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Scheme 2. Comparison of Enzymatic and Conventional Chemical Resolution Processes for DL-PL
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Practical hydrolysis of the D-PL in a
racemic mixture is carried out using im-
mobilized cells of F. oxysporum as the
catalyst. Stable catalyst with high hydro-
lytic activity can be prepared by entrap-
ping the fungal cells into calcium alginate

gels. When the immobilized cells were
incubated in a reaction mixture containing
350 g/i pL-PL for 21 h at 30° under the
conditions of automatic pH control (pH
6.8-7.2), 90-95% of D-PL was hydro-
lyzed (optical purity, 90-97% ee). After
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repeated reactions for 180 times (i.e., 180
d), the immobilized myceliaretained more
than 90% of their initial activity.

The overall process for the present
enzymatic resolution is compared with the
conventional chemical process in Scheme
2. The enzymatic process can skip several
tedious steps which are necessary inchem-
ical resolution and is highly advantageous
for the practical purpose.
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Introduction

Vitamin B, (riboflavin) is produced
for large-scale commercial applications
by chemical synthesis or by a combined
fermentative/chemical process. In the last
years, novel microbiological production
processes for synthesis of riboflavin were
developed, some of which represent at-
tractive alternatives to the current produc-

*Correspondence: Dr. A.P.G.M van Loon
Biotechnology, Vitamins and Fine Chemicals
Division

F. Hoffmann-La Roche Ltd.

CH-4070 Basel

tion processes. The novel Roche process
uses arecombinant Bacillus subtilis strain.
Here, we describe the development of this
strain, its use in fermentation, product
purification, and analytics. In addition, we
discuss other aspects relevant for the in-
troduction of a novel biotechnology-de-
rived product for application in animal
feed and human nutrition, such as safety
evaluationand environmental aspects. The
Roche process offers the possibility to
obtain a product of superior quality by
using more environmentally friendly pro-
duction technology. Riboflavin, thus, re-
presents a good example to illustrate the
contribution of modern biotechnology to
replace traditional mineral-oil-based chem-
ical processes by more natural °‘green’
production processes based on renewable
resources like starch or vegetable oil.

Commercial Application

Riboflavin is mainly used in animal
feed and human food. In feed, riboflavin is
important as a vitamin for live stock. In
food, riboflavin like other vitamins is add-
ed mainly to compensate for the loss of
vitamins resulting from industrial process-
ing. In addition, riboflavin is used as a
colorant for, e.g. soft drinks. Only a small
amount of the riboflavin sold is used in
human pharmaceutical applications to
compensate for vitamin deficiencies. Each
year, several thousand tons of riboflavin
are produced worldwide, mainly by F.
Hoffmann-La Roche Ltd. (Switzerland)
and BASF (Germany).

Current Production Process

Currently, riboflavin is produced main-
ly by chemical synthesis starting from
ribose, which is obtained fermentatively
using Bacillus strains. This process has
been developed and continuously im-
proved in the last decades [1]. Develop-
mentof biotechnological processes for the
commercial production of riboflavin has
been a focus for research for many years
{2—4], however, until recently, these pro-
cesses were not economically competi-
tive. Riboflavin production strains were
developed on the basis of eukaryotic fungi
or prokaryotic bacteria. The fungus Ashb-
ya goshypii is a naturally occurring over-
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producer of riboflavin, which already ac-
cumulated high amounts of riboflavin in
its culture medium prior to strain improve-
ment [5]. The bacterial strains, which are
under development now (mostly Bacillus
subtilis), are no natural riboflavin over-
producers. For example, the wild type B.
subtilis strain Marburg 168 secretes negli-
gible amounts of riboflavin into the cul-
ture medium. The use of fermentation
processes for riboflavin production offers
significantadvantages compared tochem-
ical production, not only from an econom-
ic point of view, but also with regard to
productquality and environmental aspects
of production (see below). It is, thus, to be
expected that chemical synthesis will be
replaced by fermentation in the next few
years.

