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Abstract. The enzymatic cleavage of cephalosporin C (CephC} into 7-aminocephalosporanic acid (7-ACA) and
deacetyl-7-aminocephalosporanic acid (HACA), both key intermediates for cephalosporin antibiotics, has now
been commercialized on an industrial scale. This article illustrates economic, technical, and regulatory aspects
of the process, with special focus on the enzymes involved.

Due to the compensation for low operational stability by low costs of preparation, cell immobilization of
Trigonopsis variabilis seems an economically attractive and technically feasible way to prepare p-amino acid
oxidase (EC 7.4.3.3). However, the application of immobilized cells is restricted to large-volume products, since
it involves extensive development and characterization work.

For glutaryl-7-ACA acylase (EC 3.5.1.3), expressed in Escherichia coli, isolation and immobilization of the
enzyme on a commercial carrier seems more attractive from a regulatory point of view. The immobilized

enzyme shows very high operational stability, which may compensate for the costs of the carrier.
Despite its lower stability, cephalosporin C acetylesterase (EC 3.7.7.47), expressed in E. coli, was also

immobilized on a commercial carrier for regulatory reasons. Moreover, extensive development of immobilized
whole cells seemed economically not acceptable for this low-volume product.

A mathematical model for the enzymatic cleavage showed limitations of a combined application of two

biocatalysts in a stirred tank reactor, e.g., in terms of product yield.

1. Introduction

7-Aminocephalosporanic acid (7-ACA)
is a key intermediate in the production of
more than 50 semi-synthetic cephalosporin
antibiotics, such as cefotaxime, cefpodox-
ime, cefazolin, ceftazidime, and ceftriax-
one. The ever-increasing market volume
of 7-ACA was estimated to reach almost
2,000 tons p.a. by the year 2000, repre-
senting a market value of approximately
USD 400 million [1].

Starting with the fermentation, isola-
tion and subsequent chemical cleavage of
CephC in organic systems, solid 7-ACA
can finally be obtained in ca. 95% purity
by precipitation, filtration, and drying. The
enzymatic cleavage can avoid the use of
hazardous chemicals and solvents, and
thus may have a positive impact on both
the economics of the process and the envi-
ronment. In addition, CephC does not nec-
essarily have to be precipitated and dried,
as it is typically required for the chemical

cleavage in organic solvents. Finally, it
opens a more economic way to prepare
deacetyl-7-aminocephalosporanic acid
(HACA), which is another key intermedi-
ate in cephalosporin derivatization.
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A two-step enzymatic cleavage of
CephC into 7-ACA (Scheme 1) has been
developed, using immobilized D-amino
acid oxidase (DAO) and glutaryl-7-ACA
acylase (GAC) [2], whereas the optional
addition of cephalosporin C acetyleste-
rase (CAE) leads to HACA. Biochemie {3]
will invest Euro 43 million in a new plant
atits Frankfurt production site, which will
have a yearly capacity of over 400 tons of
7-ACA. In order to obtain the highest
quality, the enzymatic cleavage will be
combined with a highly advanced purifi-
cation method.

Rather than discussing biochemical
issues, this paper gives a broad industrial
view on economic, technical, and regula-
tory aspects considered during the devel-
opment of the chemo-enzymatic process
(CEP), and primarily focuses on the en-
zymes involved. The importance of these
aspects, as well as their interrelations, are
discussed with respect to the development
of the process, but neither company-relat-
ed specific issues, e.g., availability of sol-
vent-recovery systems and equipment, the
capacity for development, the approval
for investment, nor patent issues are con-
sidered.

1.1. Economic Aspects

One of the main driving forces for the
development of a CEP was the possibility
to improve the economics of the 7-ACA/
HACA production process. It seemed ob-
vious that the overall costs of an enzymat-
ic product are directly determined by the
costs of biocatalyst preparation and its
required quantity. Compared to the costs
of enzyme purification and immobiliza-
tion, those of fermentation and harvesting
tend to represent a minor share. In con-
trast, the use of commercial carriers in-
creases the costs of immobilization signif-
icantly, but a high specific activity of the
resulting biocatalyst might compensate
for this.

At the beginning of process develop-
ment, the selection of the best route for
biocatalyst preparation (see Sect. 2) was
extremely difficult, as one must objective-

List of Abbreviations:

7-ACA 7-aminocephalosporanic acid

CAE cephalosporin C acetylhydrolase =
esterase (EC 3.7.1.41)

CEP chemo-enzymatic process

CephC  cephalosporin C

DAO D-amino acid oxidase = oxidase
(EC 1.4.3.3)

GAC glutaryl-7-ACA acylase = acylase
(EC 3.5.1.3)

Gl-7-ACA glutaryl-7-aminocephalosporanic acid

HACA hydroxy-7-ACA = deacetyl-7-aminoce-
phalosporanic acid

U International Units = umol per minute
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Scheme 1. Desired and Undesired Products During the Enzymatic Cleavage of Cephalosporin C
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ly consider costs and consumption of the
enzyme, with the required reliable data on
operational stability (Sect. 3.3.) being hard
to come by. Finally, side-activities would
lower the yield of conversion and thereby
would have adirect negative impacton the
economics of the process.

