extraction device
could be clogging by particles in the feed (cf. Sistlal, 2000). The phases are generally
recirculed through an external vessel, or, a single pass of the streams take place. The counter
current flow of the phases in the module proved to be of higher effectivity than the co-current

flow. The reactors flow sheet is shown in figure 7-2.

11

Figure 1-2: Flow sheet of bioreactor set up using a hollow fibre module as phase contactor; 1. module;

2. membrane; 3a. aqueous volume; 3b. organic volume; 4. stirred vessel (organic phase); 5. tubing;

6 pump; 7. tubing; 8. stirred vessel (aqueous phase); 9. tubing; 10. pump, 11. tubing; A. organic cycle;

B. aqueous cycle.

The water phase is pumped through the lumen side of the hollow fibre with 500 mL/h flow
rate. The lumen side is chosen, because here a more homogeneous plug flow is possible (see
7.6.2). The organic phase flow slower (50 mL/h) over the shell side. The advantages of this
flow order is discussed in 7.6.2. The results obtained with the hollow fibre mGdidard

X50 are brieflydiscussed here:

The bioreactor was operated for three consecutive runs. The first run was interrupted after
approximately 60% conversion and the organic phase containing product and unreacted
substrate was replaced by a fresh one. The second run was carried out until approximately
90% conversion took place. The third run was concluded at approximately 50%. The results

obtained are shown in figure 7-3
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Figure 1-3: Conversion and selectivity in time course obtained with the hollow fibre module Celgard X50.

A decrease of the initial conversion rate can be clearly noticed. It is caused by the

accumulation of acetone in the system. Apart from the efficient phase contact and separation,
an important achievement of this reactor set up is the constant selectivity over the whole
conversion, in opposition to decreasing selectivity in the emulsion reactor. This is discussed

in the next subchapter.

7.4 Equalising the Kinetics

In this subchapter an explanation for the different behaviour of the selectivity as a function of
the conversion in an emulsion batch and in the reactor described in the previous section is

presented (Figure 7-4).
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Figure 1-4: The selectivity as a function of conversion for the emulsion batch and the second run of the
reactor with hollow fibre module; aqueous/MTBE (50/50 v/v), 150 mM phosphate buffer at pH 7.0 at

25°C, 300 mM 2-propanol, 0.1 mM cofactor 30 LJ/mL.

As discussed in chapter 5, the regeneration activity fraction for a substrate coupled cofactor
regeneration is constant. This is valid for saturation concentration of both substrate and
cosubstrate. Under these conditions, the regeneration reaction is the limiting step of the whole
system. However, in a biphasic system the concentration of the substrate is strongly reduced,
according to the partition coefficient. In the special case of CDHE, with a very high partition
coefficient, the concentration of the substrate in the agueous phase is so small that the
regeneration is not the limiting step at the beginning of the conversion. With increasing
conversion, acetone is formed. Its inhibitory effect on the regeneration reaction and the
progressive approximation of the equilibrium decreases the rate of the regeneration reaction.
Consequently, accumulation of the oxidised cofactor occurs. The effects of this accumulation
are show in subchapter 6.7. A decrease of the enzymatic production reaction and,

consequently, of the selectivity results.

In the reactor depicted in figure 7-2 the cycle of the water phase can be divided into two parts:
a hiphasic contact and a single phase recirculation. It is important to note that while the
cofactor consumption is limited to the part with biphasic contact, the regeneration of the
cofactor occurs in the whole cycle. Thus, there is a decoupling of the reaction time of
production and regeneration reaction. This allows the regeneration to be completed during the

single phase recirculation, thus avoiding NAD#ecumulation. So, the selectivity is constant
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over the whole conversion. Here, the requirement that the rate of the whole system must be

kinetically independent of the nature of the recycling reaction is fulfilled. (Bastls 2002)

The decrease in the selectivity noticed in the third run is due to thermodynamic reasons. The
accumulation of acetone shifts the equilibrium of the system, preventing the whole cofactor to
be present in the reduced form. Only a small amount of the reduced cofactor is present,
limiting the production rate. This effect cannot be overcome by reaction time decoupling.

How to avoid the thermodynamic consequence of acetone accumulation is the subject of the

next subchapter.

7.5 Acetone Removal

The discussion about substrate coupled cofactor regeneration demonstrated that the
reversibility of the 2-propanol oxidation leads to a thermodynamic equilibrium by this
regeneration. This is a disadvantage compared to the enzyme coupled approach. To overcome
this limitation, one possibility is to use an excess of the cosub&ttateother possibility is

the integrated removal of the coproduct. According to Le Chatelier’s principle the equilibrium
will be shifted enhancing the 2-propanol oxidation to compensate the low acetone
concentration. The law of mass action demonstrate that keeping the acetone concentration low
is a more efficient method for the thermodynamic shift than a high 2-propanol concentration.

In other words, acetone should be removed from the reaction mixture for thermodynamic

reasons, thus enabling a higher conversion.

The integration of this cofactor regeneration to the production reaction shows that acetone
removal is desirable also from the kinetic point of view. Since the presence of acetone slows
down the production and the regeneration reaction, a lower space-time-yield is achievable.
Moreover, the spontaneous and irreversible side reaction is favoured by a slow production,
and the overall process selectivity is consequently reduced. In this subchapter the integration
of the acetone removal to the biotransformation is investigated. The aim is the development of
an hybrid process. A hybrid process is defined as a process in which the work up device is
integrated to the production step. Hybrid processes are advantageous when the combination

gives a better result than the production step followed by the work up.

For the evaluation of three different removal techniques, stripping, pervaporation and reduced

pressure, the reduction of ethyl 5-oxohexanoate (OHE) to ethyl 5-hydroxyhexanoate (HEE)

133 g Peteret al, 1993; see chapter 5.
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catalysed by the carbonyl reductase frt@andida parapsilosis (CPCR) is used as a moifel.

The enzyme requires NADH as cofactor. The substrate coupled cofactor regeneration using 2-
propanol is applicable up to 10% v/v cosubstrate (Peteat 1993). The systems are shown

in figure 75.
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Figure 1-5: CPCR-catalysed reduction of ethyl 5-oxohexanoate with substrate coupled cofactor

regeneration.

The system is used because all involved reactions are reversible. Thus the equilibrium
constant is measurable and its shift can be used to illustrate the effect achieved by the
integrated acetone removal. At 35°C the equilibrium constant can be calculated as follow:

[acetong! [HHE]

“ ~ [ 2 propano] (JOHE] _ 063 Equation 1-1

7.5.1 Pervaporation

In pervaporation, volatile organic components are removed from a liquid feed mixture
through a semi permeable continuous (pore free) membrane into a gas phase (Strathmann,
1990). The separation of components from the liquid mixture is determined not only by
differences in their vapour pressures but also by their permeation rates through the membrane.
The driving force for permeation is the chemical potential difference of the compounds
between the two phases separated by the membrane. The chemical potential difference
induces a concentration gradient within the membrane interphase. In pervaporation the
chemical potential gradient is usually induced by applying vacuum on the permeate side of

the membranéigure 7-6).

134 This investigation was conducted by Thomas Stillger a®iimarbeit (2000); A patent has been applied
for(Stillger et al, 2000) and it is published in Stillget al, 2002.
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Figure 1-6: lllustration of pervaporation.

According to the membrane’s characteristics, pervaporation applications can be classified as

shown in table 7-1.

Table 1-1: Classification of pervaporation applications.

classification separation
hydrophilic separation of water from an organic solvent
hydrophobic (organophilic) separation of organic compounds from

aqueous solutions

selective-organophilic separation of organic compounds from

organic solutions

The characteristics elements of a pervaporation equipment are depicted in figure 7-7. A pump
(P1) impels the feed solution through a heat exchanger (H1) into the membrane module. In
module the solution components interact with the membrane, diffusing through it at different
rates, depending on the respective affinity towards the membrane’s material. On the opposite
side of the membrane the permeate evaporates to the evacuated space. The necessary enthalpy
for the evaporation is withdrawn from the féé€diThe vapour is finally condensed in the heat

exchanger (H2).

135 |n contrast to distillation, where temperature, pressure and chemical potential of liquid and gas phase are in

equilibrium, in pervaporation the vapour is not in equilibrium with the liquid phase.
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Figure 1-7: Schematic illustration of a pervaporation device; Pump (P1), heat exchanger (H1 + H2),

vacuum pump (V1) and membrane module.

The attractiveness of this technique is the possibility of selectively removing acetone from the
reaction mixture leaving the 2-propanol concentration constant. This may be possible since
separation is based on the interaction between membrane and substance and not on the

volatility.

7.5.1.1 Transport Characterisation

The quantitative characterisation of the matter transport through the membrane is based of the

following quantities:

The mass flux,Jn, through the membrane, given in mass per membrane area and time

[kg / m? h]. It can be directly obtained from the experiment.

The partial mass flux;, determined after quantitative analysis of the permeate according to

the equation 7-2.

ji=Jdw Equation 1-2

wherew; is the mass fractioof substance i in permeate.

The separation is normally quantified with two dimensionless quantities, separatiorofactor
and selectivity§;. It is worth noticing that these quantities are defined for binary mixtures and
therefore not adequate for our purposes. Hence, we will base our discussion on the ratio of the

acetone and 2-propanol in the feed solution.
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7.5.1.2 Experimental Set Up

The membrane characterisation and the integration of pervaporation to the biotransformation
were performed in the equipment illustrated in Fig 7-8. The recirculation of the retentate

enables the evaluation of the process with a small membrane area.

1

2 membrane6 10
X i 9
7

12 mbar

4

feed side permeate side

8

Figure 1-8: Schematic reactor illustration; 1. reactor, 2. membrane module, 3. heat exchanger, 4. pump, 5.

valve, 6. manometer, 7. valve, 8. condenser, 9. vacuum pump, 10 valve.

Working temperature of 35°C is used. This temperature provides enough energy for the

pervaporation and is still compatible with the enzyme stability.

7.5.1.3 Membrane Choice

For the purpose of removing acetone from the water solution, avoiding the removal of 2-
propanol, three commercially available membranes and two further membranes were
tested"*® (Table 7-2)

Table 1-2: Membranes used in this work.

name supplier material

GKSS-PDMS | GKSS Forschungszentrum Geesthacht polydimethyl siloxane

GKSS-POMS | GKSS Forschungszentrum Geesthacht polymethyloctyl-vinylmethyl

dimethylsiloxane

PerVap 1060 Sulzer Chemtech polydimethyl siloxane
PerVap 1070 Sulzer Chemtech polydimethyl siloxane + zeolithe
cm-celfa cm-celfa Membrantechnik polydimethyl siloxane

1% The two not commercially available membranes were kindly supplied by the GKSS Forschungszentrum
Geesthacht.
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Two different experiments were carried out to evaluate the membranes. In the first one, the

selectivity of the membrane concerning the acetone removal and the 2-propanol concentration
was tested. Therefore an aqueous solution containing equal amounts (200 mM) of acetone and
2-propanol was pervaporated at 35°C. The change of the ratio of the feed acetone and 2-
propanol concentration in the course of an experiment is shown in Figure 7-9.

ratio [acetone]/[2-propanol]

0.4+ = Pervap 1070 .
e Pervap 1060

0.2 A  GKSS-POMS

al v GKSS-PDMS

¢ cm-celfa

0-0 T T T T T T

0 50 100 150 200 250 300
time / min

Figure 1-9: Ratio of feed acetone and 2-propanol concentration (cf. Stillger, 2000).