Biosynthetic Pathways Leading to
Riboflavin

Riboflavin biosynthesis starts from
guanosine triphosphate (GTP) and ribu-
lose-5-phosphate and requires at least six
enzymatic activities [6][7]. In B. subtilis,
the genes for these six enzymes are clus-
tered in the 4.3 kb riboflavin (rib) operon
[8]. The rate of riboflavin production in B.
subtilis is affected by the ribC gene locat-
ed outsite the rib cluster [9]. The ribC
gene, which has been cloned recently,
encodes a flavin kinase converting ribo-
flavin into the biologically active cofac-
tors flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD) [10].
The exact relationship between the kinase
activity of RibC and repression of ribofla-
vin biosynthesis is subject of ongoing in-
vestigations.

Bacillus subtilis as Riboflavin
Producer

Bacillus subtilis can be converted
into a commercially attractive producer
of riboflavin by a combination of ‘classi-
cal’ mutation-selection and ‘modern’
molecular biology approaches. The B.
subtilis riboflavin overproducing strain
RB50::(pRF69),::(pRF93),, developed in
a joint effort by OmniGene Bioproducts
Inc., Boston, and F. Hoffmann-La Roche
Ltd., Basel, contains various classically
introduced mutations aftecting regulation
of the purine pathway [2]. Another muta-
tion resulting in resistance against the ri-
boflavin analog roseoflavin relieves the
strain from the repressive effects of RibC.
These classical mutations lead to B. subti-
lis strains which already secrete signifi-

cant amounts of riboflavin into the culture
broth. The riboflavin productivity of the
strains was further improved by applying
molecular biology methods. First, expres-
sion of the rib genes was brought under the
control of strong promoters resulting in
the modified rib opera pRF69 and pRF93.
Subsequently, after integration into the
Bacillus subtilis genome the copy num-
bers of pRF69 and pRF93 were increased
(to copy numbers n and m). Based on B.

subtilis strain RB50::(pRF69),,::(pRF93),, '

a glucose limited fed-batch fermentation
was developed to a commercially attrac-
tive process for large-scale riboflavin pro-
duction. Because of the high riboflavin
titers and the very short cycle time, this
Bacillus process surpasses all other mi-
crobial riboflavin production processes
available to date.

Riboflavin Isolation and Product
Quality

Riboflavin accumulates in the culture
medium, whereas only minor amounts of
the product remain inside the biomass.
Due to the low solubility of riboflavin in
neutral aqueous solvents, the fermenta-
tion product accumulates as needle-like
crystals, which can be easily separated
from the biomass by differential centrifu-
gation. Subsequent washing of the crys-
tals with hot diluted acids results in a
product with a minimum riboflavin con-
tent of 96% which is suited for feed appli-
cations. Further recrystallization from hot,
concentrated acid solutions provides a
more than 98% pure product suitable for
all human applications. The recrystalliza-
tion used to obtain the latter quality is
identical to the process used to purify the
chemically produced riboflavin.

Safety Evaluation: The Concept of
‘Substantial Equivalence’

In many countries, food and food in-
gredients obtained from genetically mod-
ified organisms require a formal premar-
ket approval. This is primarily to ensure
the safety of the thus produced products
and to assess any possible public health
effects. Concepts and guidelines for the
safety evaluation of novel food products
have been elaborated by various national
and international organisations. The com-
mon idea of all these assessment concepts
focuses on the principle of ‘substantial
equivalence’, a term originally elaborated
by the OECD [11]. For a complex food or
food ingredient, substantial equivalence
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means identity or sufficient similarity with
a traditional food or ingredient as regards
composition, nutritional value, metabo-
lism, intended use, and the level of unde-
sirable substances contained therein.
Therefore, the safety evaluation and hence
the premarket approval of a novel product
will depend and rely on a sufficient dem-
onstration of the substantial equivalence.

Comparison of ‘Chemical’ with
‘Fermentative’ Riboflavin

The elaboration of the substantial
equivalence for riboflavin obtained from
fermentation, a key factor for obtaining
premarket approval, has been addressed
twofold. First of all, the recrystallization
step leading to the final food quality mate-
rial (minimum riboflavin content 98%)
was deliberately chosen to remain identi-
cal to the process currently used to purify
the chemically produced material. This
was meant to yield a sufficiently similar
product quality compared to the synthetic
material. In a second step, the actual prod-
uct quality was examined by means of
HPLC analysis of several pilot production
batches and compared with the existing
synthetic material. All peaks detected in
the fermentatively obtained material by
HPLC could be identified and shown to be
also present in the synthetic material. The
fermentative material had slightly lower
levels of impurities and higher levels of
riboflavin. Although a riboflavin content
of 96% and 98% is guaranteed, the analyt-
ical results showed that the actual meas-
ured values are close to 100%, e.g. the
average measured riboflavin content for
the declared 98% material is 99.9%. Fur-
thermore, no DNA was detected in the
fermentation samples applying highly sen-
sitive PCR techniques. Riboflavin from
fermentation is substantially equivalent or
even slightly superior to riboflavin from
chemical synthesis: it meets the same prod-
uct specifications and corresponds to the
same quality criteria that are valid for the
synthetic product.

