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Abstract—The immobilisation of alcohol dehydrogenase from Lactobacillus brevis (E.C. 1.1.1.2) on an amino-epoxy support (amino-
epoxy Sepabeads®) has been investigated with regards to increasing stability under storage and process conditions. After the standard
immobilisation procedure resulted in no significant stabilisation, we found a fourfold increase in stability by blocking the remaining func-
tional groups on the enzyme-support preparations with glycine or mercaptoethanol. However, stabilising the multi-point covalent attach-
ment could only be achieved by additionally cross-linking the adsorbed proteins with glutardialdehyde. By this means, we achieved a
high stabilisation effect, resulting in a half-life time of over 1200 h when stored at 30 °C. This means a 60-fold increase in stability com-

pared to the soluble enzyme.

To determine the operational stability, the enzyme-support preparation was applied to the production of (R)-phenylethanol from ace-
tophenone in a plug-flow reactor, which could be operated for over 10 weeks with an excellent enzyme utilisation.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The industrial application of enzymes as highly selective
biocatalysts for the production of fine chemicals is a fast-
growing field.!> When working on an industrial scale, con-
tinuously operated reactor setups should be favoured, since
they offer the advantages of high volumetric productivities
and low expenditure of human labour.

However, less than a quarter of all biotechnological
processes conducted on an industrial scale are continuous
processes.> To become economically feasible, attention
must be paid to efficient utilisation of the biocatalyst*> in
industrial processes. In continuous processes, this can be
achieved either by retaining the catalyst within the reactor
by a membrane® or by immobilising it. An immobilised
biocatalyst can easily be removed from the product solu-
tion, yielding protein-free product of a high purity. Over
the last few decades, different methods for the immobilisa-
tion of biocatalysts have been developed, about which
extensive reviews are available.” ' Among them covalent
coupling to carrier supports,'! cross-linking between en-
zyme molecules [cross-linked enzyme aggregates (CLEAs)
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or crystals (CLECs)],!*!3 adsorption on carriers,'# ionic
interactions!® and encapsulation in polymeric gels or mem-
branes!®!7 can be distinguished.

In addition to the facile handling of the biocatalyst in many
cases the stability of the enzyme is increased by immobili-
sation.'®!° However, these modifications often come with
changes in the enzymatic structure, altering activity or
selectivity of the enzyme. The possible loss in activity there-
fore has to be balanced against the benefits gained by the
immobilisation.

Herein, we report the first immobilisation of the syntheti-
cally and industrially>® important alcohol dehydrogenase
from Lactobacillus brevis (Lb-ADH; E.C. 1.1.1.2) by cova-
lent coupling to a carrier support. Lb-ADH catalyses the
enantioselective reduction of a broad spectrum of carbonyl
compounds to enantioenriched (R)-alcohols (Fig. 1),21%2
which play an important role as precursors to a great num-
ber of pharmaceutical agents and natural products.>> We
will also show that by immobilising the biocatalyst, not
only are we able to benefit from the advantages of a contin-
uous reactor setup, but significant stabilisation effects are
achieved as well.

Surprisingly, attempts to immobilise alcohol dehydrogen-
ases are mostly confined to adsorption methods,?* while
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Figure 1. Enantioselective reduction of acetophenone by Lactobacillus
brevis; substrate-coupled cofactor regeneration.
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Figure 2. Process chart of the flow-tube reactor: (1) substrate solution; (2)
pump; (3) immobilised biocatalyst, retained by a filter; (4) product
solution.

only very few examples of covalent binding are known.?>-2¢

Furthermore, these immobilisation techniques are often de-
signed for use in sensor equipment and not for synthetical
applications. Concerning the alcohol dehydrogenase inves-
tigated from L. brevis, to the best of our knowledge, only
one example of immobilisation is yet known, a physical
adsorption on glass beads for use in gas-phase reactions.?’

