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Watson and
Crick in 1953.

Figure 1.11 James D. Watson and Francis Crick.

Figure 1.12 Alexander Rich.



1.9 The Biopharmaceutical Revolution

many, the RNA double helix led about 40 years later to the discovery of micro
RNAs and RNA interference. Beadle and Tatum received the Nobel Prize in 1958
for demonstrating the relationship between genes and enzymes. Three years later,
Monod and Jacob discovered the regulation of gene expression and, in 1962, Smith
and Arbor described restriction endonucleases.

The year 1966 was a very important one, during which the genetic code was
deciphered by Nirenberg, Matthei, Leder, Khorana, and Ochoa. Shapiro and Beck-
with isolated a gene in 1969 and Khorana chemically synthesized a gene in 1970.
Until this point, genetic recombination was recognized to occur only between
organisms of the same species or of closely related species. Even in the laboratory,
protoplast fusion was restricted to genetically related species. All organisms had
restriction endonucleases that recognized foreign DNA and destroyed it so that
“illegitimate recombination” would not occur.

Then in 1972-1973, the development of recombinant DNA by Berg, Cohen, and
Boyer at Stanford University and the University of California, San Francisco, trig-
gered the birth of modern biotechnology [194]. These workers discovered how to
use restriction enzymes to cut DNA molecules, how to use another enzyme, DNA
ligase, to join DNA molecules from different organisms, and how to introduce the
rDNA via a vehicle (e.g., plasmid, phage) into E. coli. They thus defied nature and
carried out recombination across species barriers. This propelled biotechnology to
new heights and led to the establishment of a new biopharmaceutical industry in
the United States and around the world.

The revolutionary exploitation of basic biological discoveries, which began in
1971, did not take place in a vacuum but heavily depended upon the solid structure
of the fermentation industry. At that time, a physician (Peter Farley), a biochemist
(Ronald Cape, Figure 1.13), and a Nobel Laureate physicist (Donald Glaser), with
several others, conceived of the commercialization of rDNA technology and estab-
lished the Cetus Corporation in Berkeley, California, in 1971. Thus began one of
the most exciting adventures in the history of industrial biotechnology. The vision
of these Cetus founders led to the establishment of a major biotechnology indus-
try, serving the needs of patients throughout the world and revolutionizing the
practise of industrial microbiology.

The second biotechnology company was established in 1976, across the bay from
Cetus in South San Francisco, by Herbert Boyer and Robert Swanson. In that same
year, a human gene was expressed in bacteria and yeast DNA was replicated and
expressed. By 1978, Genentech had developed human insulin and tissue plasmino-
gen activator (tPA). Also in 1978, bacterial DNA was successfully inserted into
yeast chromosomes and Biogen was founded in Cambridge, Massachusetts. In
1979, yeast protoplasts were transformed by a hybrid E. coli/yeast plasmid. Amgen
was founded in southern California in 1980, the same year that a monumental
ruling was made by the US Supreme Court stating that living organisms could be
patented. This was based on the work of Ananda Chakrabarty.

In 1981, Genetics Institute, Chiron, and Genzyme were formed and the first
recombinant diagnostic kit was approved by the FDA. In 1982, recombinant
human insulin was ready for the marketplace as a Genentech/Eli Lilly endeavor.
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Figure 1.13 Ronald Cape.

Other products soon followed: human growth hormone in 1983; o-interferon, and
recombinant hepatitis B vaccine in 1986; tPA in 1987; erythropoietin (EPO) in
1989; granulocyte colony-stimulating factor (G-CSF) in 1991; Factor VIII in 1992;
and B-interferon in 1993.

Although Cetus is no longer in existence as an independent corporate entity,
having been incorporated into Chiron Corporation in 1991, it should long be
remembered as the founder of modern biotechnology and the developer of the
polymerase chain reaction (PCR) in 1985, a technique of enormous importance
today. Indeed, the PCR principal investigator, Cary Mullis, holds the only Nobel
Prize (awarded in 1993) ever given to a scientist for their work in the biotechnology
industry.

