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Biocatalysis is one of the oldest examples of
industrial biotechnology—and remains one of
the most useful. In 1914, the Röhm company

in Germany isolated the first enzyme preparation for
industrial use—the protease trypsin—which was
marketed as a powerful new detergent. The enzyme
powder was so effective that it was first sold in small
packages—so small that it “made the German house-
wives suspicious so that the product had to be refor-
mulated and sold in larger packages” (1). 

Despite such early marketing glitches, the effec-
tiveness and broad utility of industrial enzymes
have kept biocatalysis greatly in demand since that
day—in everything from food processing to paper
manufacturing to the production of textiles, as well
as in the development of fine chemicals and the
tools of genetic engineering. 

Burgeoning Biocatalysis
Today, the market in industrial enzymes is huge, and,
although estimates vary, the world market value is
expected to reach nearly $2 billion by 2005. The appli-
cations are diverse, but the majority of bulk indus-
trial enzymes are used in the detergent (37%), textile
(12%), starch (11%), baking (19%), and feed (6%)
industries (1).

The types of enzymes cover a broad category of
biochemical activities, although more than 75% of
the industrial enzymes used are hydrolases (which
catalyze bond cleavage while water is added). The
other 25% include isomerases (which promote inter-
nal structural shifts), ligases (which trigger molecu-
lar linkage), lyases (which catalyze the removal of

chemical groups), oxidoreductases (which promote
oxidation or reduction), and transferases (which trig-
ger the transfer of reactive groups). An extensive list-
ing of particular types of industrial enzymes and their
applications is available on the Biotechnology Indus-
try Organization website (www.bio.org/er/enzymes.asp).
The list includes amylases, cellulases, and lipases, each
of which falls under one of the broader catalytic
categories listed above.

Bacteria and fungi (including yeasts) are the
predominant fermentation cell sources for bulk indus-
trial enzymes—both for their ease of use in mass
production and their ability to be genetically engi-
neered for more favorable characteristics (see “Build-
ing with Biotech”, below). The use of production hosts
with “generally recognized as safe” (GRAS) status
provides regulatory assurances; similarly, microbial
sources are less likely to be contaminated with poten-
tially damaging compounds and dangerous pathogens
than are eukaryotic cells. Nonmicrobial sources (plants
and animals), however, remain key sources for many
of the rare or complex enzymes used in chemical analy-
sis or biomedicine.

Surprisingly, despite their widespread use, the bulk
enzymes used in industry are produced by a relatively
few key players. Novozymes (formerly a part of Novo
Nordisk) of Denmark and Genencor International, Inc.,
are the first- and second-largest manufacturers in this
sector, respectively (see box, “Selected Industrial
Enzyme Companies”). In the area of specialty enzymes,
the list of players is much greater, with a variety of
niche companies providing catalysts for everything
from bioremediation to gene therapy. 
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Boundaries and Benefits
So what are all these enzymes doing? Key applications of indus-
trial enzymes are surprisingly varied and seemingly omnipresent
in modern industrial society, including almost every area of modern
life, such as the following.

Detergents. As mentioned, the most significant use (and
one of the oldest) of industrial enzymes is to improve
soaps and detergents. Washing machines are a hostile
environment, and enzymes capable of breaking
down stains have to be adapted to function at a
high pH and a wide variety of temperatures
(especially high) to be useful in this arena.
In the late 1980s, lipases were first intro-
duced into powdered and liquid deter-
gents. The gene of one of the key
lipases was cloned from the ther-
mophilic fungus Humicola
lanuginosa and transferred
to the industrially
friendly Aspergillus
oryzae for mass
product ion .
Other enzymes
have also been
adapted to deter-
gent use. Amylases, for
example, are used to
remove starch-based stains.
And since the 1990s, cellulases
have been added to detergents to
act as color brighteners and softeners.