It is important to notice that the selectivity and the flux may be dependent on the
concentration of the components. So, in a second set of experiments the biotransformation
conditions were simulated. Thus, the acetone concentration was set at 20 mM and the 2-
propanol concentration at 100 mM. OHE is also added to the solution to a concentration of
20 mM. The aim of this experiment set is to the study the acetone removal grade and the
influence of OHE on the process.

The results show that only two membranes enable the complete acetone removal within five
hours. Regarding the fact that the flux is at least as important as the selectivity for our
purposes, all other membranes are seen as not compatible with the desired application. Under
the experimental conditions the GKSS-PDMS membrane has shown sufficient acetbiie flux

but higher 2-propanol and water retention. Therefore, this membrane is chosen for use in the

hybrid biotransformation reactor. No significant OHE removal was detected.

137 The initial GKSS-PDMS acetone flux for the second experiment is 0.0280 kd)/(Hror further results see
Stillger, 2000.
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7.5.1.4 Biotransformation with Integrated Pervaporation

The integration of the pervaporation to the biotransformation in an hybrid process enables the
study of the influence of the acetone removal on the thermodynamic equilibrium. For this

purpose a batch reaction is carried out. The undesired water and 2-propanol removal is
compensated through a 0.025 mL/min feed of a 6.5% v/v 2-propanol solution. The obtained

results are depicted in figure 7-10
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Figure 1-10: Comparison of conversion-time profile with #) and without (O0) pervaporation, and acetone
concentration-time profile with (x) and without (+) pervaporation 100 mM 2-propanol, 30 mM OHE, 0.2

mM NADH, 0.15 U/mL CPCP, pH 7.8, 35°C.

The comparison of the obtained conversion with the batch conversion without acetone
removal clearly shows the potential of an hybrid process. By removing acetone higher
conversion can be reached (> 95%). The profile of the acetone concentration during the
conversion deserves special attention. In early reaction stages, where the conversion rate is
high, the acetone flux through the membrane is not enough to compensate its formation rate.
Acetone accumulates up to a concentration of 8 mM. In the further course of the reaction, the
acetone formation rate decreases, and it is overcompensated by the removal rate. Thus the
acetone concentration decreases. The thermodynamic driving force of the production reaction

is preserved, leading to the high conversion.

The decrease of the 2-propanol concentration is also explained through the higher reaction

rate in early stages of the reaction.
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7.5.1.5 Conclusion

The acetone removal by means of pervaporation shows that it is possible to overcome the
thermodynamic limitation inherent in the substrate coupled cofactor regeneration. In order to
justify its use, the pervaporation techniqgue must reduce the cosubstrate cost in a way that
compensate the necessary investment for the equipment. At present, however, no membrane
is available which allows the completely selective acetone removal without influencing the 2-
propanol concentration. Consequently, less expensive ways of removing acetone are

investigated.

7.5.2 Stripping

A very pragmatic way to remove acetone from the aqueous solution is by gas stripping. The
process is based on the tendency towards saturation of a gas volume in contact with a solution
of volatile compounds. The involved phenomena were studied by Raoult and Henry and are

briefly presented in section 7.5.5. Here only its application is discussed.

A continuous inert gas stream over a solution of volatile compounds is able to remove the
solute. The rate of removal is dependent on the solute concentration and its vbfattlity.
cannot be influenced by external factors. Thus, the acetone removal also causes the 2-
propanol concentration to decline. Water elimination can be avoided by a previous saturation
of the gas stream with water vapour. The set up required for stripping is shown in figure 7-11.

Compressed air is used as inert gas for the investigations.

compressed air

\4

water reaction solution

Figure 1-11: Set up scheme of stripping experiment.
Using a solution of equal acetone and 2-propanol concentration it is demonstrated that

acetone is preferentially removed by the inert gas stream. Similarly to the pervaporation

investigation, a study is carried out under situation simulating the biotransformation

38 More accurately, in ideal diluted solution the Henry’s constant of the compound.
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conditions. It is noticed that OHE is not removed by this procedure. The results are shown in
figure 7-12
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Figure 1-12: Concentration profile in course of time during stripping with 0.5 L/min gas stream at 35°C.

Further it is verified that the CPCR does not loose stability under the gas stream for at least
600 min. Hence, the biotransformation can be performed in a batch experiment with
simultaneous stripping. To compensate the 2-propanol removal, the alcohol is replaced
periodically. The temperature is set at 35°C, enabling a comparison with the pervaporation

investigation. The obtained results are shown in figure.7-13
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Figure 1-13: Conversion time-plot for CPCR-catalysed reduction of ethyl 5-oxohexanoate with integrated
stripping at 35°C, 0.5 L/min gas stream 100 mM 2-propanol, 30 mM OHE, 0.2 mM NADH, 0.15 U/mL
CPCP, pH 7.8, 35°C, air-flow 0.5 L/min.

It is possible to keep the acetone concentration below 5 mM during the conversion owing to
the stripping procedure. Like pervaporation, it avoids the thermodynamic limitation. Hence,

high conversion (>97%) is achievable. Concerning the equipment and energy costs, stripping
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is far superior to pervaporation. Disadvantages of the approach are the shear stress to which
the enzyme is submitted and the foam formation. The latter can be avoided by the addition of
polypropylenglycol 1200. However, any additional substance is prejudicial for the work up.

7.5.3 Acetone Removal under Reduced Pressure

Acetone is the most volatile compound among those present in the biotransfoffhatien

1992)- provided that no azeotropic mixture is formed either in the presence of water or in the
presence of 2-propanol, in equilibrium the acetone mole fraction in the gas phase is higher
than in the liquid phase. Hence, reducing the pressure over the liquid phase causes a

preferential removal of acetone.

The use of this phenomenon with the purpose of avoiding the acetone concentration during a
biotransformation is the subject of the present section. Therefore, a batch conversion is
carried out at 35°C until equilibrium is reached (73% conversion). Than the pressure is
progressively reduced. The concentration and pressure profile over the course of the
experiment are shown in figure 7-14
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Figure 1-14: A: Concentration and pressure profile over the course of time for CPCR-catalysed reduction

of ethyl 5-oxohexanoate at 35°C; B: the corresponding conversion time-plot; 100 mM 2-propanol, 30 mM

OHE, 0.2 mM NADH, 0.15 U/mL CPCP, pH 7.8, 35°C.

Since the acetone mole fraction is small, its partial pressure is correspondingly small
according to Henry's law. As a consequence, low overall pressure must be applied to the
system to enable a significant change in acetone concentration. This is only achieved below

60 mbar, providing further 5% conversion.

The procedure also removes 2-propanol from the mixture, which is compensated by
discontinuous dosage.
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7.5.4 Comparison of the Methods

A complete comparison of the methods is provided in Stillger, 2000. Here, only the
evaluation and comparison of the methods concerning the integration to the process

development is carried out.

The results presented in the three previous sections show that distillation under reduced
pressure is not an efficient method for the removal of acetone. Pervaporation and stripping
enable the acetone removal, thus avoiding thermodynamic limitation. They are compared in
figure 7-15.
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Figure 1-15: Comparison of the conversion-time plot for stripping and pervaporation (cf. Stillger, 2000).

The figure show the conversion achieved for each technique. It illustrates very clearly how
important the rate of acetone removal is. A slightly smaller removal rate was achieved with
pervaporation, leading to an acetone concentration up to 8 mM in comparison to 5 mM
accumulated with stripping. This small but significant difference causes a clear change in the

conversion rate.

In order to enhance the pervaporation rate, the membrane area would have to be increased.
This leads to additional costs. The great potential advantage of pervaporation, the selective
acetone removal with 2-propanol retention, is not possible with the membranes available at
present. Furthermore, the process requires some thermal energy from the feed solution. This
might lead to difficulties when integrating the system to an LBADH-catalysed reaction due to
enzyme thermoinstability (Chapter 4). For these reasons, we prefer the use of another

technique for the acetone removal.
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Stripping is the most convenient procedure among those studied here. Its integration to a
biphasic reactor, however, is not possible without further development. The direct stripping of
the organic solvent must be avoided. Further improvements are also possible if the closely
related technology of membrane distillation is employed. This is the subject of the next

section.

7.5.5 Membrane Distillation

In order to provide high efficiency, reproducibility and to prevent foam formation and shear
stress in the enzyme solution, membrane distillation is employed. Here, a microporous hollow
fibre membrane stabilises the surface between liquid and gas phases. The membrane itself has
no influence on the selectivity. The driving force for the separation is the partial pressure
gradient of one compound just above the liquid surface and the partial pressure in the bulk of
the gas phase. The partial pressure over the liquid phase is equal to the vapour pressure. For

the ideal solution it is defined according to Raoult’s law:

Pa = Xa ¥ A Equation 1-3

Xg IS the mole fraction of the compound A gnd is the vapour pressure of the pure liquid A.
For an ideal dilute solution it is given by Henry's law.

Pe = X8 Ks Equation 1-4

Xa IS the mole fraction of the solute aKg is a constant (with the dimensions of pressure)

determined experimentally.

A constant stream of the inert gas (nitrogen is used to avoid the contact of oxygen with
flammable vapours) affords a very low partial pressure of the compound to be retim@ved (
acetone) in the bulk of the gas ph&$eSince the transport from the liquid surface to the bulk

of the gas phase is diffusive in nature, it can be described by Fick’s law of diffusion.
J= D'A'psurface Equation 1-5

whereD is the diffusion coefficient and the surface area.
Combining Fick’s and Henry's law we see that the removal vaig) of the solute B is

proportional to its concentration.

Vstrip = Kstrip[B] Equation 1-6

139 For practical reasons the partial pressure can be set zero.
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whereksyip is @ constant reflecting Henry's law constant, the diffusion coefficient of B and the
surface area. It can be determined experimentally for a given equipment. Therefore the
concentration of B is measured in the course of time. Fitting the obtained data with equation
7-7 deliversKsyip.:

[B] = [B]o € ot Equation 1-7

To avoid water removal the nitrogen stream is pre-saturated with water. The partial pressure
of water in the bulk gas phase equals the vapour pressure. The gradient is non-nexistent and
no water is removed.

To carry out the membrane supported strippin@edgard X50 (Liquicel Minimodule)
hollow fibre module is employeld® Three nitrogen flow rates are tested: 10, 15 and,20 L

In this interval, no variation of the stripping rate is observed, meaning that the boundary
Pouk = 0
is reached for all three flow rates.

Since the presence of additional compounds can interfere with the stripping rate, the
determination of the value fd&i, is performed in the presence of 150 mM phosphate buffer
and 400 mM 2-propanol. The acetone initial concentration is set at 12 mM. Figuish@dvi®

the obtained results.

acetone / mM
@

time/h

Figure 1-16: Determination ofks, for acetone in a Celgard X50 (Liquicel Minimodule) hollow fibre
module at 25°C and nitrogen flow 15 k/h.

140 Active surface area: ID = 0.09nOD = 0.12 M.
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Simultaneously the constant for 2-propanol was also measured. The valukgi,fds

calculated according to equation 7-7:. The results are shown in table 7-3.

Table 1-3: Experimentally determinegalues forkyi, !

substance Kstrip [1/N] Kstiip [1/min]
acetone 0.59 0.0099
2-propanol 0.18 0.0030

7.6 The Hybrid Bioreactor*?

7.6.1 The Elements Order

The results presented in subchapter 7.5 suggest an integration of the acetone removal to the
reactor presented in subchapter 7.3, leading to a hybrid reactor. The advantages of the hybrid
reactor over the sequential performance of reaction and work up are not only thermodynamic
(higher conversion) but also kinetic (higher conversion rate), leading to economic benefits

(higher selectivity, higher space-time-yield). The elements constituting the hybrid reactor are:

» biphasic reactorfor suppressing the side reaction

* aqueous compartmentto equalise the production and regeneration rate. This part of
the reactor should be dimensioned according to the concentration of the reagents and
the consequent reaction rates.