Since then, thousands of companies have been established, including Immunex,
Centocor, MedImmune, etc. Many of them invested in modern biotechnology with
no clear idea of the future but with the faith that genetics would lead to products
that could not even be conceived of at the time; indeed this dream came true in a
major way. This led to an explosion of investment activity in new companies,
mainly dedicated to innovation via genetic approaches. Newer companies entered
the scene in various niches such as microbiological engineering and downstream
processing.

By 1988, there were about 440 biotechnology companies and 70 large pharma-
ceutical, chemical, and energy corporations in the United States devoting all or
part of their resources to biotechnology. In 1993, the field served the following
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areas: 41% therapeutics, 27% diagnostics, 15% supplies, 9% agricultural, and 8%
chemical, environmental and services. The number of US companies increased
to about 1500 by 2003. The number of US employees was 191000 in 2002. R&D
spending on biotechnology in the United States in 2000 amounted to US$21
billion and revenues were US$36 billion.

A significant number of biotechnology companies and departments of large
companies were also established in Europe and Asia. The 2005 world market for
rDNA products amounted to US$43 billion. Today, large pharmaceutical compa-
nies have major holdings in some of these companies and biopharmaceutical
revenues have reached over US$60 billion.

The rDNA pharmaceutical market dealt with four principal areas: (i) blood
products (thrombolytics, dismutases, septic shock drugs, clotting agents, erythro-
poietin); (ii) immunotherapy products (o-, B-, and y-interferons, interleukins,
colony-stimulating factors; (iii) infectious disease combattants (hepatitis B vaccine,
AIDS vaccine); (iv) growth factors for mammalian cells (epidermal growth factor,
insulin-like growth factors, fibroblast growth factors, transforming growth factors,
platelet-derived growth factor, growth hormone releasing factor, lung surfactants,
and tumor necrosis factor).

Many benefits to society have come from biotechnology [195]. (i) Diabetics
no longer have to fear producing antibodies to animal insulin. (ii) Children defi-
cient in growth hormone no longer suffer from dwarfism or fear the risk of
contracting Creutzfeldt—Jakob syndrome. (iii) Children who have chronic granu-
lomatous disease are able to have a normal life by taking y-interferon therapy. (iv)
Patients undergoing cancer chemotherapy or radiation therapy recover more
quickly with fewer infections when they use granulocyte colony-stimulating factor
(G-CSF).

The success of the biopharmaceutical revolution can be seen in the following
data. Between 1997 and 2002, 40% of the drugs introduced into medical practise
came from biotechnology companies. The five largest pharmaceutical companies
in-licensed from six to ten products from biotechnology or specialty pharmaceuti-
cal companies yielding 28-80% of their revenue. The biotechnology industry had
two drug/vaccine approvals in 1982, none in 1983/1984, one in 1985, and 32 in
2000! The number of patents granted to biotechnology companies rose from 1500
in 1985 to 9000 in 1999. The major products of the biopharmaceutical industry
are discussed below.

1.9.1
Human Insulin (Novolin, Humulin)

Human insulin will always be remembered as the product that launched the
biopharmaceutical industry. The first recombinant protein produced and then
approved by FDA, human insulin was developed by Genentech in 1979 and pro-
duced industrially in 1982 by Eli Lilly. Previously, the process required extraction
from the pancreas of dead cattle and pigs and the product was not identical to
human insulin. Furthermore, the animal products contained impurities that
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caused allergic reactions. These problems were all solved by recombinant human
insulin.

1.9.2
Erythropoietin (Epogen, Procrit)

Erythropoietin (EPO) is a bone marrow factor for kidney disfunction and for
chemotherapy patients used for treatment of chronic renal failure in patients
using kidney dialysis. It acts to ameliorate certain anemias by stimulating produc-
tion and differentiation of red blood cells. The product entered clinical trials in
1985 and was approved in 1989. It is also useful for anemia caused by azidothy-
midine (AZT) for AIDS and by chemotherapeutics for cancer. EPO is also
given to patients who want to use their own banked blood instead of the blood of
others.

1.9.3
Interferons

o-Interferon (Intron-A, Roferon) was cleared by the FDA for use against Kaposi’s
sarcoma, chronic myeloid leukemia, genital warts, and hairy cell leukemia. It
became useful in antiviral therapy. By 1992, it had been approved for hepatitis B
and C. B-Interferon (“Betaseron,” recombinant interferon P-la, Avonex) was
approved by the FDA for multiple sclerosis in 1993 and y-interferon in 1990 for
treatment of chronic granulomatous disease.