According to the literature [4-9] and
our own observations, DAO seemed to
have a low stability showing a life-time of
only ca. 100 operational cycles in a stirred
tank reactor (Sect. 3.3.). In order to devel-
op a highly economic process, immobili-
zation either of crude enzyme on a cheap
carrier (Sect. 2.3.2.), or of whole cells
(Sect. 2.3.1.) seemed to be favorable.

In contrast, GAC was regarded as a
stable enzyme, which allowed more costly

procedures for its isolation and the use of
an advanced enzyme carrier. Tests under
operational conditions with a prototype
biocatalyst eventually confirmed this as-
sumption.

Although preliminary data indicated a
low stability of the CAE, the expression
system and behaviour of the enzyme in
purification and immobilization seemed
so similar to that of GAC, that it made
sense touse an analogous approach. More-
over, the expected product volume of
HACA was estimated to be much lower
than that of 7°ACA, so that it seemed more
useful to keep costs and risks for process
development low, rather than to develop a
low-cost method for the preparation of
CAE.
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1.2. Technical Aspects

Regarding large-scale applications of
biocatalysts, features like specific activity
and mechanical robustness were highly
important. In a stirred tank reactor, the
biocatalyst particles must withstand the
mechanical stress of handling and stirring,.
Abrasion would lead not only to increased
separation times during product isolation
and to possible product contamination,
but could also cause early replacement of
the biocatalyst.

In order to enable fast and easy separa-
tion of product and biocatalyst, excellent
hydrodynamic properties were aimed at.
In this respect, larger biocatalyst particles
(>300 um) were preferred, as they also
allow to drain off eventual microbial con-
taminants. On the other hand, the use of
smaller particles (<300 pm) may cause a
higher apparent specific activity [10], and
consequently a significantly higher im-
mobilization yield, which in turn lowers
the costs of enzyme preparation.

Independent of their size, the surface
characteristics of the particles may favor
the adhesion and proliferation of microbi-
al contamination, thus leading todecreased
operational stability and higher costs of
the biocatalyst.

1.3. Quality and Regulatory Aspects

As Biochemie has been one of the
leading suppliers of 7-ACA on the world
market, one more driving force for a CEP
was the policy of production of the highest
quality. Enzyme-quality features, such as
minimal side-activities, excellent mechan-
ical properties, and resistance towards mi-
crobial contamination were known to be
highly relevant regarding large-scale ap-
plications.

During enzymatic cleaving of CephC,
typical side-products and intermediates,
suchas 7-ACA-sulfoxide, deacetyl-cepha-
losporin derivatives, GI-7-ACA, and a-
ketoadipyl-7-aminocephalosporanic acid
may be formed, whereas others may result
from the precipitation procedure of 7-
ACA or from the quality of the starting
CephC.

7-ACA shows some instability in alka-
line aqueous environment, needed for op-
timal enzymatic cleavage, which, to a
minor extent, causes the non-enzymatic
side-reaction of 7-ACA into HACA. More-
over, DAO and GAC do not distinguish
between deacetyl-, deacetoxy- and cepha-
losporin C, so that these substrate impuri-
ties are all converted into their 7-ACA
derivatives, which are hard to eliminate
without additional purification steps.

In the planning of an enzymatic pro-
duction of 7-ACA, the regulatory require-

ments of the final pharmaceutically active
cephalosporin derivatives has to be con-
sidered. Even in the case of genetically
modified microorganisms, this means that
no enzymes originating from pathogenic
organisms should be used, and that the
inserted DNA sequence must not contain
any sections, which are irrelevant to the
protein to be expressed. Furthermore, to
avoid pyrogenic contamination, e.g., orig-
inating from the application of E. coli-
based enzymes, an ultrafiltration step and/
or an effective crystallization of 7-ACA is
recommended. The use of biocatalysts
originating from fungi or yeasts is regard-
ed to be less pretentious in this respect.

2. Enzyme Preparation

2.1. Strains and Fermentation

Fermentation of Trigonopsis variabi-
lis seemed the best way for obtaining DAO
with high activity (>5 kU/kg broth), al-
though, for example, the aeration and the
nitrogen-source have to be limited, and
enzyme production has to be induced by
expensive D-methionine or D-alanine
(4](8].

For the production of GAC and CAE,
the cloning and heterologous expression
in E. coli was more useful, although addi-
tional safety and regulatory aspects had to
be considered. Besides the increased fer-
mentation yields (>10 kU/kg broth), re-
combinantenzymes can be expressed with-
out special media needs, making fermen-
tation easier than with the native microor-
ganism. However, by using recombinant
organisms for large-scale fermentation,
problems might arise from uncontrolled
over-expression of the enzyme or from
plasmid instability, which, of course, would
have a negative impact on the economics
of the process.