« acetone removal devicewhich will remove all volatile components of the aqueous
solution.

» dosage unitto compensate the 2-propanol elimination. Since the water phase is very
rapidly saturated with the volatile organic solvent MTBE, a continuous removal of the
latter is also expected. Therefore its dosage is also necessary.

Before the reactor is assembled, it is essential to understand the influence of each device on
the whole reactor performance, so that the most efficient order of the components is obtained.

This is discussed in the present section.

41 Considering the membrane area these values correspond&qcdge = 0.11 mintm? and
Ko-propanoi= 0.033 mirt-m.
142 This concept was decorated with the best poster award durin§ thierhational Symposium Catalysis in

Multiphase Reactors, Lausanne 2002 (cf. Villedlal 2002).
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The core of the process is the phase contactor, where the production reaction occurs. The
water phase is recirculated over a pump. Consequently, the aqueous compartment is
necessarily present in the process. Given the cyclic character of the reactor, no special
consideration about its position is necessary. The ideal dimensions of the compartment can
only be calculated after optimisation of the reaction conditions, mainly substrate and enzyme
concentration. At this stage of the process development, the size of the compartment is

determined by the technical possibilitiesg pump volume).

Acetone decreases the rate of the regeneration reaction. It also inhibits the production

reaction, as presented in chapter 4. The former effect can be compensated by increasing the
enzyme concentration or enhancing the reaction time of the regeneration reaction. The latter
effect causes a decrease in the production rate, thus lowering selectivity and space time yield.
It can only be compensated by increasing the enzyme concentration. For this reason, we
decided to remove acetone just before the water phase enters the biphasic reactor. By this

method, the acetone inhibition on the production reaction is minimized.

The location of the 2-propanol dosage is dependent on the alcohol influence on the production
system. The initial production rate was measured under different 2-propanol concentrations
(100 mM and 300 mM) to evaluate this effect. No influence could be noticed in the

concentration interval studied. Thus, the 2-propanol dosage position has no effect on the

reaction performance.

The problem of the MTBE dosage is solved by the setting of the acetone removal. Since the
aqueous solution is saturated until shortly before the biphasic reactor, it only makes sense to

replace the MTBE in the phase contactor.

The simultaneous dosage of MTBE and 2-propanol reduces the equipment necessary. Hence,
a 300 mM 2-propanol solution in MTBE is continuously added to the organic phase, and the
concentration in water adjusted in the phase contactor. Due to the higher MTBE volatility, an
accumulation of 2-propanol is observed after long operation. This problem is solved during
the replacement of the organic phase (see Chapter 8). Figure 7-17 shows the flow scheme of
the designed reactor.
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organic
phase

Figure 1-17: A: Flow sheet of the hybrid bioreactor; B: a photography thereof.

7.6.2 The Operation Modus

The developed bioreactor can be operated in two different modes concerning the organic
phase: continuous flow or (repetitive) batch. In the continuous flow operation, the fresh
organic phase containing MTBE, CDHE and 2-propanol is continuously pumped to the

biphasic reactor. Conversion is limited to one flow through the hollow fibre module and the
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organic phase leaving the reactor should contain MTBE, CHOE, 2-propanol and acetone. In
the batch operation, the organic phase leaving the module still contains significant amounts of
the substrate. It is recirculated allowing further conversion in the reactor. Before a decision

about the operation modus is made, the flow pattern in the reactor should be understood.

The flow pattern in is studied by an analysis of the residence time distribution of a tracer
(acetone}*® Therefore a determined amount of the tracer is introduced to the fluid entering
the vessel. Subsequently a concentration-time record of tracer leaving the reactor is obtained.
This is theCpuise curve’* The results measured for the shell side of the reactor (Figure 7-18)

are depicted in figure 7-19.
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Figure 1-18: Set up for the time distribution measurement of the shell side.
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Figure 1-19: Tracer (acetone) concentration leaving the reactor as a function of time.

The oscillation observed in the initial part of the graph is a consequence of the use of a piston

pump.

13 For residence time distribution see standard books on chemical reaction engiagerimyenspiel, 1999
and Hegen, 1992.

144 The relationship between,g.andE only holds exactly for closed boundary conditions.
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To find theE curve from theC,use Curve the concentration scale is changed, such that the area
under the curve is unity. THe curve represents the residence time distribution of the fluid.
The mean residence time can be calculated fronCjhe experiment according to equation
7-8.

Itht _ ZQ C At

t= foa — Ycat

Equation 1-8

An interpretation of the results using a compartment model delivers relevant diagnostic
information about the flow pattern of the system. Thus we assume that the reactor is formed
by volume of mixed flow region, and a plug flow region. The expe&iecurve for this

arrangement is shown in figure 7-20.

Figure 1-20: Compartment model with exponential decay tracer curve; ¥ is the mixed flow volume of, \

the plug flow volume and v the volumetric flow rate (cf. Levenspiel, 1999).

The observed residence time (0.94 h), however, is smaller than that predicted by theory
(1.2 h). This indicates a dead or stagnant region within the reactor. This faulty flow pattern is
ascribed to the position of module connections. Entrance and exit are the on the same side. It
gives rise to a short cutting. Consequently, a stagnant region is present on the opposite side
(Figure 721).
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Figure 1-21: Compartment model with exponential decay tracer curve for the reactor with stagnant
volume; Vy, is the mixed flow volume of, \ the plug flow volume Vj; the stagnant volume and v the

volumetric flow rate (cf. Levenspiel, 1999).
Such a short cutting and a stagnant region was not detected for the lumen side.

Based on these results we decided that the aqueous phase should flow on lumen side, because
an acetone accumulation in the stagnant region must be avoided. Consequently the organic

phase must flow on the shell side.

At this point it is possible to chose which operation modus affords better results in the reactor.
One requirement of the process is the very high conversion grade of the substrate. Since a
short cutting is present at the reactor, a very slow overall flow rate (high residence time)
would be necessary to guarantee the desired conversion. We therefore opted for the batch

modus, allowing unconverted substrate to re-enter the reactor.

7.6.3 The Obtained Results

The designed reactor was tested using a 210 mM solution of CDHE in MTBE, also containing
300 mM 2-propanol as the organic phase. The aqueous phase consisted of a 150 mM
phosphate buffer at pH 7.0 containing 1 mM MgQ@l1 mM cofactor, 0.086 mg/mL LBADH

and 300 mM 2-propanol. The reaction was conducted at #8°The 2-propanol and MTBE
elimination was compensated by the continuous dosage of a 300 mM solution of 2-propanol

in MTBE. The results obtained are shown in figure 7-22.

145 For the reaction conditions setting see chapter 8.
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Figure 1-22: Concentration profile as a function of time obtained with the hybrid multiphase bioreactor;

the acetone concentration refers to the aqueous phase, the substrate product and by-product
concentration to the organic phase. The initial reaction rates are calculated based on the dotted lines.
Reaction conditions: 150 mM phosphate buffer pH 7.0 at 25°C, E = 0.086 mg/mL (3Q/biL), 210 mM

CDHE, 300 mM 2-propanol, 0.1 mM cofactor; reaction volume = 60 mL; organic volume = 60 mL.

The operation of the hybrid bioreaction shows that it is possible to decouple the concentration
profile of product and co-product, thus avoiding thermodynamic limitation and kinetic
disadvantages. The acetone concentration reaches a maximum of 7.0 mM at 3 h operation. At
this time the product concentration is already 42 mM. With the decrease of the reaction rate,
the acetone removal is capable of reducing the coproduct concentration to 1.4 mM at 7.6 h. At
this point 152 mM product was present in the organic phase. After 21 h operation, 88%
conversion had been reached, and the selectivity was 85%. At this stage, the organic phase

was changed. This enabled a comparison of the initial reaction rates of the first and second
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run in the hybrid reactor. The results satisfactorily show that the rates are equal, proving the

advantage of the hybrid reactdf.

7.6.4 The Model Description

The description of the reaction rates for the production reaction (chapter 4), regeneration
reaction (chapter 5) and side reaction (chapter 3) can be combined to a set of equations, which
should describe the kinetic of the whole system. The acetone removal must also be taken into
consideration (chapter 7.5). The aim of the model is to enable the computer aided simulation
of the integrated system. The simulation enhances the quantitative understanding of the
system, which is otherwise not possible due to the complexity of the reactor. The model is
also helpful for the evaluation of new reaction conditiogg. (enzyme concentration) or
changes in the equipmerg.d. increase of acetone removal area). This also enables us to
obtain first results without the need for experimental work, thus reducing development costs.
It can also be used to estimate which new experiment has better perspective of leading to

significant improvement.

All reaction rates refer to 25°C, when necessary new values have been calculated according to
the Arrhenius equation. Assuming a very rapid mass transfer, this phenomenon is not
regarded in the model. Besides, the 2-propanol concentration is controlled experimentally,
and externally kept constant. Thus, its concentration is assumed to be constant at 300 mM.

The set of differential equations used in the model is shown below:

dNADP] _ .
dt - Vprod - Vrevprod - Vreg + Vrevreg Equation 1-9
d NADPH] _ .
T - _Vprod + Vrevprod + Vreg _Vrevreg Equation 1-10
dCHOHE] _ )
dt ~ Yprod _Vrevprod Equation 1-11

146 CHOE produced in the first batch and dissolved in the aqueous phase is realised to the organic phase
immediately after the introduction of the fresh organic phase. This fact explains the high CHOE concentration in
the first measurement of the second run. Thus, the first point is not considered for the determination of the

reaction rate.
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d CDHE] _ .
dt - _Vprod + Vrevprod ~ Vsige Equation 1-12
flacetoné _ '
dt = Vieg Vrevreg - Vstrip Equation 1-13
d furan] .
= SV Equation 1-14
dt

The expression fovyoq iS the one described in 4.6.1 extended with the term to consider the
inhibition by acetone. The use of the experimentally obtained constants, leads to a good

qualitative description of the system, but the quantitative agreement is poor (figure 7-23).
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Figure 1-23: The simulation (continuous line) of the results obtained with the hybrid multiphase
bioreactor. Initial reaction conditions: 150 mM phosphate buffer pH 7.0 at 25°C, E = 0.086 mg/mL (30
Ug/mL), 210 mM CDHE, 300 mM 2-propanol, 0.1 mM cofactor; reaction volume = 60 mL; organic

volume = 60 mL.

Disregarding the kinetics aspect, it can be noticed that the acetone concentration in the model
is considerably higher than in actual practice, reaching 13 mM. An explanation for this
discrepancy is the influence of MTBE on the rate of acetone removal. The valkg;for

described in chapter 7.5.5 was obtained in the ternary system consisting of water, acetone, and
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2-propanol. Due to the water saturation with MTBE, this volatile compound sweeps acetone
through the membrane pore, thus increasing the removal rate. Increasing (doubling) the rate
of acetone removal, a better fit of the acetone concentration profile is obtained. Automatically

a good fit of the whole system is achieved. (figure 7-24)
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Figure 1-24: The simulation (continuous line) of the results obtained with the hybrid multiphase
bioreactor with improved acetone removal rateKsi,.

The results strongly suggest that the limiting step of the hybrid multiphase bioreactor is the
rate of acetone removal. Since the reaction rate is solely explained by the kinetic model, the
transport kinetic can be regarded as unimportant for the approximate description of the reactor

under these conditions..