1.9.4
Human Growth Hormone (Somatotropin, Somatropin; Humatrope, Nutropin,
Protropin, Somatren, Serostim)

An early effort of the Genentech organization was the production of human
growth hormone (hGH) which had immediate application in the treatment of
abnormally small children. Up to 1984, hGH had been produced from pituitary
glands of human cadavers. It was very expensive and, in some cases, the material
was contaminated with Creutzfeldt-Jakob virus, resulting in death. Since then,
recombinant hGH has replaced the pituitary material and this has eliminated the
problem. Although hGH was originally approved only for treating dwarfism, it was
later approved for 11 indications; much of it is sold for burns and as an anti-aging
product.

1.9.5
Tissue Plasminogen Activator (Activase, Alteplase)

Tissue plasminogen activator (tPA) dissolves blood clots in human coronary
arteries and is prescribed for rapid cessation of heart attacks (acute myocardial
infarction), deep vein thrombosis, pulmonary embolism, and stroke. It was
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introduced on the market in late 1987. Use of tPA was extended to stroke patients
in 1996.

1.9.6
Interleukins

Interleukin 2 (IL-2, proleukin) showed activity against renal cell cancer and was
approved in 1992. In early 1998, FDA approved recombinant IL-11 (Neumega) for
treatment of cancer chemotheraphy-related thrombocytopenia (i.e., low platelet
count), due to its ability to stimulate platelet formation.

1.9.7
Factor VIII

Patients with hemophelia traditionally received blood coagulant products derived
from human plasma to correct their deficiency of the blood-clotting protein Factor
VIII. Unfortunately, 60% of these patients became infected with HIV, hepatitis,
or other diseases whose viruses contaminate such products. Clinical trials began
in 1989 on recombinant Factor VIII for use in hemophelia. The FDA approved
the product in 1993.

1.9.8
Colony-Stimulating Factors

Colony-stimulating factors are bone marrow factors for kidney disfunction and for
chemotherapy patients. Granulocyte colony-stimulating factor (G-CSF; Neupogen,
Filgrastim, Leukine) was approved in 1991 for chemotherapy-induced white blood
cell deficiency (neutropenia). Granulocyte macrophage colony-stimulating factor
(GM-CSF) was also approved in 1991 for stimulation of white cell growth in
autologous bone marrow transplants.

1.9.9
Human DNase (Pulmozyme)

Human DNase was approved by the FDA in 1994 for cystic fibrosis (CF). It was
the first new drug in 30 years for CF, a disease that affects 30000 people in the
United States. In clinical trials, DNase has also shown efficacy in chronic bron-
chitis, a disease that affects 2 million people in the United States.

1.9.10
Glucocerebrosidase (Cerezyme)

Glucocerebrosidase was approved in 1994 for the genetic disorder Gaucher’s
disease. Patients lacking this enzyme cannot prevent lipid accumulation in vital
organs and bones.
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1.9.11
Monoclonal Antibodies

Monoclonal antiobodies (mAbs) were discovered by Georges Kolter and Cesar
Milstein in the United Kingdom in 1975 [196]. They fused a mouse skin cancer
cell (“myeloma”) with an antibody-producing white cell. The result was a hybrid
cell (“hybridoma”) which produced a pure specific antibody. The two immunolo-
gists were awarded the Nobel Prize in 1984. Previously, polyclonal antibodies
(pAbs) had been used but they contained varying specificities and affinities and
were very variable. They had been produced by the entire immune system of the
animal, whereas mAbs were produced by single cells of the immune system.

For mAD production, mice were immunized with a single antigen, allowed to
show an immune response, their spleens were removed, cells extracted, fused with
cells of mouse lymphoma cell line (immortal cancerous). Then, the fused “hybri-
doma” cells were cloned and screened to isolate those hybridoma cells that excreted
the specific desired antibody. Since the human body could react in an undesirable
way to mouse sequences, the mAbs were “humanized” by genetic engineering
techniques. The mice were genetically engineered so that human genes encoding
human heavy chains and human kappa light chain replaced the relevant mouse
genes which were eliminated. Monoclonals could also be made in human immune
cells. They were used to bind or block the binding of a target protein as a “magic
bullet” in which a drug or a radioisotope is brought to a designated target.