2.2. Harvesting, Pre-Treatment,
Storage

Onatechnical scale, fermentation broth
of 1-30 m? volume, which is the starting
material for preparation of both immobi-
lized whole cells (Sect. 2.3.1.) and immo-
bilized enzymes (Sect. 2.3.2.), required
enough stability to allow storage for sev-
eral days. To reduce the volume for stor-
age and to improve stability, the fermenta-
tion broth can be concentrated about 5- to
10-fold by means of centrifugation or mi-
crofiltration. In the case of Trigonopsis
variabilis or E. coli, the cell slurry may be
either frozen as ice-flakes, allowing stor-
age at —18° without loss of activity for
months, or just chilled to 5-10°, which
imposes a direct use for immobilization

CHIMIA 1899, 53, No. 12

within afew days, but saves on investment
and energy.

For immobilization of the whole cells
(Sect. 2.3.1.), additional pre-treatments
might be necessary to preserve the target
activity or to inactivate undesirable side-
activities selectively. The DAO-activity
in Trigonopsis variabilis, for example,
can be stabilized by addition of glutardial-
dehyde (0.3% w/w) to the fresh fermenta-
tion broth [11].

2.3. Immobilization
2.3.1.Immobilization of Whole Cells
Bioconversions with cells have rou-

tinely been used in analytical screening

for new enzyme activities, but for techni-
cal applications, the suitability of cell prep-
arations might be limited by activity and
stability. Forexample, their specific activ-
ity depends on the quality of the starting
cell slurry, and is usually lowered during
addition of a polymer for immobilization,
which increases mass and limits diffusion.

Furthermore, the operational stability of

whole cells may be eventually limited by

its tolerance towards mechanical stress.

In the case of recombinant bacteria
expressing GAC and CAE, there is an
additional safety issue, especially in the
production of pharmaceutical compounds,
originating from possible bleeding of py-
rogenics and from partial detachment of
cells, as well as from loss of DNA frag-
ments thereof,

In the special case of application of
free cells [12], additional problems — like
product contamination with soluble and
insoluble cell-decomposition products —
have to be solved, e.g., by investing on
ultrafiltration equipment, which in turn
would lead to an increased consumption
of energy and to a loss of product. Conse-
quently, to avoid a cell-disruption proce-
dure, ie., an expensive homogenizer or
Dyno™ mill, eventual enzyme-purifica-
tion steps, as well as the use of costly
carriers (Sect. 2.3.2.), the approach of im-
mobilization of cells may be recommend-
ed.

Since yeasts do not have pyrogenics
and their cell wall is known to be very
stable, a process for the immobilization of
DAO based on whole cells of the yeast
Trigonopsis variabilis seemed preferable.

Although several immobilizations of
whole cells have been published [13-16],
not many seemed to meet the require-
ments for large-scale application, espe-
cially with respect to successful multi-
cyle use. However, the immobilization of
whole cells by co-polymerization with
acrylamide may lead to biocatalysts suita-
ble for industrial use [17], but the radical
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polymerization mechanism of acryl amide
caused a significant decrease of DAO ac-
tivity in Trigonopsis variabilis. Finally,
milder systems of cell-embedding, e.g.,
co-polymerization with polyethylene imi-
ne after suspension in organic solvent,
showed to be successful (Textbox 1). The
resulting biocatalyst had a specific DAO
activity of ca. 100 U/g dry weight (Sect.
3.1.) and was used in a stirred tank reactor
for ca. 100 cycles (Sect. 3.3.).

It is known from literature that, in the
case of diffusion limitations caused by the
cell wall, problems with poor apparent
specific activity of whole cells might be
overcome by permeabilization with agents
such as organic solvents, alkaline solu-
tions, detergents, etc. [11][18-20]. Usual-
ly, this is performed before the immobili-
zation of the cells, but here the combined
interaction with polyethylene imine at pH
9 and with the organic solvent during im-
mobilization resulted in an improved bio-
catalyst. Compared to the apparent activ-
ity of the starting material (cell slurry), the
biocatalyst was obtained with ca. 70%
(apparent) activity yield by this method.

2.3.2. Immobilization of Isolated
Enzymes

The use of immobilized enzymes as
partly purified proteins on carriers seemed
to have some clear technical advantages
over immobilized cells, as a) the mechan-
ical and chemical properties of the carrier
are specified and guaranteed by the suppli-
er, b) the quality of biocatalyst is less
dependent on the quality of the fermenta-
tion broth as a result of enzyme purifica-
tion steps, and ¢) itenables a faster and less
expensive development of enzyme bind-
ing and stabilization, due to a simple de-
velopment strategy.