Thus, our aim was to find an immobilisation procedure for
Lb-ADH, which gives the best combination of increase in
stability and remaining activity. Sepabeads® were chosen
as the carrier material because of their superior mechanical
stability under reactor conditions when compared to other
carrier materials. Among the different functionalities avail-
able, preliminary investigations showed the amino-epoxy
species to be the most suitable carriers for the given
enzyme. Furthermore, additional modifications of the
enzyme-support preparations were also investigated. These
preparations will be compared to each other regarding
their remaining activities and stabilities in storage. The

most promising ones will then be utilised in a continuously
operated plug-flow reactor to determine their operational
stability.

2. Results and discussion
2.1. Immobilisation of Lb-ADH on amino-epoxy Sepabeads®

According to the manufacturer, the immobilisation of pro-
teins on amino-epoxy carrier supports proceeds via a two-
step mechanism. Prior to covalent binding to the epoxy
groups of the support, the protein must physically adsorb
to the surface. Through additional amino groups on the
support, this adsorption process is facilitated and proceeds
at low buffer concentrations.?®?° After the adsorption pro-
cess, bonds are formed between the epoxy groups and the
nucleophilic groups of the enzyme, resulting in a covalent
multi-point attachment in which the enzyme conformation
is more rigid and therefore more stable against
inactivation.

At the beginning of our work, we examined the influence of
the buffer type and concentration on the immobilisation
process. Of the buffer systems investigated, a phosphate
buffer with a pH of 7 proved to be the most suitable one.
As was expected, the immobilisation rate depending on
the buffer concentration showed the predicted tendency;
it became more rapid when taking place in buffers of a
low ionic strength (see Fig. 3). It is noteworthy that even
at high buffer concentrations, more than 90% of the en-
zyme were adsorbed on the support, while other enzymes
were reported to stay almost completely in the supernatant
when mixed with the carrier material in buffers of a high
ionic strength.?®

When working in buffers of a low ionic strength, we ob-
tained a remaining activity of the enzyme-support prepara-
tion of 15%. To investigate whether the immobilisation
procedure had a stabilising effect on the enzyme, the ther-
mal stabilities of the different enzyme preparations at
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Figure 3. Adsorption rate of Lh-ADH on amino-epoxy Sepabeads® in
different buffer concentrations.
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30 °C were studied and compared to the half-life time of
20 + 1 h determined for the soluble enzyme under equal
conditions. The enzyme-loaded carriers prepared at low
to moderate buffer concentrations were of equal stability,
showing a half-life time of 18 +4h (10 mM) and
20 + 2 h (50 mM), respectively. For the enzymes immobi-
lised at high buffer concentrations, the initial remaining
activity was very low, though most of the protein had ad-
sorbed on the carriers. After 24 h, no activity could be mea-
sured at all, indicating that the enzyme conformation was
severely distorted during the immobilisation process.

The unaltered stability indicates that no stabilising multi-
point attachment has occurred so far, and the enzymes
seem to be bound to the surface in a way, which still allows
the usual mechanism of thermal inactivation.

In terms of activity no difference could be detected between
the enzyme-support preparations prepared in 10 or 50 mM
buffer. Furthermore, it should be noted that all enzyme-
support preparations kept their full activity for over four
weeks, when stored at 4 °C.

2.2. Blocking of the remaining functional groups

After the immobilisation of enzymes on the support, many
functional groups of the support still remain unchanged
and may interact with enzyme residues, influencing the cat-
alytic properties of the enzyme.

In order to diminish these effects and to achieve a stabilis-
ing effect on the immobilised enzymes, the enzyme-support
preparations were treated with 1 M glycine or 5% mercap-
toethanol solution, respectively, for different incubation
times. The amino and thiol groups act as nucleophiles in
this reaction, attacking the remaining epoxy groups and
forming covalent bonds.