The good correlation of model and experiment justify the assumption that the extended
Michaelis-Menten model (cf. chapter 5) can be used as an approximation to describe the

stationary conversion rate, mainly if one product is constantly removed.

The models also give an insight about the concentration ration between oxidised and reduced
cofactor. Most cofactor (> 98%) is present in the reduced form. Thus, in order to enhance the
cofactor stability the pH-working window should be kept rather alkaline.

7.7 Comparison with Other Reactors

In this subchapter the reactor designed in this process development is compared with other

reactors concepts, both existing and possible ones.
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7.7.1 Agueous Fed Batch Reactor

This reactor concept, developed by Wolberg (Wolberg, 2001), offers a good possibility to
carry out the production of CHOE. Due to the feed strategy, the side reaction can be
suppressed. If improvements on the reaction conditions are made, the cofactor turnover can be
enhanced to 5 000. (Figure 7-25).
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Figure 1-25: Concentration profile for a fed batch with 0.005 mM cofactor. Reaction conditions: 75 mM

citrate and 150 mM phosphate buffer pH 5.5 at 25°C, E = 6.25¢/mL, 36 mM CDHE,y,, 6.5 mM/h

dosage rate.

Moreover, if MTBE replaces ethyl acetate in the work up, the enzyme reuse can also be
enlarged. A draw back of the concept is the difficulty in recovering the diluted product from

the large volume of solution. Yet, its use can be recommended, for small scale production.

7.7.2 Biphasic Emulsion Reactor

The concept presented in subchapter 6.7 is an elegant alternative to the aqueous fed batch
reactor. The side reaction discrimination is inherent in the system,. Due to the high substrate
concentration enabled by the organic solvent, the aqueous volume can be strongly reduced
and work up expenditure is decreased. A disadvantage of this approach is the very low
reaction rates at the end of conversion (low substrate concentration). It is increased by the
problem caused by acetone accumulation. This situation is clearly illustrated by a comparison
of the reaction carried out in an emulsion batch and under identical conditions in the hybrid

reactor (Figure 7-26).
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Figure 1-26: Comparison between emulsion reactor and hybrid multiphase reactor under identical

reaction conditions; the difference in conversion rate is caused by the acetone accumulation.

In spite of equal initial reaction rates, the acetone removal enables the hybrid reactor to
achieve the final conversion faster. For this reason, the total amount of ODFA formed is also

smaller.

7.7.3 Polymeric Resin

The use of solid polymeric resin to control the concentration of CDHE in the aqueous phase is
a further promising concept. It was used by Wolberg to achieve high enantioselectivity in the
reduction of CDHE catalysed by whole cellsSdccharomyces cerevisi@é/olberg, 2001).
Advantages of the system are the facile work up and the three-dimensional contact to the
aqueous phase. The problem of acetone removal can be overcome by stripping, since the
organic phase is not volatile. But a disadvantage is the bi-dimensional “organic reservoir” for

the substrate, causing a difficult setting of the aqueous substrate concefitfation.

A similar approach has been tried entrapping enzymes and cofactor in a cross-linked polymer
matrix (cf. Wong, 1987). However, it must be considered that when immobilised enzymes
and cells are used the transport situation is more complex, since the penetration into the
matrix may be rate limiting (Carrea, 1984).

471n the case of polymeric resin the “substrate reservoir” is limited to the resin surface.
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7.7.4 Bimembrane Reactor

The reactor conceived by Kruse (Krueal, 1994; Kruseet al, 1996) and further developed

by Liese (Liese, 1998) and Rissom (Rissom, 1999) is probably the most efficient reactor for
the reduction of hydrophobic ketones by alcohol dehydrogenases. It is based on a continuous
stirred tank reactor, where the substrate is continuously fed and the enzyme is retained by a
membrane. The product is extracted from aqueous solution containing also the cofactor. The

cofactor solution than re-enters the reaction vessel (Figai@. 7-

P, )
organic organic
solvent solvent

Y

S HCOOH

Figure 1-27: Flow scheme of the bimembrane reactor according to Krus al (1996).

This technique enables an efficient decoupling of residence time for substrate/product and
cofactor. Until now cofactor regeneration has always been performed by the enzyme coupled
approach. The substrate coupled approach with the inclusion of an acetone removal device
can be easily conceptualised. The substrate could be fed dissolved in 2-propanol, as
performed by Wolberg (Wolberg, 2001). Nevertheless, some disadvantages of the use of this

reactor still persist:

Operation Modus: This reactor is a continuous stirred tank reactor. For the desired

guantitative conversion, very long residence time would be required.

Convectional Flux over Membrane This causes some technical problems, mainly because
of the integration of a phase contactor for the product extraction. The independent control of
pressure is difficult leading to frequent phase instability. The hybrid multiphase bioreactor
developed in this work is characterised by exclusively diffusional flux over the membrane.
Hence, it works almost without pressure gradient, being easy to operate and showing high

phase stability.

Unproductive Cycle In the bimembrane reactor concept, after the production phase the
cofactor is recirculated over the phase contactor until re-entering the reactor. During this

phase it is unproductive, and the only reaction occurring is the cofactor degradation.
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Therefore, improvement of the reactor focuses on an increase of the ratio between productive
(reactor) and total agueous volume (Kruse, 1995). Even in the optimised case the ratio is < 1.
In the hybrid multiphase bioreactor developed, the cofactor is always undergoing reaction.

Either it is consumed (biphasic compartment) or it is regenerated (total volume).

Consequently, a better use of the cofactor is possible.

7.7.5 Two-Phase System Membrane Reactor

The reactor concept presented by Kise and Hayashida is based on a continuous strirred tank
reactor with retention of the aqueous phase by a hydrophobic membrane (Kise and Hayashida,
1990). The concept is very interesting, but not suitable for our production system, due to the

requirement of total conversion.

7.7.6 Emulsion Membrane Reactor

The emulsion enzyme membrane reactor presented by efiedeis not compatible with the
reaction system, since the side reaction would be favoured during the contact of CDHE with
the aqueous phase in the absence of enzyme @liede1998).

7.7.7 Polymer Enlarged Cofactor

A comparison with the cofactor requiring amino acid production in a membrane reactor with
enlarged cofactor is also interesting (cf. Wichmanral, 1981). This process is the “most
highly developed process for cofactor requiring enzymes” (Wong, 1987). Here, the enlarged
cofactor is retained in the system together with the enzyme by membrane technology. In
contrast, the hybrid multiphase bioreactor enables a comparable high cofactor retention, but
no cofactor derivatisation is necessary. The multiphase approach is superior due to the fact
that microbial contamination is avoided by the presence of organic solvent (cf. Kise and
Hayashida, 1990).

7.7.8 Two-Chamber Reactor

A further reactor with independent production and regeneration systems can be conceived for
the LBADH-catalysed reduction of CDHE. In a biphasic reaction compartment the production

reaction would be carried out. In a second compartment, the regeneration would be carried out
in aqueous phase. The separation of the compartments would allow the use of enzymes which
are not stable in the presence of CDHE or organic solvent to be used. To avoid the contact of

the regenerating enzyme with the substrate a separation of the compartments by a membrane
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would be necessary (Figure 7-28). And this is the main disadvantage of this concept. The

convectional flux over two membranes can lead to a series of technical difficulties.

MTBE
Produkt <= <= Substrate
—>

O

NADPH NADP

Figure 1-28: Idealised reactor with independent production and regeneration systems, separated by
ultrafiltration membranes.

7.7.9 Conclusion

There are several efficient possibilities of performing cofactor requiring enzymatic reductions,
also for hydrophobic substrates. We understand that for the LBADH-catalysed reduction of
CDHE, biphasic systems offer the most advantages: high selectivity, high substrate
concentration, consequently highEFN, good cofactor retention, easy work up and enzyme
reuse, no microbial contamination. Depending on the production scale and the seasonality of
the demand, either the emulsion batch or the hybrid multiphase bioreactor is the reasonable
choice for production. In comparison to other enzyme-membrane reactors the proposed
multiphase bioreactor offer the advantages of (almost) pressure gradient free operation and

flexibility regarding the operation modus (batch, semi-continuous or continuous).

7.8 Interim Summary

e For the LBADH catalysed reduction of CDHE we opted for a hybrid multiphase

bioreactor.
» For the biphasic production volume a membrane phase contactor was chosen.

« Different approaches for the integrated acetone removal were tested (pervaporation,
stripping, distillation). Membrane distillation was chosen to be used in the hybrid

bioreactor.
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A hybrid multiphase bioreactor was assembled. Due to the flow pattern the repetitive
batch operation is adopted.

The reactor operation can be described by a mathematical model

The model suggest that the acetone removal is the rate limiting step of the reaction
operation.

The advantages of the hybrid multiphase bioreactor are: high selectivity, high
substrate concentration, consequently highEX, good cofactor retention, easy work
up and enzyme reuse, no microbial contamination, (almost) pressure gradient free

operation and flexibility regarding the operation modus






8 The Reactor Operation

“It's getting better all the time.”

LENNON/'MCCARTNEY

8.1 The Reaction Conditions

The results (selectivityTTN, space-time-yield, etc.) obtainable with the hybrid bioreactor

described in chapter 7 are very much dependent on the reaction conditions (pH, temperature,
etc.). This subchapter discusses the selection of the reaction conditions for the first operation.
The influence of the most important parameters and the setting of its values are discussed

next.

8.1.1 pH

The pH influences the complete reacting system. The rate of enzymatic reactions (production
and regeneration) and also of the side reactions are strongly pH dependent. Besides, the pH
also influences the real concentration of substrate in the aqueous phase, owing to the keto-
enol tautomerism. It also affects the cofactor stability, leading to antagonistic requirements for
cofactor and substrate stability. The working pH is set at 7.0, where the enzyme stability is at
its maximum. It also enables a sufficiently high cofactor stability, and not too fast substrate
decay. Simultaneously, at this pH the enzymatic production is expected to be close to its

maximum, and so the effects of an increase in the side reaction rate is diminished.

To keep the pH constant there are two possibilities: the use of buffer salts or an auto-titrator.
Though the use of an auto-titrator shall be preferred in production scale, it causes a change of
volume in the aqueous phase. For this reason buffering with phosphate salts is used in the

bench operation

8.1.2 Temperature

The temperature also affects the system in antagonistic directions. While the enzymatic
reaction rate, and also the ODFA formation, increase with increasing temperature, the enzyme
and cofactor stability decrease. Normally spontaneous reaction show higher activation energy
than enzymatic reactions. Consequently, at high temperatures the side reaction should be

favoured. For the initial experiments, the working temperature is set at 25°C.
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8.1.3 Enzyme Concentration

The enzyme concentration influences the production rate and consequently space-time-yield
and selectivity. But it is also a cost factor. Its concentration is set arbitrarily at 0.086
mg/mL*® By keeping other parameters constant, it is possible to calculate the minimum

enzyme concentration necessary for a given selectivity.

8.1.4 Cofactor Concentration

This parameter has been discussed in chapter 5 and 6. It is essential to keep the concentration
low in order to achieve a high turnover, but the concentration must be high enough to enable
the production rate to be sufficiently high. We decided therefore to work at 0.1 mM cofactor
concentration. Since the cofactor is reduced in the system, it is wise to use the less expensive

oxidised form (NADP), as the starting reagent, and obtain the reduced form in the reactor.