After 2000, mAbs became the fastest growing therapeutic protein class, reaching
a market of US$6.8 billion in 2006. ReoPro was the first successful therapeutic
mADb, being approved in 1994 for inhibition of platelet aggregation (blood clotting).
It successfully prevented complications of angioplasty such as death, heart attack,
and need for repeat angioplasty. It was followed by four more monoclonals in
1998: (i) infliximab (Remicade) inhibited tumor necrosis factor (TNF) and was
approved for Crohn’s disease and also for rheumatoid arthritis; (ii) basiliximab
(Simulect) was used prophylactically against acute organ rejection in patients
receiving renal transplantation, along with ciclosporin and corticosteroids; (iii)
trastuzumab (Herceptin) targeted the epidermal HER2 growth factor receptor
protein oncogene and was used for late-stage metastatic breast cancer in 25-30%
of the women with this disease and whose tumors overexpressed HER2; (iv) pal-
ivizumab (Synagis, MEDI-493) for prevention of lower respiratory tract disease
caused by the respiratory syncytial virus. This was the first mAb against an infec-
tious disease and was used to stop respiratory syncytial virus (RSV) leading to
serious lower respiratory tract disease in pediatric patients. Adalimumab (Humira)
was approved in 2003 for rheumatoid arthritis. Another very important mono-
clonal is retuximab (Rituxan), used for non-Hodgkin’s lymphoma.

1.9.12
Additional Biopharmaceuticals

Other important products include: (i) etanercept (Enbrel), approved in 1998 for
rheumatoid arthritis via its binding and inhibition of TNF, a protein involved in
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inflammation; and (ii) imatinib (Gleevec, Glivec), which is active against chronic
myelogenous leukemia (CML). CML is a disease caused by genetic translocation
between chromosomes 9 and 22, generating an abnormal protein, Brc-Ab1, which
causes uncontrolled proliferation of white blood cells resulting in leukemia. Imat-
inib blocks the action of Brc-Ab1 and is also active against gastrointestinal stromal
tumor (GIST).

1.10
Recombinant Hosts

High cell density fermentation of microorganisms reaches levels of 233 g dry cell
weight/l for bacteria and 268g dry cell weight/l for yeasts [197]. Mammalian
polypeptides are produced in these microbes at levels up to 70% of cell protein
and concentrations as high as 15g/1.

1.10.1
E. coli

The first most popular bacterial system for production of recombinant proteins
was E. coli. Early in the era of biopharmaceuticals, it was realized that the same
milligram quantities of mammalian polypeptides that were being produced in a
few liters of recombinant E. coli broth previously had to be extracted from the brain
tissue of half a million sheep. The benefits of E. coli as a recombinant host, in
addition to high cell densities and elevated product yields, included the following:
(i) it was easy to quickly and precisely modify the genome; (ii) growth was rapid;
(iii) culture conditions were simple; (iv) protease activity was easily reduced; (v)
avoidance of incorporation of amino acid analogs was possible; (vi) promoter
control was simple; (vii) plasmid copy number could be altered easily; (viii) altera-
tion of metabolic carbon flow was not a problem; (ix) formation of intracellular
disulfide bonds was easy; (x) accumulation of heterologous proteins amounted to
as much as 50% of dry cell weight; (xi) survival was possible under a wide variety
of environmental conditions; (xii) expensive medium ingredients were not
required; and (xiii) performance was reproducible especially with computer control
[195].

One problem with E. coli was the formation of the heterologous proteins in the
form of inclusion bodies. In this form, the recombinant proteins were inactive,
aggregated, and insoluble, usually possessing non-native intra- and intermolecular
disulfide bonds and unusual free cysteines. To produce active protein, these bodies
had to be removed from the cell by homogenization, washing, and centrifugation,
solubilized by denaturants (guanidine HCI, urea, sodium dodecyl sulfate) which
unfolded the protein, and treated with reducing agents which broke the disulfide
bonds. Then, refolding was carried out by removal of denaturant and reducing
agent. The renaturation processes used were (i) air oxidation, (ii) the glutathione
reoxidation system, and (iii) the mixed disulfides of protein-S-sulfonate and pro-
tein-S-glutathione systems. Heterologous recombinant proteins were also made
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in biologically active soluble form at high levels by fusing their genes to the E. coli
thioredoxin gene. Many human proteins were produced at levels of 5-20% of total
proteins as fusions in E. coli cytoplasm. Some fusions retained the thioredoxin
properties of (i) being released by osmotic shock or freeze/thaw methods and (ii)
high thermal stability.