Blocking of the remaining functional groups shows a sig-
nificant increase in enzyme stability. For the treatment with
glycine, an incubation time of 40 min yielded an enzyme-
support preparation with an increased half-life time of
27 & 3 h, for incubation times of 60 min or more, a half-life
time of even 83 + 6 h was achieved. The same tendency was
observed when comparing the stabilities of the prepara-
tions treated with mercaptoethanol. For an incubation
time of 40 min, the half-life time was increased to
48 + 8 h; longer incubation (=60 min) resulted in even
73 + 24 h (see Fig. 4).

Concluding these findings it becomes evident that an incu-
bation time of 60 min gives the greatest benefits. By both
blocking methods a fourfold increase in stability can be
achieved.

2.3. Cross-linking of immobilised enzymes

Another approach to stabilise immobilised enzymes is the
additional cross-linking with glutardialdehyde after their
immobilisation on the support. Since glutardialdehyde is
a bifunctional molecule, the protein molecules are linked
with each other or with functional groups of the support,
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Figure 4. Enzyme stability after blocking procedure.

if still available. This leads to a rigidification of the enzy-
matic structure, lessening the influence of thermal
deactivation.*

Preliminary experiments showed that incubation times for
more than 1 h, as indicated in literature, resulted in almost
complete loss of enzymatic activity, possibly by reaction
between glutardialdehyde and residues of the active centre
of the enzyme. This is why all further cross-linking experi-
ments were carried out with an incubation time of 30 min.

The enzyme-support preparations were treated with glutar-
dialdehyde solutions of different concentrations ranging be-
tween 0.2% and 2.0%. As shown in Figure 5, it became
obvious that any treatment with glutardialdehyde resulted
in a major loss of activity, which became more severe when
increasing the concentration of glutardialdehyde, probably
for the reason described.

Concerning the stability, the stabilising effect of the
cross-linking procedure gives the greatest benefits for a
concentration of only 0.2% glutardialdehyde. Higher con-
centrations gave only smaller stabilisations, if any, while
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Figure 5. Enzyme properties after cross-linking.
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the corresponding remaining activities were greatly dimin-
ished. In contrast to that, the stability of the enzyme-sup-
port preparations incubated with 0.2% glutardialdehyde
was increased dramatically, resulting in a half-life time of
1260 + 390 h (see Fig. 3). Compared to the soluble enzyme,
this means a stabilising effect by a factor of 60. This huge
increase in stability indicates that the protein molecules
are now bound to the surface and to each other by addi-
tional bonds via glutardialdehyde molecules, resulting in
intense rigidification.

2.4. Combination of blocking and cross-linking

After investigating the two methods of stabilisation
described, we further investigated whether the combination
of both blocking and cross-linking enables us to reap the
beneficial effects of both methods. Since the cross-linking
with 0.2% glutardialdehyde yields the best combination
by far of stabilisation and remaining activity, we treated
both glycine-blocked and mercaptoethanol-blocked deriva-
tives with this concentration of glutardialdehyde.

However, in the case of glycine-blocked preparations, it is
noteworthy that glycine, as a secondary amino compound,
acts as a weak nucleophile and thus may reduce the part of
glutardialdehyde actually used for the cross-linking of the
protein. Nevertheless, as Figure 4 indicates, we found a sta-
bilising effect after treatment with glutardialdehyde, result-
ing in an improved half-life time of 42 h, while keeping 33%
of the original activity.

For the enzyme-support preparations blocked with mercap-
toethanol, we found a remaining activity of 20%. However,
the stabilising effect of the cross-linking was definitely more
pronounced, yielding a half-life time of 560 4+ 67 h (see
Fig. 6).

Despite the smaller remaining activity, the combination of
blocking with mercaptoethanol and glutardialdehyde
cross-linking is definitely the more promising combination,
since it yields an enzyme-support preparation, which is sta-
bilised by a factor of 28.
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Figure 6. Enzyme properties after combined blocking and cross-linking.