8.1.5 Substrate Concentration

At low concentrations the production rate is proportional to the substrate concentration. Thus,
it is advantageous to increase this concentration while this proportionality is maintained (see
chapter 4 and 6.7). Beside the kinetic limitation, two other aspects must be considered: the
viscosity of the organic phase and the stability of the module with respect to the substrate. In
the experiment described in chapter 7.6, 210 mM substrate in MTBE was employed. In order

to study the effect of a concentration enhancement, this concentration was doubled.

8.1.6 Circulation Rate

The circulation rate is important since it determines the degree of conversion of a cycle. High
conversion requires high regeneration, leading to high acetone production. Since the presence
of acetone is problematic to the process, the circulation of the aqueous phase is set at the
highest value possible with the equipment. Thus, only differential conversion is achieved in a
cycle and only small amounts are produced before the aqueous phase enters the membrane
distillation device, lowering acetone accumulation. Besides, high circulation rate improves the

transport in the aqueous phase inside the module.

8.1.7 Results

The results obtained for the reactor under these conditions are shown in figure 8-1.

148 see chapter 9 for further details.
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Figure 8-1: Concentration profile during the course of reaction: the acetone concentration refers to the
aqueous phase while substrate and product concentration refers to the organic phase. Reaction
conditions: 150 mM phosphate buffer pH 7.0 at 25°C, E = 0.086 mg/mL (3QiuL), 420 mM CDHE,

300 mM 2-propanol, 0.1 mM cofactor; reaction volume = 60 mL; organic volume = 60 mL.

The HPLC analysis of the cofactor concentration just before entering and after leaving the
biphasic reaction module reveals only a small decrease in the concentration of the reduced
cofactor. Based on the experiment, an exact statement about the amount of differential
conversion is not possible. The concentration of the oxidised species could not be quantified
as it was too small. This results are in very good agreement with the prediction of the kinetic
model and is not only caused by the differential conversion in the biphasic module. It relies
on the kinetically determined concentration of each cofactor species during the reaction under

acetone removal.

After 45.17 h 80% conversion with 77% process seleclfithas been achieved. This
corresponds to a space-time-yield of 32.6 d/{t). The acetone concentration reaches a
maximum of 10 mM at 3.5 h. Its concentration is high (> 7 mM) until 5.1 h, thus preventing a
higher space-time yield. The low selectivity, a consequence of the acetone accumulation, is

below that aimed for the process and has to be improved.

8.2 The Empirical Optimisation

In order to achieve a high selectivity at high conversion rate, we decided to change the

reaction conditions, keeping the substrate concentration constant. The model presented in

149 CHOE concentration = 259 mM in the organic solvent.
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chapter 7 can predict changes in reaction rates and selectivity for concentration changes of
enzyme and substrate, for instance. However, the model does not allow prediction if pH and
temperature are changed. The elaboration of a model regarding these effects would
exponentially increase the number of required measurements, being expensive and time
consuming. For these reasons an empirical optimisation is more effective. It enables the
optimisation of quantities without knowledge of the mathematical dependence on the reaction

parameters.

There are sophisticated tools among the several algorithms for empirical optimisation. The
genetic algorithm, for instance, allows the simultaneous optimisation of different parameters.
Thus it is possible to obtain higher selectivity and cofactor turnover concomitantly. This
algorithm requires a high number of experiments, and is not compatible with the use of a
production reactor, even on bench scale. For this reason we decided to use an algorithm
requiring less experiments and initially focus only on the process selectivity. The algorithm

chosen is simplex.

The use of this algorithim for the optimisation of established process was presented in 1962
(Spendleyet al, 1962). There are a number of incidental advantages of the procedure, which
are by no means negligible:

« The arithmetic involved is relatively trivial, since at no stage is a direction of steepest
ascent calculated.

» The direction of advance is dependent solely on the ranking of the responses, and not
on their values on any absolute scale.

e As distinct from procedures requiring increasing extrapolation, there is little
dependence on any assumption of planarity of the response surface, except in the
immediate region of the current simplex.

The basic design of the technique is a simplex idimensions,n being the number of
parameters under study. The simplex Ias vertices ¥V V,,...Vh+1 and centre &£ The
response at the vertices of 8re determined experimentallyi (W2, ...¥h+1). The lowest
response is identified as,.yA new simplex is completed by excluding the poirg V
corresponding to yyand replacing it by V& The new simplex is obtained by reflecting S

about the face opposite,V

V*—g fv —1+ED/ Equation 8-1
”_n i=1i n P auation =
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The figure 8-2 illustrates the algorithm.

Figure 8-2: Reflection of \}, for completing the new simplex.

As variable parameters the enzyme concentration, the pH, and the temperature were chosen.
The aim of the optimisation is to achieve 90% process selectivity. The values for the starting
experiments are shown in table 7-1. To decrease the nhumber of required experiments we used
the experiment described in the previous section (number 1). The substrate concentration
remains constant. Based on the empirical understanding of the system, the staring simplex
could be set near the optimum. Consequently, the results achieved in the starting points are
already good enough to satisfy the optimisation aim. Experiment nubnaehieved 90%
process selectivity at 50% conversigh. Nevertheless, the first optimisation cycle is

completed. The results are also shown in the table.

Table 8-1: Empirical optimisation of the selectivity using the simplex algorithm.

Experiment enzyme concentration pH temperature [°C] selectivity [%]~"
number [MGproteir/ML]

1 0.086 7.0 25 73

2 0.048 6.3 20 83

3 0.134 6.7 15 82

4 0.036 6.7 18 73

X 0.059 6.2 10.4 84

Experimentl and4 show the same selectivity at 20% conversion, but at higher conversion the

selectivity under the condition sétwas clearly superior. Therefotewas chosen as the point

%0 Due to the presence of small amount of ODFA in the substrate the apparent selectivity increases in course of
conversion.
151 The selectivity at 20% conversion is compared, since some reactor runs presented leakage before full

conversion was achieved.
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to be reflected Y. The new point proposed by the algorithnXisThe results obtained at this
point are superior to those of the starting simplex. Hence the utility of the optimisation could
be verified.

8.3 Repetitive Operation

After showing the possibilities of improving the reaction conditions it was necessary to
demonstrate the possibility of operating the process for a long period. Therefore the reaction
conditions set numberwere selected. The reasons therefore are:

« The low temperature and comparatively high pH provide a higher cofactor stability.
* The low enzyme concentration enables a high sensitivity in the obtained results.
« The not very high, yet satisfactory, selectivity permits a better interpretation of the
results.
The bioreactor was operated under these conditions on bench scale for 168 h. The conversion
and selectivity obtained are shown in figure 8-3.

conversion
selectivity

conversion / -
selectivity / -
o
"

0.0

0 20 40 60 80 100 120 140 160 180 200
time/h

Figure 8-3: Long run operation of the bench scale bioreactor.

The increase in selectivity in the course of a batch is caused by the presence of small amounts
of ODFA in the substrate solution. The increased initial selectivity observed after the first run
can be ascribed to the extraction of residual product concentration from the previous run,
which remained in the aqueous phase. The extraction of this small product amount leads to
the apparent higher process selectivity. More significant are the drop in process selectivity

after 84 h operation and the constant increase in process selectivity from batch to batch.
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The drop in selectivity was explained by the cofactor decay. After 84 h the cofactor
concentration had reached such low levels that the production reaction rate was affected. The
addition of 6.4 mg cofactor (corresponding to 0.11 mM) resulted in a return of the selectivity

to the usual values, thus confirming the explanation.

The increase of process selectivity from batch to batch (86% in the first run, 88% in the

second before the selectivity drop, 93% in the third and 96% in the last) is caused by a pH
shift due to the side reaction. Thus the final pH was 6.1. This result is very important, because
it affects also the cofactor stability. For long run operation, the use of the autotitrator becomes

necessary>?

The addition of 5.6 mg (increase the concentration by 0.09 mg/mL) LBADH beforé"the 4
run does not significantly improve the reaction rate, if compared to the first run. This is in

accordance with the fact that the reactor is limited by the acetone removal rate.

The accumulation of 2-propanol caused by the concomitant MTBE dosage is overcome in this
experiment during the phase change. The fresh organic phase was added without 2-propanal,

thus reducing the concentration of the alcohol present in the whole system.

After replaced, the organic phase containing CHOE and small amounts of CDHE was stirred
over a buffer solution (150 mM phosphate, pH 8.5) in order to destroy the remaining
substrate. Subsequently the organic phase was dried oy&Q\iand the solvent evaporated.
Each run of the reactor afforded approximately 5 g crude product (Figure$-4).

Figure 8-4: Product obtained in the bioreactor during a batch run.

152 Shimizuet al recommend the use of sodium carbonate fot the pH control (Shétrty1990).
153 For the third run the following process characteristics: 74 g/L product concentration, 4f) gfface-time
yield and 4200 cofactof TN, 93% process selectivity and 86% selectivity after complete degradation of the

residual substrate (cf. section 9.2.3).



160 The Reactor Operation

8.4 Conclusion

The results presented in this chapter confirm the utility of the developed process. It is possible
to improve the reactor performance by optimising reaction conditions and, the reactor can be

used for prolonged duration of time.

An increase in space-time-yield could, however, not be achieved by enhancing the substrate

concentration. The main reason is the limitation of the process by the acetone removal.

The present highest space-time yield of approximately 47d)/(lat 90% conversion) was
achieved at a substrate concentration of 210 mM and an enzyme concentration of
0.086 mg/mL. In order to improve this value, the acetone removal must be intensified. Since
the module is working at its capacity limit, a higher membrane area is redififiis causes
additional equipment costs. Probably it is worth to improve the process by altering the

reaction conditions and also the operation modus.

The most significant improvement can be achieved by avoiding the slow conversion rate at
low substrate concentration at the end of a batch. Therefore, a substrate feed to the organic
solution can be conceived. Another possibility is the partial conversion followed by

concentration and further conversion.

Cost reduction is possible by decreasing the enzyme concentration. This is possible without
loss of efficiency, as suggested by the results of the repetitive operation. The model presented
in chapter 7 can be used as a tool theréfSr&he determination of the lowest recirculation

rate is also important, because it also influences the rate of MTBE and 2-propanol removal.

8.5 Interim Summary

« The influence of the reaction parameters on the bioreactor performance were

discussed. The reaction conditions for the initial bioreactor operation were set.

« In order to improve the process selectivity an empirical parameter optimisation using

simplex algorithm was conducted. Process selectivity >90% was achieved.

* The bioreactor was operated for 168 h in repetitive batch modus. Approximately 5 g
crude product with selectivity up to 96 % was obtained per batch.

154 see chapter 9 for further discussion.

%5 See chapter 9 for further discussion.



9 Economic Aspects

“Time is money”

POPULAR SAYING

A process development should also include some economic aspects. At this early stage of the
process implementation the available information is still rather distorted, mainly regarding
equipment costs. However, an evaluation is helpful. It allows, at least, an estimation of which
parameters are more cost intensive and which part of the process deserves more attention for

further development.

9.1 Market Estimation

As a basis for the market estimation we consider the consumption of Lfpdakp
Baycol®). Six million people consumed the medicament based on cerivdsfafior a
conservative market estimation we assume that every patient consumed daily the lowest
dosage, 0.1 mg, of this highly potent drug (Hanefeld, 1999). This means a consumption of
600 g cerivastatin daily. Considering the molar mass of cerivastatin to be 481 g/mol, it means
a consumption of 1.25 mol daily or 455 mollyear. It corresponds to approximately
108 kgl/year of the CHOE, assuming 100% yield in every further synthetic step. This is also
the production range ofS(-4-chloro-3-hydroxybutanoate at Bristol-Myers-Squibb. (Liese

al., 2000 p 119)

9.2 Cost Estimation

For cost estimation we consider high consumption of each substance, which is possible if the
production is integrated in a complex, but overestimated if CHOE is the only manufactured

substance. Further we estimate the substrate cost at 50.08°€/kg.