Environmental Aspects

The environmental impact of the novel
fermentation process for riboflavin com-
pared to the existing chemical synthesis
was also assessed by comparing the raw
materials and energy streams used for
both processes. It was shown, that the
fermentation process offers significanten-
vironmental and economic advantages,
primarily, because it uses predominantly
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natural renewable raw materials. 87% of
the raw materials used in the fermentation
is glucose as opposed to 23% glucose used
inthe chemical synthesis. This reduces the
use of organic solvents and other chemical
substances and yields 36% less air emis-
sions and wastes. Furthermore, energy
consumption can be reduced by 25%.

Conclusion

Development of a successful commer-
cial process using ‘modern’ biotechno-
logical approaches requires not only the
construction of a high-performing strain
and optimization of a fermentation pro-
cess, but also major activities related to
product quality, safety, and acceptance.
The use of recombinant technology for
strain improvement makes premarket ap-
proval mandatory in many countries, which

is not necessarily the case for ‘classical’
mutation-selection approaches. The ex-
tensive reviews done by the various na-
tional authorities during the evaluation
process ensure optimal product safety.
Thus, despite its image with parts of the
general public, use of recombinant DNA
technology adds to the safety of the prod-
ucts produced.
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Bioprocess Technologies
Depending on the Molecular
Structure of Pharmaceutical

Products

Berthold G.D. Bodeker*

The source material for biopharma-
ceuticals varies considerably comprising
plant or animal organs, human plasma,
microbial or mammalian cell fermenta-
tion, transgenic animals and others. Prod-
ucts include secondary metabolites as well
as natural and recombinant peptides and
proteins. Each of these products depend-
ing on the source material requires its own
bioprocess technologies toresultina prod-
uct of high quality and safety for human
use. Three examples of biopharmaceuti-
cals are described covering the range from
a secondary metabolite from large-scale
actinomycete fermentation to a protein
obtained from organ extraction to a re-
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combinant protein from continuous fer-
mentation of genetically engineered mam-
malian cells.

Acarbose — a New Antidiabetic Drug
from Actinoplanes

The pseudo tetrasaccharide Acarbose
consisting of an acarviosin and a maltose
unit is a competitive inhibitor of o-gly-
cosidases. Clinically it is used for diabe-
tes-type-1 and -1I therapy representing a
novel principle in diabetes treatment by
delaying the digestion of polysaccharides.

Acarbose is a secondary metabolite
from Actinoplanes spec. Itis commercial-
ly manufactured in large-scale fermenta-
tion followed by a multistep purification
process. In order to achieve an economical
process an extensive amount of process
development had to be performed, since

the product — as most secondary metabo-
lites — was originally produced in very
small quantities by the cells. The main
focus in process development was there-
fore a strain improvement program by
stepwise selection using various muta-
gens and protoplast fusions. Indeed, it was
possible over a long period of time to
increase productivity of the Actinoplanes
cells by orders of magnitude. A second
focus of process development was the
fermentation process. Here, it was impor-
tant by fine tuning of the cultivation pa-
rameters to maximize product yields and
minimize concentration of similar by-prod-
ucts which are difficult to separate from
Acarbose during down stream processing.

After more than a decade of intense
developmentithasbeen possible toachieve
acommercially viable large-scale process
to produce Acarbose in the hundreds of
tons scale, whereas particularly strain im-
provement and accompanying fermenta-
tion and purification development are still
ongoing to succeed in an even more eco-
nomical process.

Aprotinin — a Protease Inhibitor from
Bovine Lungs

Trasylol®, which is the trade name for
the protease inhibitor aprotinin from bo-
vine lungs, is used in the clinical indica-
tion of open heart surgery to minimize
blood loss. The protein with a molecular
weight of 6512 represents a classical ex-
traction product manufactured by solvent
extraction of bovine lungs followed by