2.5. Loading capacity

To determine the maximum loading capacity of the amino-
epoxy carriers, different amounts of protein were offered to
the same amount of support. As can be seen in Figure 7, up
to an enzyme loading of 1 mg protein per gram support, a
complete adsorption occurs. Afterwards, only a decreasing
fraction of the offered protein amount is actually
immobilised.

2.6. Process stability

In order to evaluate the enzyme stability under process
conditions, we chose to utilise the immobilised biocatalyst
in a plug-flow reactor.?! In contrast to more complex reac-
tor setups employing membranes, which could be blocked
by protein content, the plug-flow reactor setup described
herein can be operated, even with flow rates of 100 mL h™!
without suffering a significant drop in pressure in the reac-
tor. For these reasons, this reactor setup represents a very
convenient and facile way of operating a continuously
operated biocatalytical reactor.

We used the substrate-coupled approach for the regenera-
tion of cofactor (Fig. 1),3? adding 100 mM iso-propanol to
the substrate solution, which is oxidised to acetone in a sec-
ond reaction catalysed by Lb-ADH. The first reactor was
operated with enzyme-support preparation, which was
blocked with glycine.

As Figure 8 shows, for a residence time of 15 min, almost a
complete conversion of 98% could be achieved. Unfortu-
nately, the conversion starts to decrease after 20 residence
times. Since the enzyme stability was expected to be of a
much higher value, we incubated the enzyme-support prep-
aration with 1 M sodium chloride solution for 1 h to check
whether the covalent bonds between the protein molecules
and the surface had been formed. After the incubation, the
enzyme-support preparation showed no remaining activity,
indicating that the protein molecules had been completely
desorbed from the surface. It became clear that despite
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Figure 7. Loading capacity of Lb-ADH on amino-epoxy Sepabeads®.
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Figure 8. Plug-flow reactor with glycine-blocked enzyme preparation.

the fact that we followed the normal immobilisation proto-
col described by the manufacturer, no covalent bonds were
formed.

Nevertheless, a moderate catalyst utilisation, described by
a total turnover number of about total turnover num-
ber = 25,000, which is defined as the quotient of mole
product produced by protein deployed, could be achieved.
Furthermore, a volumetric productivity of 144 g L~!d™!
was determined during steady state conditions.

Until now, it has not been investigated in detail to what ex-
tent the reduction reaction of acetone to iso-propanol com-
petes with the reduction of acetophenone. However, the
almost complete conversion (98%) obtained in this plug-
flow reactor clearly indicates that the excess of iso-propa-
nol used is large enough to neglect this reaction.

The enzyme-support preparations, which had been cross-
linked with glutardialdehyde, kept their activity after incu-
bating them in 1 M sodium chloride solution. This is why
we chose to set up a second reactor utilising enzyme-sup-
port preparation, which had been blocked with mercap-
toethanol and was afterwards cross-linked by 0.2%
glutardialdehyde solution. As Figure 9 clearly shows, the
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Figure 9. Plug-flow reactor with mercaptoethanol-blocked and cross-
linked enzyme preparation.

operational stability could be dramatically increased. It
was possible to operate the reactor for more than 70 days
without loss of activity. Due to instrumental limitations,
the longest residence time that could be applied was
60 min, leading to a constant conversion of 60%.

This conversion was not limited by thermodynamic rea-
sons, as an increase in iso-propanol up to 200 mM showed
no effect on the conversion. Additionally, the cofactor con-
centration was reduced during the experiment to a value of
0.5 mM, without any effect on the conversion. In compar-
ison to the first reactor the drop in volumetric productivity
to 30 g L~'d~! is more than compensated by the enzyme
utilisation, reaching total turnover number = 2,500,000.