1%6 Frankfurter Allgemeine Zeitung™@ugust, 2001.

57 Miiller, M., personal communication.
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9.2.1 Fed Batch

9.2.1.1 Basic Process

Firstly, the cost analysis of the fed batch as described by Wolberg should be carried out
(Wolberg, 2001). We focus exclusively on the direct material acquisition costs which are
provided in table 9-1.

Table 9-1: Material acquisition costs for the fed batch production of CHOE as described by Wolberg. The prices
for the substrate and water are estimates; for the cofactor and the enzyme, quotation by Jilich Fine Chemical,
minimal order 10 kg and 100 MU, respectively; for the organic solvents based on

www.chemicalmarketreporter.cortechnical grade, minimal order 10 t, June 2003; for buffer substances based

on Fluka catalogue.

substance price consumption cost
CDHE 50 €/kg 0.009 kg/L 0.45 €/L
cofactor (NADP) 5866 €/mol 0.0003 mol/L 1.76 €/L
2-propanol 0.054 €/mol 0.5 mol/L 0.027 €/L
water 0.001 €/L 1L/L 0.001 €/L
ethyl acetate 0.63 €/L 0.5L/L 0.32 €/L
LBADH 0.1 €/kU 3ku/L™® 0.5 €L
phosphate buffer 0.80 €/mol 0.15 €/L 0.12 €/L
citrate buffer 0.71 €/mol 0.075 €/L 0.053 €/L

The material cost per litre is estimated at 3.23 €. The high buffer costs are a result of obtained
the quotation. More suitable conditions can surely reduce these costs. On the other hand, the
costs for ethyl acetate are critical. If higher purity level or smaller amounts are purchased, the
solvent will be one of the most important cost factors. This fact highlights the problems
caused by recovery of diluted product. Considering 84% yield (90% purity) the productivity is
6.1 g/L, corresponding to a material cost of 0.53 €/g.

The equipment to carry out the production is rather inexpensive. The main investments are
caused by two peristaltic pumps and one agitator. Consequently, the depreciation costs are

inexpressive.

1%8 Considering 40% reuse.
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The production can be conducted by one operator working 8 h/d, since it is possible to stop
the process after the complete substrate dosage, performing the work up on the second day.
Under these conditions Wolberg achieved a space-time yield of approximatelyd3.g/(L

9.2.1.2 Improved Process

The process developed by Wolberg was miniaturised and the reaction conditions were
improved. Two major points should be considered: the product extraction with MTBE enable
the almost complete reuse of the enzyme, being only lost due to thermal deactivation (here
considered as 5%), and the cofactor concentration was reduced to 0.005 mM so that a higher
turnover was achievedTTN = 4900). The selectivity was slightly reduced so that the
productivity is 5.8 g/L. By this means the total material cost per litre is estimated at 1.08 £.
Thus a cost reduction of approximately 67% to 0.18 €/g was possible. Under these conditions,
the substrate (41%) and the solvent (34%) costs are dominating. The cofactor represents only

approximately 3% of the material cost (cf. Figure 9-1).

9.2.2 Biphasic Batch

An optimisation of the reaction conditions for this production method has not been performed.
Nevertheless, it is possible to calculate the costs for the production under non-ideal
conditions. The experiment reported in chapter 7 is used as the basis for the calculations.

Table 9-2: Material acquisition costs for the biphasic batch production of CHOE. The prices obtained from the
same sources as in table 9-1.

substance price consumption cost
CDHE 50 €/kg 0.0994 kg/L 4.97 €/L
cofactor (NADP) 5866 €/mol 0.0001 mol/L 0.59 €/L
2-propanol 0.054 €/mol 0.3 mol/L 0.016 €/L
water 0.001 €/L 1L/L 0.001 €/L
MTBE 0.74 €/L 1LL 0.74 €/L
LBADH 0.1 €/kU 3ku/L™? 0.3 €/L
phosphate buffer 0.80 €/mol 0.15 €/L 0.12 €/L

For the calculation we consider 94 % conversion achieved in 1%6rhe selectivity is 80%,

so the space-time-yield corresponds to 12.7-dj(until 94% conversion, for the production

159 Considering 12.5 kU/L and 5% deactivation per day.
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step exclusively. The calculated cofactarN is 2800. The total material cost is estimated a

0.10 €/g. The main costs are substrate (74%) followed by solvent and cofactor (cf. Figure
9-1). As discussed in subchapter 6.7 the cofactor concentration can be decreased 10-fold. The
necessary equipment is reduced to a stirrer and a vessel. A disadvantage of the process is the

necessity of degrading the residual substrate, causing a decrease in product purity.

9.2.3 Hybrid Bioreactor

As a representative for the hybrid process we use the third run of the repetitive operation,
because it was carried out until 92% conversion (50 h). Further we assume a reduction in the
cofactor consumed by 25% due to reuse during the first stage of the following run. This leads

to a cofactor turnover of 4200.

While determining the material costs it is important to consider the operation cost, based on
operation time. They are caused by nitrogen consumption and MTBE and 2-propanol dosage.
These costs compensate the savings by less enzyme deactivation and fast cofactor reuse.
Nevertheless, this process allows higher conversion, thus practically avoiding a further step of
work up and yielding a better product quality. The costs for the work up are mainly due to

buffer and correspond to approximately 2% of the material cost (cf.- Figure 9-1).

The continuous operation requires uninterrupted monitoring, meaning that working in shifts is

necessary.

The equipment investment for the process is higher. For the bioreactor on bench scale the
investment costs are estimated at € 15 '6b0This high investment sum, though
overestimated for the small scale process, give rise to high fixed costs, mainly depreciation. If
calculated for the bench scale bioreactor, the depreciation costs would b&®8Té.mass
specific depreciation cost is dependent on the space-time yield. For the mentioned operation
conditions 40 g/(kd) were obtained, meaning 0.3 €/g cost.

%0 Fyrther conversion is very slow due to the equimolar accumulation of acetone.
61 The capacity of the reactor is approximately 14 kg/a. For the production reactor the up scaling is necessary,
since only bigger hollow fibre modules are stable under reaction condition.

162 Considering a depreciation rate of 20% p.a.
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solvent
34% cofactor
2-propanol enzyme 8.7% cofactor

2.5% 2.3% substrate substrate \6-9%

74% solvent
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11%
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2.7% others

erizyme

substrate 1.9%
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improved fed batch biphasic batch hybrid bioreactor
0.18€/9,0qucr 0.10€/9, 0,0t 0.087€/0,04uct

Figure 9-1: Material cost percentage for the improved fed batch, the biphasic batch and the hybrid

bioreactor.

9.2.4 Reactor Choice

The lowest material cost per gram product is achieved in the emulsion reactor and in the
hybrid process. Differences arise due to purity of the prddtidthe higher purity of the

product obtained in the hybrid bioreactor enables it to be sold at a better price.

The difference in costs are caused mainly by the depreciation. The depreciation costs are fixed
costs,i.e. they are independent of the production quantity. Thus, there will be a production
scale at which the higher price achieved will overcompensate the depreciation cost. The
production at higher scale justifies the use of the hybrid bioreactor.

Thus, the reactor choice presents a classical situation. For small scale operations, the emulsion
batch reactor is the more suitable. For high scale production, the hybrid bioreactor is

advantageous. There are other reasons, such as flexibility, stock costs, etc. increasing this
trend. The estimation of the limit scale depends on a more accurate cost estimation, possible

only in later development stages.

9.3 Aspects about the Side Reaction Discrimination

Some interesting guidelines for the reaction operation conditions are obtained from
economical considerations about the side reaction suppression at low substrate concentration.
From the chemical point of view, the lower the concentration, the better. From the economic

point of view the situation changes. The profit as a function of the substrate concentration

163 The product obtained from the process requires only substrate removal (degradation) and evaporation of the

solvent, since after the sequential synthetic step a crystallisation is performed to iderease



166 Economic Aspects

shows a maximum (Figure 9-2). At low concentration the profit is limited by the low space-

time-yield. At high substrate concentration, the low process selectivity will be the limit.

sty- selectivity-
limite limited

profit

[substrate]

Figure 9-2: The profit as a function of the substrate concentration.

With the substrate concentration set and high selectivity achieved, it is necessary to optimise

the enzyme concentration, in order to reduce costs. Therefore, following equations can be

considered:

Vside = Kside [S] Equation 9-1

Verz = Vinax [ﬁE] DKL?JB] Equation 9-2
M

with:

[S] = substrate concentration

ksige = rate constant of the side reaction
[E] = enzyme concentration

Vmax = maximum velocity

Kwm = Michaelis constant
wherevsiqe is the rate of the side reaction ang, the rate of the enzymatic reaction. Since the

substrate concentration is low, equatioh €n be written as:

Venz = ke*[E][A] Equation 9-3

with [A]<<KM and Via/Km = ke

For the process the differential selectivity is

Vv,

— enz

V,,, T V.

enz side

Equation 9-4
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Using equations 9-1 and 9-3:

o= ke [ﬁE] EﬁA] Equation 9-5
e (E| A+ koo (A

which is simplified to

oo ke lE]
ke QB+ kg

Equation 9-6

According to equation 9-6, the selectivity shows a saturation with increasing enzyme
concentration. It is important to find the critical enzyme concentration above which the
additional cost for the catalyst does not correspond to additional profit from the selectivity
(Figure 9-3).

—>

selectivity

v

[enzyme]

Figure 9-3: The selectivity as a function of the enzyme concentration; at high enzyme concentration the

increase in selectivity does not correspond to the additional catalyst cost.

These calculations are only possible with more accurate cost and price estimation.

9.4 The Rate Limiting Step

For the developed bioreactor four parameters can be limiting for the process:
1. CDHE concentration in the organic phase,
2. phase contact area between organic and aqueous phase,
3. enzyme concentration,

4. acetone removal area.
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Parameters 1 and 2 control the aqueous concentration of CDHE. While the phase contact is
sufficient for the assembled reactor, the CDHE concentration is the limiting step during the
final stage of the reaction (Figure 9-4).

A
acetone
removal
i substrate limited
o | limited
[substrate]

Figure 9-4: Limitation of the space-time-yield; during the initial conversion, the reactor is limited by

acetone removal, in final stages by the small residual substrate concentration.

This problem was addressed in chapter 8 and can be minimised by the operation modus, but
not completely avoided, since high conversion is a requirement for the process. The enzyme
concentration has been discussed earlier in this chapter and the acetone removal area deserves

some attention here.

At present, the selectivity and the space-time-yield are limited during the most relevant part of
conversion by the acetone removal rate. This rate can only be enhanced by increasing the
acetone removal arege. adding additional acetone removal devices to the bioreactor. These
devices can be used during the critical period where the acetone removal rate is insufficient,
and the gas stream can be turned off during the final conversion stage. Considering the
volume of a module to be 10 mL, and the total aqueous volume to be 60 mL solution, the
addition of two further modules is possibf&.Figure 9-5 compares the results from a
simulation of a reactor with three times acetone removal area with the results obtained in the

real reactor presented in chapter 7.

164 \/olume requirement of reactor units: 10 mL piston pump, 10 mL production module, 10 mL for tubing and

control vessel.
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Figure 9-5: Comparison of the results obtained in the reaction operation (chapter 7) and a simulated

reactor with three fold increased acetone removal area. 150 mM phosphate buffer pH 7.0 at 25°C,
E=0.086 mg/mL (30 WmL), 210 mM CDHE, 300 mM 2-propanol, 0.1 mM cofactor; reaction

volume = 60 mL; organic volume = 60 mL.