However, these benefits require the
establishment of a process for cell break-
down and protein purification, although in
the case of technical enzymes, quality de-
mands are low, so that in most cases elab-
orated purification methods, e.g., by col-
umns, are avoidable. A coagulation with
polyethylene imine at a slightly acidic pH
and increased temperature may lead to a
cell-debris-free enzyme-containing super-
natant after centrifugation, subsequent to
cell break-down (Textbox 2). This ‘crude
solubleenzyme’ preparation of GAC, CAE,
or DAO can be easily bound on commer-
cial carriers and be used successfully for
the CephC cleavage process. Still, homog-
enizers for bacteria or Dyno™ mills for
yeasts are needed to extract the soluble
enzyme mechanically, since methods of
chemical or enzymatic cell lysis seem not
satisfactory on a technical scale in this
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Textbox 1. Preparation of DAO by Immobilization of Cells of Trigonopsis variabilis [2]

Glutardialdehyde stabilization: Cells of Trigonopsis variabilis ATCC 58536 (DAQ activity:
25970 V) are pre-treated by adding glutardialdehyde (21 g, 25% in water) to the fermentation
broth (2.7 kg, containing 100 g dry cell mass) and allowed to stand 1 hatr.t. and pH7.5. The
cells are harvested by centrifugation. DAO Activity in the concentrated cell mass is 26350 U
Polymer treatment: The cell mass (735 ml = 100 g cell dry weight) is suspended with -
mercaptoethanol (5 mm), ethylenediaminetetraacetic acid (EDTA, 2 mM) and polyethylene
imine solution (40 g, 50% in water, 600-1000 kDa) in water (ca. 800 ml total volume) and
stirred slowly for approx. 90 min at pH 11, which is adjusted by the addition of a NaOH
solution at r.t., whereafter the pH of the mixture is adjusted to pH 9 by the addition of H3PO,.
DAOQ Activity: 24360 U (94% of pre-treated DAO activity).

Cross-linking: In a stirring vessel, the cell/polymer mixture is added to n-tributylphosphate
{3000 ml) at r.t. A homogeneous dispersion of the cell/polymer droplets (100-600 um) in n-
tributylphosphate is obtained within ca. 30 min, and glutardialdehyde solution (40 g, 25% in
water) is added. Cross-linking starts immediately and is completed after 60 min. The solid,
spherical particles are isolated and washed with tap water. After draining, the particles are
hardened by slowly stirred incubation in glycerol (2000 g) for 1 h.

After removal of glycerol by draining and washing, moist, solid spherical particles (580 g) are
obtained, corresponding to 121 g of dry weight. Specific DAO activity in the solid spherical
particles is 32 U/g moist weight (153 U/g dry weight), i.e., total DAO activity is 18560 U (71%
of the pre-treated DAO activity) (Sect. 2.3.1.).

Phenylmethylsulfonyl fluoride (PMSF) treatment: Glycerol-hardened particles (270 g) are
suspended in phosphate buffer pH 7.0 (1 1, 20 mm), and phenylmethyisulfonyl fluoride
solution (100 ml EtOH, 10 mg/ml) is added under stirring (Sect. 2.4.).

After incubation at r.t. for ca. 3 h, the particles are removed.

The DAQ activity in the solid spherical particles is 148 U/g dry weight (i.e., approx. 7400 U).

Textbox 2. Isolation of GAC from E. coli [2]

A cell pellet (10 g) of the recombinant E. coli strain CCM 4229 (GAC activity: 720 U, i.e.,
approx. 300 U/g dry weight), is isolated from the fermentation broth, washed, re-suspended
in phosphate buffer pH 7.0 (50 mi, 50 mm), and homogenized under pressure (700 bar).
The resulting cell homogenate is mixed with a flocculation agent (1 ml of Sedifloc™ CL 300-
18/40) and incubated for 1 h at 40° under stirring, after which the pH is adjusted to 5.2 by
the addition of ACOH. After a further hour at 10°, the mixture is clarified by centrifugation and
the GAC-containing cell-free supernatant (GAC activity: 615 U) is adjusted to pH 7.5, mixed
with phenylmethylsulfonyl fluoride solution (0.5 ml EtOH, 10 mg/ml) and incubated for 3 h.
GAC activity of the cell-free extract obtained after phenylmethylsulfony! fluoride treatment
is determined with 622 U (section 2.4.).

case. This equipment for cell break-down
and separation on a large scale is expen-
sive and may represent asignificant part of
the investment costs.

Several ways of immobilizing soluble
enzymes were published, but not all of
them might be successfully used on a
technical scale. One of the first established
carriers is Eupergit C, which has been
widely used in industrial biocatalysis, since
its oxirane groups easily covalently bind
proteins, but the price of Eupergit™ C
largely influences the costs of the biocat-
alysts.

Alternatively, it is known that glutar-
dialdehyde can link amino groups of
weak anion exchangers with the amino
groups of proteins. For example, the resins
Amberlite™ MBI [21] and Duolite™ A365
[22] only require a pre-treatment with
glutardialdehyde, whereafter the enzyme

solution is added to the resin. The whole
process of activation and binding takes
only a few hours, whereas oxirane carriers
have recommended incubation times of
more than 24 hours.