It is not easy to evaluate this degree of enzyme utilisation
since there are very few publications, which actually give
definite numbers for the ratio of product formed and
enzyme used. Furthermore, it is only partially feasible to
compare total turnover numbers gained for different sub-
strates. To at least roughly estimate the quality of catalyst
utilisation in our system, we compared it to the numbers
achieved in the application of Lb-ADH in non-continuous
reactor setups in our group.’® The reaction investigated
here was the reduction of methyl acetoacetate to (R)-
methyl-3-hydroxybutanoate. For the use in a batch reactor,
a total turnover number of 168,000 was reported. When
operated in a repetitive batch mode, the total turnover
number could be increased to 560,000.

Even though this comparison gives only a rough estimate
of the quality of enzyme utilisation, we found it justified
to claim that the combination of an enzyme immobilisation
and a continuous reactor setup we herein report shows a
very high enzyme utilisation and might therefore prove
more economical than non-continuous reactor setups
reported so far.

Furthermore, it is noteworthy that during the first 1700 res-
idence times, no (S)-phenylethanol was produced, that is,
the stereoselectivity of the enzyme had been fully retained
during the immobilisation, leading to an enantiomeric ex-
cess of over 99.5%. After 10 weeks of operation, traces of
(S)-phenylethanol were detected in the product solution.
The presence of the second enantiomer indicates that the
stereoselectivity of the enzyme starts to decrease. This is
why the reactor run was aborted after 78 days of operation.

3. Conclusion

To our knowledge, we have reported the first immobilisa-
tion of alcohol dehydrogenase from L. brevis by covalent
coupling to a carrier support. Up to an enzyme loading
of 1 mg protein per gram support, the protein can be com-
pletely adsorbed to the support within an hour, when
working with 10 mM phosphate buffer solution. The en-
zyme-support preparation shows a remaining activity of
15% with excellent, undiminished stereoselectivity (over
99.5%), and is stable for over a month when stored at
4 °C. To achieve a significant stabilisation effect, further
modifications of the enzyme-support preparation proved
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to be necessary. Blocking of the remaining functional
groups with amino compounds or mercaptoethanol
resulted in a stability increase up to a factor of four.
However, when following the standard immobilisation
procedure, no covalent bonds were formed between the
enzyme and the support. Covalent multi-point attachment
could only be realised by cross-linking the adsorbed pro-
tein molecules by treatment with 0.2% glutardialdehyde.
We achieved a supreme stabilisation effect, yielding storage
stability with a half-life time of over 1200 h at 30 °C. This
stands for a 60-fold stability increase compared to the sol-
uble enzyme.

This stability was also demonstrated under process condi-
tions: enzyme-support preparation, which had both been
blocked and cross-linked was utilised in a plug-flow reac-
tor. This reactor could be operated for 11 weeks without
loss of activity and superior biocatalyst utilisation (total
turnover number = 2,500,000). The use of this plug-flow
reactor combines the advantages of continuous operation
over a long period of time with facile handling of the bio-
catalyst and easy product separation and is therefore an
excellent way to produce enantioenriched alcohols.

In the future we will investigate whether these findings can
be transferred to other alcohol dehydrogenases with a low
thermal stability or contrary stercoselectivity.

4. Experimental
4.1. Materials

Amino-epoxy Sepabeads® (EC-HFA) were kindly donated
by Resindion S.R.L., Milan, Italy, from the Mitsubishi
Chemical Corporation. Alcohol dehydrogenase from L.
brevis (MW = 105 kDa) was purchased from Julich Chiral
Solutions, Jilich, Germany. All other reagents were pur-
chased from Sigma, Germany and were of analytical grade
or better. The standard buffer solution used is 50 mM
phosphate buffer with 1 mM magnesium chloride and a
pH of 7.

4.2. Enzyme activity assay

Enzymatic activity was determined spectrophotometrically
by using acetophenone as a substrate and measuring the
difference in the concentration of reduced cofactor at a
wavelength of 340 nm after 1 min. Photometrical measure-
ments were performed on a Shimadzu UV 1601 from
Shimadzu, Duisburg, Germany. The reaction mixture
consisted of 970 pL of 11 mM acetophenone in standard
buffer solution, 20 uL. of 9.5 mM NADPH solution and
10 uLL of the analysed enzyme solution. The reaction was
performed at 20 °C.