The simulation estimates the maximal acetone concentration under 6 mM. The reduction of
acetone concentration, however, is not sufficient to avoid the limitation of the system. This
means that thbioreactor developed is close to the technical boundarfurther increase of

the acetone removal area requires an increase in the aqueous volume. Possibly, the best
possibility to improve the space-time yield, is to maintain the acetone removal area and
reduce the aqueous volume to 40 mL.

To decide about the intensification of acetone removal, the analysis of cost/benefit must
consider the additional investment necessary for membrane area and the impact in the space-
time yield caused a decrease in mass specific depreciation cost. For the scale up it is
interesting to note that the required area for the production module is much smaller than the

area for the acetone removal (Figure 9-6).
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Figure 9-6: The substrate dosage and acetone removal membrane area required for achievement of space-

time yield.

9.5 Interim Summary
« The demand for CDHE is estimated to be > 100 kg/a.

e The material cost for CDHE production can be decreased by over 2/3 due to the

present process development.

« The developed bioreactor is close to the technical boundary.
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“Since no man of aught he leaves knows,

What is’t to leave betimes?”

HAMLET

The discussion of the obtained results is integrated into the respective chapter. This chapter
contains a discussion transcending the scope of each chapter and shows the perspectives of
the work.

The presented concept for the selection of organic solvents for biphasic enzymatic
transformation (chapter 6) improves the use of enzymes which until recently could only be
used in the aqueous phase. This breakthrough achieved by a paradigm change opens a new
field of enzyme application. We exploited the opportunity in Part Il of the work. Since the
biphasic enzymatic transformation enables high substrate concentration and high retention of
enzyme and cofactor the turnover of the enzyme and cofactor were increased. Further increase
is possible through the easy decoupling of residence times proportioned by the biphasic

system.

The decoupling of residence time is also used to perform an efficient regeneration of
NADPH, a problem until recently. By means of reaction engineering it is possible to equalize
the substrate coupled cofactor regeneration to the superior enzyme coupled regeneration
(compare chapters 5 and 7). Thus, it is possible to regenerate the cofactor without
thermodynamic limitation and to choose the regeneration activity fraction in the substrate
coupled approach by removing the co-product and varying the ratio of production and
regeneration time. The kinetic problems caused by acetone accumulation can only be solved if
very high acetone removal area is used. Concerning the kinetic aspects, the developed process

is closed to the boundary of the technical possibilities.

The use of biphasic enzymatic transformation also offers the possibility of combining
different enzyme catalysed reactions, each requiring its own conditions (pH, temperature,
buffer, etc.) without having to perform tedious and expensive isolation steps. The potential of
this approach is illustrated by the case where the one-pot synthesis would lead to cross
reactions. The reactions can be linked by the organic solvent. In the ideal case the systems can

be coupled to a single continuous process.
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As a concrete example, the C-C bond formation step catalysed by benzaldehyde lyase (BAL)
can be followed by an LBADH catalysed reduction (Kihumdtual, 2002). Since the
substrates of the first reaction are reduced by the alcohol dehydrogenase, the one pot synthesis
is not feasible. The integration of both reactions could lead to an increase in space-time-yield

and enzyme productivity. It would also avoid an intermediary work up (Figure 10-1).

organic phase

o o 9 OH
SHly
VISR IUNICN
BAL LBADH
aqueous aqueous
phase phase

Figure 10-1: The consecutive C-C formation and carbonyl reduction catalysed by BAL and LBADH can

be performed in agueous/MTBE biphasic systems.

Stillger has shown that benzaldehyde lyase catalyses the first reaction in agqueous/MTBE
biphasic systems. The junction of the system seems therefore to be a feasible and highly
promising task.

Moreover the combination with lipase catalysed reactions in organic gsesterification,
is expected. For example, Reetz has reported the use of lipases in MTBE (Reetz, 2002).

Furthermore, the incorporation of enzymatic steps to whole chemical synthetic routes
becomes smoother with biphasic biotransformations, since the solvent switch from organic to
agueous angice-versais avoided. As a concrete example, the use of CHOE in the chemical
reduction requires a water free environment. The product obtained from the process requires
only evaporation of the solvent, since, after the sequential synthetic step a crystallisation is

performed to increasde



11 Summary

“Two roads diverged in a wood, and I-
| took the one less travelled by

And that has made all the difference.”

ROBERTFROST

In the present work a bioreactor development for the regio- and enantioselective reduction of
tert-butyl 6-chloro-3,5-dioxohexanoate (CDHE) tert-butyl (S-6-chloro-5-hydroxy-3-

oxohexanoate catalysed by the alcohol dehydrogenaselfaotobacillus brevigLBADH)

was carried out. The following results were obtained:

Factors influencing the irreversible substrate degradation were elucidate. The reaction
kinetic was described (Chapter 3).
The enzymatic reduction of CDHE was characterised. The influence of reaction
condition on the enzyme stability was studied. The thermodynamics and kinetics of
the biotransformation were described (chapter 4).
Possibilities for the cofactor (NADPH) regeneration were studied, and the substrate
coupled cofactor regeneration selected. The involved oxidation of 2-propanol was
thermodynamically and kinetically described; problems caused by the arising aceton
were discussed (Chapter 5).
In order to conciliate the antagonistic requirements of the involved reaction, the
biphasic (aqueous/organic) reduction was conceived. To realize this concept a new
approach for the organic solvent selection was developed. The approach’s generality
was verified. Consequenceasg, thermodynamic shift) and chanceg( enhancement
of process selectivity) of enzymatic biphasic reductions were studied (chapter 6).
Using the biphasic reduction a hybrid bioreactor was designed and constructed
(chapter 7) enabling:

0 the suppression of the substrate decay (side reaction),

o the efficient reuse of the cofactdrfN = 4200),

o the avoidance of thermodynamic limitation (via acetone removal),

o0 the decrease in enzyme consume.
The process selectivity was optimised (> 90%) using the simplex algorithm
(chapter 8).
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* The reactor was operated for 168 h (chapter 8).
» The developed process was evaluated under the economic point of view. The material

cost could be reduced by over 2/3 due to the improvements proposed.



12 Experimental Procedures

“I'm a great believer in luck,
and I find that the harder | work

the more | have of it.”

THOMAS JEFFERSON

12.1Chemicals

All chemicals were at least analytical grade. Unless otherwise stated they were purchased
from Fluka, Buchs (Switzerland).

acetone Merck, Darmstadt

n-butanol Merck, Darmstadt
chloroform, deuterated Aldrich, Steinheim
dichlormethane Merck, Darmstadt

diethyl ether Riedel de Haén, Seelze
ethanol Merck, Darmstadt

NAD* Julich Fine Chemicals, Julich
NADH Jilich Fine Chemicals, Jilich
NADP* Jilich Fine Chemicals, Jiilich
NADPH Julich Fine Chemicals, Julich
2-propanol Merck, Darmstadt

12.2Enzymes

The Alcohol dehydrogenase frobactobacillus brevigcrude extract from recombinaft

coli cells) was friendly supplied by Institut fiir Enzymtechnologie, Heinrich-Heine-
Universitat, Julich. The alcohol dehydrogenase from horse liver (lyophilisate) and the alcohol
dehydrogenase frorfihermoanaerobium brockfpowder) were purchased from Fluka, Buchs
(Switzerland), and the formate dehydrogenase (NA@#pendent) fronrPseudomonasp.

(cell free solution), from Julich Fine Chemicals, Jilich.

12.3Equipment

Bruker Analytische Mef3technik, NMR spectrometer AMX-300
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Rheinstetten
Celgard, Nordestedt Liquicel Minimodule G477,

Membrane Celgard 2500

CS-Chromatographie-Service, FS-Cyclodexfin/P column, 50 m ;
Langerwehe Multospher 100 RP-18 column, 250 x 4 mm
Eppendorf-Netheler-Hinz, Hamburg Centrifuge 5415 D

Labsystems Frakfurt Finnpipette Colour

Glasblaserei, Forschungszentrum Julich ~ Diverse glassware
Hewlett-Packard Gas chromatograph HP 6890;

LC Series 1100

IKA Labortechnik, Staufen Magnetic stirrer kamag RET-G

Macherey & Nagel, Duren Permabond CW 20-05, 50 m column

Membrapure, Bodenheim Hollow fibber modules

Metrohm, Herisau (Switzerland) pH-meter 691; Impulsomat 614; Dosimat 665,
solvotrode

Millipore, Eschborn Micropure filter

Pharmacia LKB, Freiburg Piston pump P-500

Sartorius, Géttingen Analytical balance BP 211-D

Schott Glas, Mainz Diverse glassware

Shimadzu, Duiburg Spectrophotometer UV 160

12.4 Analytics

12.4.1Gas Chromatography (GC)

Gas chromatography was performed on Hewlett-Packard 6890 gas chromatograph equipped

with FID detector and usingts carrier gas.
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12411 Determination of Acetone and 2-propanol Concentrations

Acetone and 2-propanol concentrations were determined using a Permabond CW 20-05, 50 m
column (Macherey & Nagel) wittert-butanol as intern standard. Conditions: injector 250°C;
oven 70°C; detector (250°C); typical retention time: acetone 3.4temtrhutanol 4.1 min; 2-

propanol 4.6 min.

12.4.1.2 Determination of Acetophenone,)Rand (S)-Phenylethanol
Concentrations

Acetophenone, R)- and §)-phenylethanol concentrations were determined using a FS-
Cyclodextrin,3 1/P 50 m — 0.32 mm ID column (Chromatographie-Service) with 1-pentanol
as intern standard. Conditions: injector 250°C; oven 120°C; detector (250°C); typical
retention time: 1-pentanol 1.8 min; acetophenone 5.0 rRAnxplienylethanol 7.0 min;§-
phenylethanol 7.5.

12.4.1.3 Determination of Ethyl 5-oxohexanoate (OHE) and Ethyl 5-
hydroxyhexanoate (HHE) Concentrations

Ethyl 5-oxohexanoate (OHE) and ethyl 5-hydroxyhexanoate (HHE) concentrations were
determined using a Permabond CW 20-05, 50 m column (Macherey & Naget)-uitanol
as intern standard. Conditions: injector 250°C; oven 10 min at 80°C, 20°C/min to 200°C;
detector (250°C); typical retention timebutanol 7.8 min; OHE 17.2 min; HHE 19.7 min.

12414 Determination of lo@

Partition coefficients were determined comparing the ratio of the compound/intern standard
area quotient of water and organic solvent samples using a Permabond CW 20-05, 50 m
column (Macherey & Nagel) with acetone in 2-propanol as intern standard. Conditions:
injector 250°C; oven 60°C; detector (250°C); typical retention time: MTBE 2.7 min; DIPE

2.8 min; acetone 3.5 min:octanol 4.1 min; 2-propanol 5.6 min.