Recently, binding of enzymes on strong
anion exchangers [23] showed to be high-
ly valuable for technical use. First, the
enzymeisincubated with theion exchang-
er for 1-6 hours at pH 7-8 to allow com-
plete binding, without previous chemical
treatment. Finally, cross-linking with glu-
tardialdehyde is believed to build large
protein clusters on the surface of the resin,
fixing the enzymes irreversibly.

All carriers described above may be
suitable for GAC, CAE, and DAO, but
compared with oxirane carriers, ion-ex-
changer resins are usually much cheaper,
and their production and application have
been established for many decades. More-
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over, procedures for immobilization on
strong anion exchangers are relatively sim-
ple.

Apart from the costs of the carrier, the
economics of a CEP is also determined by
the specific activity (Sect. 3.1.) and the
operational stability (Sect. 3.3.) of the bio-
catalysts. In this respect, there seemed to
be no significant differences between the
above-mentioned carriers.

2.4. Reduction of Side-Activities

From an economic point of view, a
process route with only a few simple pro-
cedures resulting in a crude soluble-en-
zyme solution for immobilization seemed
to be preferable. Although expensive and/
or low-yield purification steps, e.g., en-
zyme crystallization or chromatography,
may contribute significantly to the total
costs of biocatalysts, high-purity prepara-
tions (>90%) were known to be technical-
ly effective as well {10].

In the case of the production of phar-
maceuticals, however, the approach of
crude soluble enzyme is likely to cause
problems regarding regulatory issues and
may thus be less feasible (Sect. 1.3.), be-
cause the effective removal of enzymatic
side-activities might be necessary in order
to avoid side-products in the CEP.

Simple methods, like pH- or heat-treat-
ment [13][24][25], selective inhibitors, or
organic solvents can occasionally allow a
sufficient decrease in side-activities, while
the target enzyme is recovered almost
completely. These one-step procedures
may avoid the need for expensive techni-
cal equipment and seem very attractive for
industrial applications.

Concerning the enzymatic cleavage of
CephC, two side-activities are crucial
(Scheme 1) a) esterase activity in GAC
and DAQ, and b) catalase activity in DAO.
In general, 3-lactamases only play a role
in the case of microbial infections, and
their appearance can be avoided by special
hygienic handling or by addition of an
antimicrobial agent.

Esterase in GAC and DAO may finally
lead to an extensive accumulation of
HACA, whichlowers the yield and quality
of the 7-ACA. But this side-activity might
be removed easily by chromatography
{4][26] or enzyme crystallization [27].
Selective coagulation of the homogenized
cells of GAC-expressing E. coli with pol-
yethylene imine atacidic pH and increased
temperature may also be effective in the
inactivation of esterase, but conditions are
so harsh, that significant losses of GAC
activity may occur. Therefore, specific
inactivation of esterase by irreversible
chemical inhibition with phenylmethyl-

sulfonyl fluoride (PMSF) seems to be pref-
erable. Applied in a low concentration for
3 h, this well-known agent completely
blocks the active site of esterase, leaving
the GAC fully intact (Textbox 2).

In the case of DAO, the selective inac-
tivation of esterase in intact cells of Trig-
onopsis variabilis can be performed by
chemical inhibition with Cu?* [19], ace-
tone [28], or heat treatment [29], but sur-
prisingly, phenylmethylsulfonyl fluoride
(PMSF) is also highly successful in inac-
tivating this esterase (Textbox 1). The use
of esterase-free GAC and DAO avoids the
formation of up to 4% additional deacetyl
derivatives relative to the starting concen-
tration of CephC in both reaction steps,
enabling an 8% overall increase of 7-ACA
and an improved product quality.

Catalase in DAQ preparations lowers
the reaction yield in CephC cleavage. As
shown in Scheme 1, hydrogen peroxide —
produced during the oxidative deamina-
tion of CephC ~ is crucial for the subse-
quent decarboxylation of at-ketoadipyl-7-
aminocephalosporanic acid into Gl-7-
ACA. The competitive degradation of
hydrogen peroxide by catalase (>150 U/g
dry weight) can be so strong, that — even
after the addition of extra hydrogen perox-
ide — the conversion of a-ketoadipyl-
7-aminocephalosporanic acid into Gl-7-
ACA is no longer complete. Chemical
inactivation of catalase [30][31] with in-
hibitors such as aminotriazole, azide, ascor-
bate, or perborate seems insufficient with
Trigonopsis variabilis, whereas physical
methods like increased pH, organic sol-
vents, or heat treatment result in catalase-
free cells [32]. However, the effectiveness
of inactivation may depend on the Trigo-
nopsis variabilis strain.

Heat treatment for Trigonopsis varia-
bilis seems preferable, because esterase
and catalase are simultaneously inactivat-
ed by very short heating at alkaline pH,
whereas the DAQO activity is well pre-
served and the resulting cell slurry is suit-
able for immobilization of cells and for
isolation of the enzyme as well [29].