Food production. Enzymes are used
in almost every area of food production, from
baking to making cheese to manufacturing a
vast number of drinks (such as beer, wine, and
fruit drinks). In baking, amylases, cellulases, and
proteases help to process bread and pastry dough to
improve a variety of qualities including texture, volume,
stability, and crumbliness. Recombinant chymosin has signif-
icantly replaced rennet from calf stomachs as the key enzyme
for hard cheese production. Pectinases help to break down plant
cell walls, allowing more efficient extraction of juices for fruit
drinks and wine and improving the clarification process. A wide
variety of specialty enzymes are used for different products. For
example, specific proteases can be used to break down allergenic
components in soy or milk,
allowing them to be used safe-
ly as food additives. Enzymes
are also valuable in the produc-
tion of flavors and fragrances
for enhancing food quality.

Pulp and paper production.
Xylanases are used extensive-
ly to improve bleaching of kraft
pulp by helping to eliminate
the lignins that cause brown-
ing and by softening the wood
to reduce the expense of
mechanical pulping. Lipases
are used to reduce the pitch

content of the pulp. In recycled-paper production, enzymes
have proved valuable in the deinking process.

Textiles. Enzyme use in textile processing has a long history,
especially in leather production. The leather industry uses proteas-
es and lipases to remove unwanted residues from animal skins

as part of early processing, and proteases are used in the process
known as bating to soften the leather and make it easier

to dye. 
One of the most important processes in textile
cloth production is “sizing”, a method of protect-

ing fibers during weaving by coating them with
starch. Enzymes are used to remove the starch

without damaging the fibers in a process
known as desizing. And the fashion

guru in Queer Eye for the Straight
Guy would not be able to offer

his clients the wide variety of
differently faded jeans

necessary for being
stylish in the modern

world if it weren’t
for enzymes.
“Stone-washed”

denim and the
variously “aged”

textiles are now pro-
cessed with enzymes that

fade the dyes rather than
volcanic lava stones. As point-

ed out on the website of AB En-
zymes (formerly Röhm Enzymes), one

of the leading players, “Denim-finishing
enzymes account for almost 40% of the

market value. Other enzyme applications are
biofinishing, desizing, and the use of laccase

enzyme in decolorization of indigo dye in denim
finishing.”
Animal feed. One of the key applications of microbial-

derived enzymes in animal feed is the use of hydrolases to
break down complex molecules, such as nonstarch polysac-
charides and phytates, into components that single-stomach
animals such as chickens and pigs can digest. Without such
treatment, undigested components of the feed pass through
the animals, creating significant pollution, especially in
intensive farming conditions. 

Chemical production. Both
the bulk and fine chemical
industries increasingly rely on
enzymes. Numerous compa-
nies have developed and are
developing enzymes for the
production of polymers, phar-
maceuticals, and specialty chem-
icals such as amino acids,
antioxidants, vitamins, and
pigments. According to the
Diversa Corp. website, such
enzymes “are intended to reduce
manufacturing costs both by
reducing the amount and
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Selected Industrial Enzyme Companies

AB Enzyme www.abenzymes.com
Bio-Cat, Inc. www.bio-cat.com 
Dansico USA, Inc. www.danisco.com
Diversa Corp. www.diversa.com 
DSM Food Specialties USA, Inc. www.dsm.com
Enzyme Development Corp. www.enzymedevelopment.com
Genencor International www.genencor.com
National Enzyme Co. www.nationalenzymecompany.com 
Novozymes www.novozymes.com



number of steps necessary to produce these specialty chemicals
and polymers and by reducing the production of unwanted byprod-
ucts from these production processes.” Enzymes are particularly
efficient in the production of chiral molecules—which are criti-
cally important to the pharmaceutical industry.

In the oil industry, thermostable
enzymes that reduce viscosity have
been designed for use in deep and
high-temperature wells to increase
oil and gas extraction. This allows
greater extraction from existing
wells—a significant financial and
conservation benefit.

Miscellaneous. There are a wide
variety of other uses for enzymes
in industrial production. Increas-
ingly, enzymes have been used in
the cosmetics and personal-care
industry. Enzymes also have been
used for therapeutic purposes, from
wound treatment to gene therapy,
and, increasingly, as analytical
and processing agents for the phar-
maceutical and biotech industries.

Building with Biotech
Not only are industrial enzymes at
the focal point of a variety of appli-
cations as listed above, they are at
the heart of the biotechnology revo-
lution itself. Genetic engineering is
totally dependent on the availabil-
ity of specialty enzymes, includ-
ing restriction enzymes, proteas-
es, and DNA ligases. But the benefits
go both ways. Without biotechnol-
ogy, enzymes would be a far less
significant aspect of modern indus-
trial production. In fact, many key enzymes used in industry have
been the subject of protein engineering and/or are produced in
genetically modified organisms (3).