12.4.1.5 ee- Tert-butyl (§-6-chloro-5-hydroxy-3-oxohexanoate (CHOE)

The was determined after derivatization using a FS-Cyclodeftri> 50 m — 0.32 mm ID
column (Chromatographie-Service). DerivatizationKajone ReductiarNaBH4 (0.6 equiv)
was added portionwise over a period of ten minutes to an ice-cooled solution of the CDHE (1
equiv) in ethanol (10 mL per mol ester), and the mixture was stirred at this temperature for

additional 30 minutes. Acetic acid (2.4 equiv) was added dropwise, and stirring was continued
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for five minutes. Ethanol was replaced by ethyl acetate. The solution was washed with brine,
dried over MgS@, and the solvent was evaporated under reduced pressuie3-diol
acetonide Formatior(cf. Bodeet al, 2002): A catalytic amount of camphorsulfonic acid
(CSA) was added to a solution of the crude diol in 2,2-dimethoxypropane (1000 pL) and
injected after 2 h. GC-Conditions: injector 250°C; oven 120°C; detector (250°C); typical
retention time:anti-(3R,5R) 48.8 min, anti-(3559) 50.2 min, syn(3R,55 52.1 min, syn

(3S5R) 53.8 min.

12.4.2HPLC

NADP* and NADPHconcentrations were determined using a Multospher 100 RP-18; 5 um
particle size, 250 X 4 mm column (Chromatographie-Service) on a Hewlett-Packard LC
Series 1100 chromatograph with UV-detection at 254 nm (nucleotide sugars) and 262 nm
(uridine/intern ~ standard). Eluents: A: 30 mM potassium phosphate, 5 mM
tetrabutylammonium hydrogesulfate, 2% acetonitrile, pH 6; B: acetonitrile, 5 mM
tetrabutylammonium hydrogesulfate. Gradient: 0 min: 100% A; 30 min: 80%A + 20 % B ; 30
min: 100% A, 35 min: 100% A at 40°C. Typical retention time : NADR.8 min, NADPH

21.6 min.

12.4.3NMR

NMR spectroscopy was performed on a Bruker AMX-300-spectometer at a frequency of 300
MHz at 20°C.

12.4.3.1 Conversion ofert-butyl 6-chloro-3,5-dioxohexanoate (CDHE)

Conversion of CDHE was performed after sampling and drying the organic phase over
MgSQ,. The organic solvent was replaced by CPF *H NMR spectroscopy (300 MHz)
measurements. The concentration of the compounds was calculated after integration based on
the following signals: CDHE (considering the keto-enol tautomerigr)3.31 (s, 2 k; H-

2), ODFA: 5= 3.48 (s, 2 H; €,COOtBu), CHOE:d= 3.41 (s, 2 k; H-2).

12.4.3.2 Partition coefficient

The partition coefficient of CDHE in fD/MTBE was determined using the MTBB-tert-
butyl signal as internal standard for the determination of the CDHE concentraticg®jn D
&IDHE: 1.42 (S, 9 H; C(Clﬂg), d/ITBE =1.19 (S, 9 H; C(Cbia)
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12.4.4Photometric

Photometric measurements were performed on a Shimadzu Spectrophotometer UV 160.
12.5Synthesis and Biotransformations

12.5.1General

All solvents were HPLC grade or analytical grade. For synthesis, THF was dried prior to use
(distilled from sodium, benzophanone ketyl as inicator). Air- and/or moisture-sensitive
reactions were carried out under an atmosphere of dry nitrogen in oven-dried glassware.

Commercially available reagents were used as delivered unless otherwise stated.

12.5.2 Preparation ofTert-butyl 6-chloro-3,5-dioxohexanoate (CDHE)

Tert-butyl acetoacetate (119 g, 0.75 mol) was added dropwise to a suspension of 6.5 g lithium
hydride (6.5 g, 0.79 mol) in 1.5 L THF. After refluxing the suspension for 30 min it was
cooled to —20°C. The dropwise additionrebutyl lithium (76 ml of a 10 M solution im-

hexane, 0.76 mol) is followed by 15 min stirring at this temperature. The mixture was cooled
to —65°C and methyl 2-chloroacetate (80 g, 0.74 mol) was added dropwise. The solution was
stirred at this temperature for 45 minutes after addition was completed. Hydrolysis was
performed by adding a mixture of 205 mL 25 % hydrochloric acid (1.6 mol HCI) and 250 mL
ethyl acetate under vigorous stirring. The aqueous phase was separated and extracted twice
with ethyl acetate. The unified organic phases were washed with water and brine. After drying
over NaSQ,, the solvent and unreacted starting compounds were removed under reduced

pressure. The compound is a light yellow oil. Yield: 137 g (0.59 mol, 78%).
'H NMR (300 MHz, CDCY)): ratio enol form (ef): keto form (kf) = 88:12= 1.48 (s, 9 ks,

C(CHs)s), 3.31 (s, 2 ki H-2), 3.49 (s, 2 W H-2), 3.92 (s, 2 W; H-4), 4.06 (s, 2 & H-6),
4.21 (s, 2 l; H-6), 5.97 (s, 1 &, H-4), 14.76 (brs, 1 kt OH).

12.5.3Tert-butyl (4-oxo-4,5-dihydrofuran-2-yl)-acetate (ODFA) formation

General procedure A potassium phosphate aqueous solution (15 mL, 150 mM; pH 8.0) is
overlaid with a 21 mM CDHE solution in MTBE (15 mL). The system is stirred at 25°C and

700 rpm. The reaction progress is controlled by NMR spectroscopy.

'H NMR (300 MHz, CDCY): = 1.47 (s, 9 H; C(CHJ3), 3.48 (s, 2 H; €,COOtBu), 4.53 (s,
2 H; H-5), 5.68 (s, 1 H; H-3).
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12.5.4L. BADH-Catalysed reduction of CDHE

125.4.1 Fed Batch Reactor

Improved Process28 mL of a solution of LBADH (6.25 §mL), cofactor (0.005 mM) and

4 mM 2-propanol in phosphate-citrate-NaOH buffer A#aO, 150 mM, citric acid 75 mM,
MgCl; 1 mM, pH 5.5) were kept at 25°C for 10 min. A solution of CDHE (0,358 g, 1,4
mmol) in 2-propanol is added with 0.28 mL/h dosage rate over 5.5 h (6.5 mM/h, 36 mM
CDHE fna). After stirring for 14 h, the mixture was filtered, saturated with NaCl, and

extracted with MTBE three times. Process selectivity = 80%.

12.5.4.2 Emulsion Batch Reactor

General Procedurgwith substrate-coupled cofactor regenera)ioA solution of LBADH

(30 UsymL, 0.092 MgroteidmL), 0.01 mM NADP and 1.5 M 2-propanol in aqueous
potassium phosphate buffer (150 mM, pH 7.0, 15 mL) solution was overlaid after 10 min
stirring at 25°C with the same volume of a solution of CDHE (21 mM) in MTBE at stirred at

700 rpm. Process selectivity = 80%.

With Enzyme-Coupled Cofactor RegeneratiorA solution of LBADH (30 W/mL,

0.092 M@roeifmL), FDH (6 U/mL), 1.0 mM NADP and 200 mM sodium formate in
aqueous potassium phosphate buffer (150 mM, pH 7.0, 15 mL) solution was overlaid after 10
min stirring with the same volume of a solution of CDHE (21 mM) in MTBE at stirred at 700

rpm. Process selectivity = 98%.

12.5.4.3 Hybrid Bioreactor

General Procedure The biotransformation was carried out in the hybrid bioreactor depicted
in figure 7-17. the operation conditions wesgueous phase60 mL solution of LBADH (30
Us/mL, 0.086 MgroteifmL), 0.1 mM NADP and 300 mM 2-propanol in agueous potassium
phosphate buffer (150 mM, pH 7.0), recirculation rate 499 mL/h, stripping nitrogen flow: 15
L/h. Organic phase 60 mL solution of CDHE (420 mM) in MTBE, recirculation rate 50
mL/h; a solution of 300 mM 2-propanol in MTBE was added to maintain the organic volume
constant (approximately 12 mL/hReplacement of the organic phaseThe consumed
organic phase was removed, the reactor was washed with 60 mL MTBE. The solvent was
replaced by a fresh solution of 420 mM CDHE in MTBE at a rate of 50 mL/h.

Long-term operation, % run: aqueous phases0 mL solution of LBADH (12.5 L¥mL,
0.036 M@roteifmL), 0.1 mM NADP and 300 mM 2-propanol in aqueous potassium
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phosphate buffer (150 mM, pH 6.7), recirculation rate 499 mL/h, stripping nitrogen flow: 15
L«/h. Organic phase After washing the reactor with 60 mL MTBE a solution of 60 mL
solution of CDHE(5.8g, 25 mmol, 417 mM) in MTBE was introduced to the reactor at 50
mL/h. The recirculation rate corresponds to 50 mL/h; a solution of 300 mM 2-propanol in
MTBE was added to maintain the organic volume constant (approximately 12 mL/h). After
92% conversion the consumed organic phase was removed, the reactor was washed with 60
mL MTBE. The unified organic phases were washed with brine (at pH 8.5, 150 mM
potassium phosphate buffer) and dried over MgSIhe solvent was evaporated under
reduced pressure. The product is a light yellow oil. Yield: 5.3 g crude product (86% CHOE,
21.5 mmol).

'H NMR (300 MHz, CDC}Y): 8= 1.47 (s, 9 H; C(CHJ3), 2.83 (dd,) = 17.5, 7.3 Hz, 1 H; H-
4), 2.90 (ddJ = 17.5, 5.0 Hz, 1 H; H-4), 3.10 (brs, 1H; OH), 3.41 (s, 2 H; H-2), 3.57)(dd,
11.2, 5.0 Hz, 1 H; H-6), 3.62 (dd= 11.2, 5.1 Hz, 1 H; H-6), 4.31 (m, 1 H; H-BE> 99.5%
(GC).

12.5.5Biphasic LBADH-Catalysed Acetophenone Reduction

General Procedure(with substrate coupled cofactor regenerajioA solution of LBADH

(40 UyymL), 0.01 mM NADP and 1.5 M 2-propanol in aqueous potassium phosphate buffer
(150 mM, pH 7.0, 15 mL) solution was overlaid after 10 min stirring at 20°C with the same
volume of a solution of acetophenone (1.0 mM) in MTBE at stirred at 700 rpm.

With FDH-coupled cofactor regeneratianA solution of LBADH (4 W/mL), FDH (6
U/mL), 0.01 mM NADP and 2.0 M sodium formate in aqueous potassium phosphate buffer
(150 mM, pH 7.0, 15 mL) solution was overlaid after 10 min stirring at 20°C with the same

volume of a solution of acetophenone (1.0 mM) in MTBE at stirred at 700 rpm.

12.6 Enzyme Assays
Standard enzyme activities were measured photometrically at 340 nm (molar absorption

coefficient of the cofactog = 6220 L/(mol- cm))

12.6.1Alcohol Dehydrogenase frorhactobacillus brevis

10 mM acetophenone, 0.2 mM NADPH, pH 7.0 (100 mM potassium phosphate) at 30°C.

12.6.2 Alcohol Dehydrogenase from horse liver

110 mM ethanol, 1.0 mM NAD pH 8.0 (100 mM potassium phosphate) at 30°C.
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12.6.3Alcohol Dehydrogenase frorfihermoanaerobium brockii

70 mM acetone, 0.2 mM NADPH pH 8.0 (100 mM potassium phosphate) at 30°C.

12.6.4Formate Dehydrogenase
300 mM sodium formate, 1.5 mM NADPpH 7.0 (100 mM potassium phosphate) at 30°C.

12.7 Equipment Characterisation

12.7.1Membrane Distillation with Celgard 50 (Liquicel Minimodule)

60 mL of a 12 mM acetone and 400 mM 2-propanol solution in aqueous potassium phosphate
buffer (150 mM, pH 7.0), recirculation rate 499 mL/h, stripping nitrogen flow: 10, 15 and
20 Ly/h.
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