2.5. Ecological and Safety Aspects
The increasing importance of ecology
and occupational health in chemical in-
dustry is not only governed by ethical
insight, but also by legal and administra-
tive regulations. Apart from regulatory
aspects concerning the pharmaceutical
compound, safety issues for the prepara-
tion and handling of genetically modified
organisms have to be considered. After
intense debate during the last few years in
Europe, the production and the use of
recombinant process enzymes are now
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considered to be safe by the public and
administration bodies [32].

In certain cases, technical means to
reduce the output of living recombinant
cells and the administrative permit for the
production of enzymes using genetically
modified organisms are still needed. How-
ever, by using strains of the lowest safety
requirements (S1 level), these are met
relatively easily and do not considerably
limit the choice of enzyme source.

In contrast, emissions into the working
area or into the environment, resulting
from a chemical process, would lower the
public acceptance for a facility, which
would cause public reactions calling for a
delay or even a shutdown of the produc-
tion. Thus, the implementation of a CEP is
an essential help in order to ensure the
ecological improvement and the positive
image of the company.

In the case of the enzymatic cleavage
of CephC, some typical safety and envi-
ronmental issues of biocatalyst prepara-
tion had to be considered during develop-
ment. For example, the use of Eupergit™
C in immobilizations according to the
recommendations of the manufacturer
leads to an output of up to 0.5 kg inorganic
phosphate per kg carrier in the waste-
water. On alaboratory scale, sodium azide
is a very helpful antimicrobial agent, yet
for large-scale application such toxic sub-
stances may lead to problems in terms of
storage, occupational health, and waste-
water treatment. Thus, the possibilities of
low-risk antimicrobial agents or proce-
dures and equipment which keep the mi-
crobial contamination low should be con-
sidered at the beginning of a biocatalyst
development.

A potential safety and environmental
issue in the immobilization of cells (Sect.
2.3.1.) is the use of flammable solvents,
which also requires an effective solvent
recovery and even a special waste-water
treatment process.

3. Enzyme Characterization

Essential for the economic and techni-
cal success of a CEP was the fulfilment of
all the relevant biocatalyst-quality crite-
ria, for which adequate analytical meth-
ods had to be established before or during
the development.

The final operational conditions of an
optimized CEP may significantly differ
from the ones chosen at the beginning of
development. Therefore, when optimiz-
ing a process, one has to determine the
relevant empirical factors and to make
sure that there is a correlation between the
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results from analytical methods and the
observed process data.

3.1. Specific Activity

DAO Activity can be assayed from the
reaction products of CephC oxidation, ei-
ther by HPLC analysis of a-ketoadipyl-7-
aminocephalosporanic acid and GI-7-
ACA, by the oxygen consumption, or by
the determination of hydrogen peroxide.
Alternatively, D-alanine can be used as a
substrate for DAO [8], butin this case, the
correlation of the results of analysis with
process data seems to be more problemat-
ic. Hydrolytic activities are normally de-
termined by titration of glutaric acid dur-
ing cleavage of Gl-7-ACA (GAC), or of
acetic acid during the cleavage of CephC
(CAE). This latter substrate is preferred as
it does not involve the more allergenic 7-
ACA.

To meet the specified conversion time
at operational conditions, the amount of
biocatalyst to be loaded to the CEP is
calculated from its specific activity. This
makes the reliability of the activity-assay
crucial. However, the apparent specific
activity of a biocatalyst is not a function of
the intrinsic activity of the enzyme alone,
but may likely be influenced by the diffu-
sion limitations of substrates and prod-
ucts. During development of the biocata-
lyst and the CEP, these effects may vary
strongly. Therefore, it may be difficult to
interpret the results from the activity assay
alone, without feed-back from the CEP or
from additional investigations.

3.2. Mechanical Features

Usually, the abrasion and mechanical
strength of a commercial carrier are spec-
ified by the supplier and do not need much
attention by the user during development.
A mechanical characterization of immo-
bilized enzymes seems thus to be unneces-
sary.

In the case of immobilization of cells,
mechanical and hydrodynamic features of
the biocatalyst have to be carefully deter-
mined in assays especially developed for
this purpose. Among these parameters,
the particle-size distribution, the micro-
scopic texture, and the behavior under
compression, obtained from computer-
controlled extrusion of the biocatalyst
through a nozzle [33][34], seem to be
crucial. The combined data of these pa-
rameters allow a simple and effective
prediction of the robustness of a biocata-
lystin the stirred tank reactor. Alternative-
ly, measuring mechanical behavior by
simulating operational conditions would
need at least 100 hours of experimental
work.
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Fig. Typical operational stability curves of immobilized DAO, GAC, and CAE

Textbox 3. Test under Operational Conditions

On laboratory scale, a well-characterized sample of biocatalyst with known analytical
activity, is applied to a temperature-controlled stirred tank reactor with bottom sieve.
Before starting, the biocatalyst is conditioned and finally suspended in water. Within one
reaction cycle, substrate solution is applied, and the control of process parameters (pH,
pressure, dissolved oxygen) is started. The reaction can be monitored by HPLC or
alternatively by on-line measurement of consumed NaOH solution in the case of GAC and
CAE, or of oxygen-consumption in the case of DAO. After complete conversion of the
substrate (after 100-200 min), the reactor is drained using a bottom valve. Each reaction
cycle is finished by re-suspending the biocatalyst in water.