One unit is defined as the amount of enzyme reducing one
micromole of acetophenone per minute under the described
conditions.

The activity of the immobilisate was determined by adding
a definite amount of enzyme-support preparation to a

1 mL batch consisting of 980 pL of 11 mM acetophenone
and 20 pL. of 9.5 mM NADPH and stirring it with a mag-
netic mixer at 400 rounds per minute. After distinct time
intervals, samples are taken from the reaction mixture
and are analysed by GC. The starting reaction velocity is
calculated from the collected data by linear regression.

4.3. Protein determination

The protein content was determined according to Brad-
ford.** For calibration, bovine serum albumin was used.

4.4. Gas chromatography (GC)

Analytical measurements were carried out on an Agilent
6890N system (Agilent Technologies, CA, USA) with a
Cyclodex B-1/P column of 25 m x 250 um and a hydrogen
gas flow of 0.2 mL min~'. Sample solution (0.2 pL) were
injected at 250 °C, initial column temperature was
100 °C, kept for 11.5 min; afterwards the temperature
was increased to 180 °C within 3 min. Acetophenone was
detected after 5.7 min, (R)-phenylethanol after 9.8 min
and (S)-phenylethanol after 10.5 min.

4.5. Immobilisation of the protein on amino-epoxy
Sepabeads®

The support was washed with water and an amount of
100-1500 mg wet support was suspended in a phosphate
buffer of different concentrations. Enzyme lyophilisate
was also dissolved in buffer solution and the activity and
protein content were measured as described previously.
The enzyme solution was given to the carrier suspension,
shaken for different time intervals and stored for 24 h at
4°C.

4.6. Blocking of the remaining functional groups

To block all the remaining epoxy-groups on the carrier sur-
face, the immobilisate was treated with 1 M glycine or 5%
mercaptoethanol solution for different time intervals.
Afterwards the enzyme-support preparation was rinsed
10 times with 5 mL of water each and was stored in buffer
solution at 4 °C.

4.7. Cross-linking with glutardialdehyde

For further stabilisation, the enzyme-loaded carriers were
treated with glutardialdehyde in concentrations between
0.2 and 2.0% for different time intervals. Subsequently,
the enzyme-support preparation was rinsed 10 times with
5 mL of water each, and stored in buffer solution at 4 °C.

4.8. Thermal stability

The thermal stabilities of the soluble (1 U/mL) and immo-
bilised enzymes were determined by incubating the samples
at 30 °C in a standard buffer solution. Periodically with-
drawn samples were assayed for activity as described
earlier. The thermal stability is given as half-life time, the
time after which half the original activity remains, assum-
ing exponential decay.
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4.9. Loading capacity

Different amounts of protein (0-3 mg) were offered to
100 mg of wet support. The samples were shaken for
24 h; afterwards, the protein contents in the supernatant
were determined. The protein amount bound to the carriers
is defined as the difference between the original protein
content and the protein remaining in the supernatant.

4.10. Plug-flow reactor

In the operation of the plug-flow reactor the following
substrate concentrations were used: 11 mM and 16 mM
acetophenone, respectively, 100/200 mM iso-propanol,
0.5-1.5mM NADPH or NADP and 1mM Mg*" in
50 mM phosphate buffer. As indicated in Figure 9, a Phar-
macia 500 pump (Freiberg, Germany) was used to pump
the cooled substrate solution into the 0.8 mL flow-tube,
filled with a 5 cm packed bed of enzyme-support prepara-
tion, which was retained by a filter (Minisart RC4, Sarto-
rius, Germany). A fraction collector was used to collect
the samples, which are then analysed by GC (see Fig. 2).

The first reactor was employed with 2.3 mg Lbh-ADH
immobilised on a 1200 mg support; the second one was
loaded with 0.7 mg protein on a 980 mg support.
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