Another useful method of reducing the formation of inclusion bodies contain-
ing heterologous proteins in E. coli is to lower the temperature of growth from 37
to 30°C. Products made in E. coli include human insulin, human growth hormone,
o B y-interferons, and G-CSF [195].

Almost all polypeptides excreted by eukaryotes are glycosylated. Glycosylation
is species-, tissue-, and cell-type specific. Unfortunately, E. coli does not glycosylate
proteins. In some cases, a normally glycosylated protein is active without the
carbohydrate moiety and can be made in bacteria. This was found to be the case
with y-interferon. In cases where glycosylation is necessary for stability or proper
folding (e.g., erythropoeitin), proteins can often be provided by recombinant yeast,
mold, insect, or mammalian cells.

1.10.2
Yeasts

Yeasts offer certain advantages over bacteria as a cloning host. (i) They can secrete
heterologous proteins into the extracellular broth when proper signal sequences
are attached to the structural genes. (ii) They carry out glycosylation of proteins.
However, glycosylation by S. cerevisiae is often unacceptable for mammalian pro-
teins because the O-linked oligosaccharides contain only mannose whereas higher
eukaryotic proteins have sialylated O-linked chains. Furthermore, S. cerevisiae
overglycosylates N-linked sites which led to reduction in both activity and receptor-
binding, causing immunological problems.

The methylotrophic yeast Pichia pastoris was found to possess advantages over
S. cerevisiae as a host for heterologous genes. (i) This yeast could be grown
at extremely high cell densities in protein-free media. (ii) It had a higher level
of protein productivity. (iii) It did not overglycosylate. (iv) Foreign genes were
incorporated in multiple copies into the chromosome. (v) The levels of protein
production by these yeasts were relatively high. For example, P. pastoris can
produce extracellularly 4g/1 of intracellular IL-2, 4g/l of human serum albumin,
and 10g/l of TNF. (vi) The expression cassette was stably integrated into the
host genome at specific locations. (vii) P. pastoris was haploid and amenable to
traditional mutagenesis.

1.10.3
Molds

When foreign genes are introduced via plasmids into filamentous fungi, they
integrate stably into the chromosome as tandem repeats. As many as 100 copies
of a gene are observed. Production of bovine chymosin by recombinant A. niger
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var. awamori amounts to 1g/1 and that of human lactoferrin by A. awamori is 2 g/l
of extracellular protein.

1.10.4
Insect Cells

Insect cells in culture are good hosts for recombinant protein production [198].
Recombinant insect cell cultures have yielded over 200 proteins encoded by genes
from viruses, bacteria, fungi, plants, and animals. Expression vectors have been
prepared from the baculovirus which attacked invertebrates but not vertebrates or
plants, thus insuring safety. The most widely used baculovirus is the nuclear
polyhedrosis virus (Autographa californica) which contains circular double-stranded
DNA, is naturally pathogenic for lepidopteran cells, and can be grown easily in vitro.
The virus contains a gene encoding the protein polyhedrin which is normally made
at very high levels and is not necessary for virus replication. The gene to be cloned
was placed under the strong control of the viral polyhedrin promoter and suitable
levels of proteins were produced with many of the posttranslational modifications
of higher eukaryotes, including phosphorylation, glycosylation, correct signal
peptide cleavage, proteolytic processing, palmitylation, and myristylation.

The usual host is the fall armyworm (Spodoptera frugiperda) in suspension
culture. Alternatively, a larval culture is used which is much cheaper than cell
culture. Larval systems have produced 600 mg/1 of recombinant protein.