Enzyme consumption can be calculated from a plot of reaction time vs. cycle number (Fig.).
In order to obtain reliable numbers, the tests are terminated not before the reaction time
is twice the one of the starting cycle. Assuming a yield of 90% for each enzymatic step, the
total product quantity can be easily calculated based on the number of cycles. The enzyme
consumption is defined as the initially applied analytical activity divided by the total product
quantity.

Especially in the case of the GAC, where the reaction is extended over 600 cycles
(i.e.,>1000 h), special care should be taken concerning microbial contamination and growth,
storage during shut-down (weekend), and reliability of the equipment (for instance pH

control).

3.3. Operational Stability

Enzyme consumption strongly deter-
mines the economics of a CEP (Sect. 1.1.),
and therefore has to be estimated during
process development. One should take
into account, however, that both the sen-
sitivity of the enzyme to pH-, temperatu-
re-, and mechanical stress, and the opera-
tional circumstances like stirring, ‘uncon-
trolled’ pH-changes, microbial contami-
nation, and exposure of the biocatalyst to
air simultaneously may play arole in deg-
radation of the biocatalyst.

So it may be distinguished between a)
a test under operational conditions (re-
peated batch evaluation), which allows a
more precise prediction of the behavior
during production and of process econom-
ics, and &) ‘analytical’ methods which are
more suited in optimization of biocatalyst

preparation, e.g., by indicating the opti-
mal carrier or immobilization method.

Moreover, during tests under opera-
tional conditions, detailed information
about conversion, yield, intermediate and
by-products may be directly derived from
the in-process-control data (HPLC),
whereas the reactor effluent allows isola-
tion and analysis of the product. But the
latter procedures are very laborious and
time consuming.

3.3.1. Test under Operational
Conditions

In principle, a test under operational
conditions is meant to simulate produc-
tion conditions during a repeated batch
evaluation in order to determine the en-
zyme consumption [4]. Under operational
process conditions, defined amounts of
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biocatalysts are applied on laboratory scale
to automated stirred tank reactors with a
bottom sieve, representing a scale-down
model of the planned production facilities.
The biocatalysts are repeatedly used until
theinitial conversion time is doubled. Sub-
sequently, the enzyme consumption is cal-
culated from the initially applied activity
and the calculated total product yield from
all the cycles (Fig., Textbox 3).

In the case of DAO, approximately
100 cycles, i.e., two weeks of testing were
achieved, whereas the tests under opera-
tional conditions for GAC usually went on
for more than 600 cycles. It seems obvi-
ous that during enzyme development or
quality assurance suchlengthy procedures
are not acceptable. However, during the
implementation of the enzymes into the
CEP, tests under operational conditions
are very important, also for the acquisition
of data on process economics.

3.3.2. Analytical Tests at Elevated
Temperature

In order to obtain comparable stability
data on various carriers or procedures more
quickly, an accelerated stability test at an
elevated temperature (35-45°), shorten-
ing the life-time of the biocatalyst 4- to 8-
fold, may be recommendable.

Moreover, the data of enzyme decay at
various operating temperatures enables one
to calculate the activation energy for en-

zyme decomposition, which in turn con-
tributes to the mathematical modelling of
the absolute enzyme productivity. The data
needed can be collected in separated batch
series at elevated fixed temperatures [35—
37], or in a continuously working chemo-
stat with gradual temperature shift [38][39].
Using this Short Method for Activity and
Stabiliry, a quick comparison of samples
of GAC and CAE is possible within a few
days per sample, independent of the stabil-

ity of the biocatalyst.

During development of CAE, this meth-
od also allowed to select the optimal route
for immobilization of the enzyme, and its
predictions were later confirmed by rests
under operational conditions. However
by analytical tests at elevated tempera-
tures, only the thermodynamic character-
istics of the immobilized enzyme, but no
long-term effects, such as microbial

growth, are taken into account.

4. Enzyme Application

4.1. Reactor Design

A stirred tank reactor (2—10 m3) with
bottom sieve allows easy operation and
maintenance and an efficient separation of
product and biocatalyst. Moreover, it may
save on investment costs compared with
alternatives such as ‘continuous-cascade-

reactors’ and ‘column-reactors’.

Scheme 2. Reaction Paths for the Preparation of HACA from CephC and G1-7-ACA
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Also, stirred tank reactors may well
function in the case of GAC and CAE,
which have high specific activity and excel-
lent mechanical features resulting from the
commercial carrier. However, poor mecha-
nical properties and low specific activity of
the biocatalyst would result in reduced fil-
tration rates, ie., prolonged process time,
which in turn would lower the production
capacity and product yield. These parame-
ters turned out to be crucial during the
development of immobilized cells.

