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Rational Enzyme Design:
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rus Hydrolase

So, where do natural products fit in this
brave new world? Two words are all that
are needed to answer this, quality and
utility. We should remember that natural-
products chemistries represent the great-
est sources of scaffold diversity and that
these scaffolds are pharmacophore rich,
i.e., the molecules are biologically rele-
vant and have been conserved through an
evolutionary process on the basis that they
confer competitive advantage on the pro-
ducing organism. The biological relevance
of these molecules is manifest in growth
and differentiation modulation, in enzyme
inhibition or regulation, in receptor ago-
nism or antagonism - biological events
common to human disease processes. The
ultimate test of quality and utility is mar-
ket sales, at the very pinnacle of which is

Organophosphorus neurotoxins are
widely used as insecticides in crop pro-
duction, municipal hygiene, and disease
vector control as well as providing the
major classes of chemical warfare neuro-
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the presenceof8 natural-products drugs in
the top 25 drugs of 1994.
However, the 'Achilles heel' of natu-

ral-products drug discovery is the time
and cost on a per target basis. Xenova has
revolutionised its approach to natural prod-
ucts to create chemical libraries that ena-
ble natural-products drug discovery to be
undertaken quickly and cost-effectively
and on a level-playing field with synthetic
chemicals. The three most important ele-
ments of this are technological innovation
(including informatics), process engineer-
ing and process management techniques.
Xenova has harnessed natural-prod-

ucts chemistries across many therapeutic
targets to create a group of preclinical
programmes with its corporate partners
and to establish a proprietary pipeline of
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toxins (V-agents and G-agents). Organo-
phosphorus hydrolase (OPH) is a bacterial
metalloenzyme which performs a hydro-
lytic cleavage of a variety of organophos-
phorus neurotoxins including common
insecticides and chemical nerve agents.
The enzyme is capable of hydrolyzing p-
O, P-F, P-S, and P-CN bonds of toxic
inhibitors of acetyl- and/or butyryl-cholin-
esterases (AChEs and BChEs) as well as
neurotoxic esterases (NTEs). While there
are numerous 'OP Anhydrolases' (E.C.
3.1.8.1) in many different organisms, most
of them have limited substrate specifici-
ties, and there are dramatic differences in
the hydrolytic capacity between classes of
substrates: phosphotriesters (P-O bonds),
fluorophosphonates (P-F bonds), and
phosphothioates (P-S bonds).

synthetic and semi-synthetic compounds
from preclinical research through to clin-
ical evaluation. The chemical output is
over 300 bioactive compounds, one-third
of which are novel including numerous
new chemical scaffolds.
New techniques, including combina-

torial biology and biotransformations, will
expand access to novel and challenging
chemistries based on natural scaffolds and
combinatorial-chemistry technologies will
be applied increasing to expand the struc-
tural diversity around pharmacophores of
natural origins. The author believes that
natural products will continue to provide
valuable drugs and will continue to repre-
sent one-third of the top 25 drugs for
decades to come.

The enzyme has extremely high effi-
ciency in hydrolysis of many different
phosphotriester and phosphothiolester
pesticides (P-O bond) such as paraoxon
(kcat > 5,000 S-I) and coumaphos (kenl =
800 S-I) or fluorophosphonate (P-F) neu-
rotoxins such as DFP (keal= 350 S-I) and
the chemical warfare agent Sarin (kcat =
350 S-I). In contrast, the enzyme has poor
specificities for phosphorothioate insecti-
cides such as acephate (keat= 5 S-I) and the
nerve agent VX (O-ethyl S-[2-(diisoprop-
ylamino )eth yI] methy lphosphonothioate)
(keat= 0.3 S-I) and its analogues as reflect-
ed by the specificity constants (kea/Km
values for VX - 0.75 X 103 M-1s-1 as
compared to 5.5 x 107 M-1S-1for paraoxon.
Different metal-associated forms of the
enzyme with Co or Zn at the binuclear
metal-active center demonstrated signifi-
cantly different hydrolytic capabilities for
VX and its analogues; the activity of OPH
(Co) was consistently greater than that of
OPH (2n) by five- to ten-fold. Significant
improvement of the catalytic activity (keat)
and substrate specificity (kca/Km) of this
stable, quite flexible enzyme (OPR) has
been achieved through site-directed muta-
genesis ofhistidinyl residues affecting the
metal content of the enzyme and apparent-
1ymodifying the boundaries of the active
site. Individual mutants have been devel-
oped which have demonstrated 20-fold
improvement in acti vity agai nst analogues
of VX and 30-fold improvement in activ-
ity against Soman. Many of these mutants
retain excellent catalytic activity and spe-
cificity for the native enzyme's preferred
phosphotriester substrates such as paraox-
on, despite the loss of one of the two
molecules of metal present in each native
enzyme. X-Ray crystallographic coordi-
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Biocatalysis and Process
Integration in the Synthesis of
Semi-synthetic Antibiotics