Examples of genetic modification of industrial enzymes abound.
“Directed evolution” techniques use a variety of methods for
engendering random mutations, followed by recombination and
selection to “evolve” enzymes to a desired stability or catalytic
activity. One method of directed evolution is DNA shuffling
using PCR techniques, which has been used to improve both the
thermal and oxidative stability of peroxidases by more than
100-fold. In other examples of genetic modification, random
peptide extensions have been used to increase the stability of
catalase. And using rational design techniques, eight stabilizing
mutations have been performed on a metalloprotease (aptly
renamed Boilysin) to the point where it can withstand 100 °C
temperatures and a variety of denaturants. 

And researchers at Diversa Corp. recently reported on the
creation of a highly enantioselective nitrilase using gene site satu-
ration mutagenesis (GSSM). GSSM is a directed evolution tech-
nique that creates testable libraries by replacing each of the amino
acids of a protein with each of the other 19 commonly occurring
amino acids and then screening the transformed protein for desir-

able characteristics (4). 
Not only genetic engineering but also chemical synthesis can

be used to develop improved enzymes. Artificial peptidases and
nucleases were synthesized in the laboratory of Junghun Suh at
Seoul National University (www.snu.ac.kr) through the creation

of active sites by connect-
ing two or more organic
functional groups on macro-
molecular backbones. In one
example, an artificial nucle-
ase was created in which
DNA hydrolysis was greatly
enhanced by attaching a
metalloenzyme-center active
component to polystyrene.
In another example, an arti-
ficial peptidase was created
by using cytosine-contain-
ing peptide nucleic acid
oligomers and copper or
cobalt as the catalytic
moieties (5). Similarly,
attachment of functional
groups or stabilizers to
common enzymes can alter
properties artificially. For
example, conjugation of a
penicillin acyclase with a
reactive copolymer, N-iso-
propylacrylamide, improves
the enzyme’s thermostabil-
ity significantly (6).

Future Prospects
And so the search and devel-
opment go on. Bioprospect-
ing in the wild and infor-
matics mining in genomic

databases are discovering more and more naturally occurring
enzymes with unique properties adaptable to industrial use. These
new as well as already extant enzymes have the capability to
become seemingly whatever the biotechnologist chooses them
to be through the use of protein engineering and directed
evolution. Add to this the developing ability to create artificial
enzymes (synzymes) and to modify existing enzymes with nonbi-
ological but functional prosthetics to increase stability, localiz-
ability, or function, and a revolution in biocatalysis seems
inevitable—a veritable ferment, if one might dare to say.
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Aiming at Alien Acids

The 20 naturally occurring proteinogenic amino acids are no
longer the only cards in the deck for “playing” with enzymes.
Each of these standard amino acids has a unique transfer RNA
(tRNA). This tRNA shepherds the specific amino acid into the
developing protein by making a match with a particular
three-base sequence of RNA during translation. To create
alternative proteins using novel amino acids, equally novel
translation systems are required. This is commonly done by
creating mutant aminoacyl tRNA synthetases that can accept
the particular nonnatural amino acids. Researchers have engi-
neered proteins by site-directed incorporation of different amino
acid analogues (for example, among usable phenylalanine
analogues are p-chloro- and p-bromophenylalanine). Altered
amino acids have the potential to add new catalytic abilities,
new reactive sites, labeling sites, and linkage sites to enzymes. 

Systems for incorporating new amino acids, perfected in
vitro, are adaptable to in vivo use by creating transformed
cells that can act as bioreactors for the production of altered
proteins. Researchers also have mutated the tRNA itself to
expand the potential alternatives. A recently developed method
for adding unique amino acids uses ribozymes—enzymatical-
ly active RNAs. Ribozymes capable of specifically recognizing
each amino acid and tRNA are possible. According to research
by Y. Bessho and colleagues at the University of Buffalo
(www.buffalo.edu), changing the tRNA specificity of these
ribozymes may be easier than changing the tRNA specificity
of an aminoacyl tRNA synthetase (2).