For the oxidative deamination of
CephC, the aeration with pure oxygen at
atmospheric pressure or with air under
pressure requires an effective system for
gas distribution at the inlet, as well as
effective stirring. In addition, recycling of
the gas might reduce emissions (e.g., am-
monia) and the need for the pH adjust-
ment. To avoid microbial contamination,
it is recommended to clean all gases used
for the tank drain-off and the oxygen sup-
ply by sterile filters.

4.2. Process Design

Since at constant gas flow, CephC fi-
nally becomes the rate-limiting substrate,
the steep increase of dissolved oxygen
might be used to determine the end of the
oxidation reaction with DAO. In the case
of GAC and CAE, the consumption of
alkaline solution for the neutralization of
glutaric and acetic acid usually indicates
the end of the reaction, Also, on-line HPLC
is known to be a reliable method for reac-
tion monitoring, but this requires more
investment and personnel.

One important feature of biocatalysts
is the ever-decreasing activity during pro-
longed use, which gradually increases the
time required for conversion. In order to
avoid hold-up of CephC from fermenta-
tion, regular addition of small portions of
fresh biocatalyst would compensate for a
decrease in activity. Moreover, the re-
maining activity may be exploited more
efficiently in this way.

A typical problem that might arise
during the repeated use of a biocatalyst is
the excessive growth of microorganisms,
as the reaction conditions are not sterile.
Besides product contamination, this can
lead to a decrease in apparent activity in
general. In the case of DAO, an incom-
plete conversion (accumulation of a-ke-
toadipyl-7-aminocephalosporanic acid)
due to the catalase activity of the contam-
inants is even likely to occur. Antimicro-
bial agents would cause regulatory and
waste-water problems, hence, microbial
contamination should be avoided by hygi-
enic precaution during preparation and
application of the biocatalysts.
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Finally, asmooth downstream process-
ing of the product is a prerequisite for high
yield and quality, because the aqueous 7-
ACA solution is not very stable at the
alkaline cleavage conditions.

4.3. Combined Reactions

The combined application of DAO and
GAC [5][6][31] or alternatively GAC and
CAEinasinglereactor (Scheme 2) seemed
to be an attractive way to save on equip-
ment and to reduce product losses due to
the shortened overall process duration.
For the conversion of GI-7-ACA into
HACA, a mathematical model was devel-
oped, that allows calculation of reaction
yields in the combined or the separate
application of GAC and CAE (Textbox 4).

In the special case of equally low en-
zyme inputs, the calculated yield of HACA
is higher using the combined application,
but at higher enzyme inputs, the separate
performance of GAC followed by CAE is
an advantage at all simulated substrate
concentrations (range 10-100 mMm GI-7-
ACA), although total conversion time is
shorter for the combined application.

It turned out experimentally that both
glutaric and acetic acid are inhibitors of
CAE and GAC (K between 40-60 mMm),
which may lead to a higher accumulation
of the relatively unstable 7-ACA resulting
in increased decay thereof and, finally, in
a lower yield of HACA.

By this model, it is demonstrated that
the combined use of enzymes may lead to
sub-optimal product yields as compared
with separate application, but that, on the
other hand, this might be overcome by
careful optimization of the ratio of GAC to
CAE activity.

Although such interrelations of DAO
and GAC in the cleavage of CephC into
7-ACA are not expected — as these en-
zymes are dissimilar in their inhibition
behavior — disadvantages of their com-
bined application in general may arise,
i.e., a) DAO may easily become rate-lim-
iting for the GAC reaction, as the fine-
tuning of enzyme input seems difficult,
and b) DAO and GAC are known to show
different operational stabilities [40].

Nevertheless, the combined applica-
tion of DAO and CAE - which to our
knowledge has not yet been published —
seems still interesting for the transforma-
tion of CephC into HACA, since a) the
operational stability of CAE and DAO is
similar, b) both enzymes act independent-
ly, and ¢) since GI-7-ACA and deacetyl-
GI-7-ACA are much more stable than 7-
ACA, the process yield is not very sensi-
tive to reaction conditions and duration.
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Textbox 4. Model for Simultaneous Application of GAC and CAE

The model is based on Michaelis-Menten assumptions, but also considers the reversibility
of all enzyme reactions (i.e., the reaction equilibrium), the appearance of an additional
product-enzyme-complex, as well as competitive inhibition by glutaric and acetic acid. The
complete kinetic parameters for the GAC and CAE reactions are experimentally measured,
verified, and finally combined in order to simulate the hydrolysis of GI-7-ACA into HACA by
the enzyme mixture at 20° and pH 8.0. Furthermore, the chemical degradation parameters
of all participating cephalosporin derivatives are determined and considered in the model,
which seems a powerful tool to predict not only reaction rates, but also side-products and
yields of hydrolysis (product isolation was not considered).
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