nates of the native wild-type apoenzyme
(fromH. Holden, U. Wisconsin) and mod-
eling of important features at the active
site suggest critical attributes that can be
further modified to continue the rational
design of this enzyme for bioremediation
of pesticide contaminants and CW A stock-
piles. OPH is one of the few enzymes
which has been shown to be capable of
hydrolyzing the P-S bond of various OP
pesticides; however, it possesses a wide
range of catalytic rates (0.0067-167 S-I).
Nonetheless, it has been possible to en-
hance the unique P-S bond hydrolysis of
this enzyme by selecting specific changes
in the amino acids bordering the active
site. Thus, it appears that the capacity for
further improvement is remarkable, and
the opportunity for a variety ofbiotechni-

Aile Bruggink*

Introduction

The fine chemical industry is one of
the industry segments where the impact of
biocatalysis is felt most profoundly. Pos-
sible explanations are [1][2]:
- the need to replace traditional, stoichio-

metric processes in order to improve
the product to waste ratio,
the failure to translate chemocatalytic
processes from petrochemicals to fine
chemicals,

- the ready acceptance of enzymes by
the organic chemist as part of his tool-
box, whereas organic chemistry is still
the dominating discipline in fine chem-
ical industry [3],
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cal applications from the development of
transgenic soil fungi and plants to whole
cell hydrolysis in slurry-bed bioreacter
systems to air stream purging and devel-
opment of neurotoxin-specific bioreac-
tors (see references) is quite pronounced.
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- the low entry barrier, i.e. low invest-
ments, for new technologies in this
small scale industry, facilitated by the
fact that fine chemical companies be-
come increasingly part oflarger indus-
trial conglomerates.

Synthesis of Semi-synthetic Antibiotics

The industrial production of semi-syn-
thetic antibiotics, with a history of some
30 years, is an outstanding example of the
development of biocatalysis. Cefalexin,
with an annual consumption of almost
2000 t, the largest cephalosporin on the
world market, serves as a useful illustra-
tion. The original synthesis (see Fig.) start-
ing from benzaldehyde and fermentation
of penicillin G was a ten-step process
employing stoichiometric chemistry only
and causing a waste stream of 30-40 kg
per kg of end product. Often 4-6 different
companies were involved to serve the chain
from basic raw materials to bulk drug;
nowadays one or two companies cover the
full production column.
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The Chemferm Process

In the Chemferm process (Fig.) only
six steps are needed, whereby biocatalysis
is involved in three of them [4]; a major
improvement through the eyes of the or-
ganicchemist [5]. However, when itcomes
to the design of the production plant for
the final coupling step, the engineers are
faced with an equilibrium process requir-
ing recycle of starting materials and han-
dling of many solids:
- crystallization and isolation of the de-

sired cefalexin,
- crystallization and recovery of excess

7-ADCA (= 7-aminodeacetoxycepha-
losporanic acid),

- crystallization and isolation of phe-
nylglycine from undesired hydrolysis
of both end product and side-chain
precursor.
So far, in our developments at Chem-

ferm, the environment has been the main
winner. Only aqueous waste streams con-
taining some simple inorganic salts are
produced, whereas the traditional process
releases methylene chloride and other sol-
vents and needs stoichiometric amounts
of silylating agents, Dane-salt-protected
side chains and acylating promotors (such
as pivaloyl chloride) which all end up as
waste.

The NOVO Process

An alternative process was developed
by NOVO, acquired and further improved
by Chemferm. Using /3-naphthol as com-
plexing agent, which surprisingly is com-
patible with the enzymatic condensation
conditions, an almost quantitative yield of