1.10.5
Mammalian Cells

The use of mammalian cell culture, chiefly immortalized Chinese hamster ovary
(CHO) cells, was mandated by the need for EPO and tPA production in the early
1980s [195]. The development of mammalian cell culture was facilitated by prior
developments in microbial fermentation technology. Mammalian cell cultures
were useful in that the proteins were made in a properly folded and glycosylated
form, thus eliminating the need to renature them. The production of recombinant
proteins by mammalian cells was also done in N50 murine myeloma cells, baby
hamster kidney cells, green monkey kidney cells, and human embryonic kidney
cells. Mammalian cell culture became the leading source of recombinant biophar-
maceuticals and was used for production of human growth hormone, GM-CSF,
G-CSF, EPO, and Pulmozyme, among others. CHO cell processes were developed
that yielded 3-5g/1 of recombinant protein.

1.10.6
Transgenic Animals

Transgenic animals were developed as production systems for recombinant
peptides. tPA was made in milk of transgenic goats at a level of 3 g/1. Cows produce
301 of milk per day, of which protein amounts to 35g/l; thus the total protein
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produced per day is 1kg. Production titers are 2 g/l of antithrombin III and 4g/1
of human growth hormone in the milk of mice, 5g/1 of recombinant fibrinogen
in sheep milk, 8g/1 of o-glucosidase in rabbit milk, 14 g/l of antithrombin III in
goat milk, 35 g/l of a-1-antitrypsin in sheep milk, and 40 g/l of hemoglobin in pigs;
all genes were human in origin.

In most cases, the protein is as active as the native protein. Transgenic goats
produce a tPA with glycosylation different from that produced in cell culture and
with a longer half-life than native tPA. One of the negative points in production
of proteins by transgenic animals is the length of time needed to assess production
levels. This takes 3.5 months in mice, 15 months in pigs, 28 months in sheep,
and 32 months in cows.

1.10.7
Transgenic Plants

Transgenic plants could also be used to produce valuable products, including B-
glucuronidase (GUS), avidin, laccase, and trypsin. Oilseed rape plants have been
used to produce enkephalin and a neuropeptide. Recombinant proteins can be
produced in transgenic plants at levels as high as 14% of total tobacco-soluble
protein (in the case of phytase from A. niger) and 1% of canola seed weight (hirudin
from Hirudo medicinalis). Potential advantages include satisfactory glycosylation,
targeting, compartmentalization, and natural storage stability.

1.11
Enzymes

The term “enzyme” was first coined by Kuhne in 1877 meaning “in yeast.” When
the field of biochemistry was born in 1897 via Buchner’s discovery that cell-free
extracts of yeast could carry out the production of ethanol from sugar, Buchner
referred to the glycolytic enzyme complex as “zymase,” meaning “the enzyme of
yeast itself.” Enzymes became valuable in manufacturing because of their rapid
and efficient action at low concentrations under mild pH values and temperatures,
their high degree of substrate specificity (which reduced side-product formation),
their low toxicity, and the ease of terminating their action by mild treatments.
Some microbial strains produced very high concentrations of extracellular
enzymes. Wild strains of Bacillus licheniformis produced 5 g/1 of protease and com-
mercial strains made 20g/1. High-yielding strains of Aspergillus produced 20g/1 of
glucoamylase.

Additional reasons for using microbial cells as sources of enzymes were as
follows: (i) enzyme fermentations were quite economical on a large scale due to
short fermentation cycles and inexpensive media; (ii) screening procedures were
simple and thousands of cultures could be examined in a reasonably short time;
and (iii) different species produced somewhat different enzymes catalyzing the
same reaction, allowing one flexibility with respect to operating conditions in the
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reactor. This versatility is illustrated by the fact that o-amylase from Bacillus
amyloliquefaciens, a commercial enyzme used for years for hydrolysis of starch at
a temperature as high as 90°C, was forced to compete in 1972 with a similar
enzyme from B. licheniformis which could operate at 110°C The optimal tem-
peratures for the B. amyloliquefaciens and the B. licheniformis o-amylases were 70°C
and 92°C respectively.

In the 1980s and 1990s, microbial enzymes were increasingly used for applica-
tions which traditionally employed plant and animal enzymes. These shifts
included the partial replacement of (i) amylases of malted barley and wheat in the
beer, baking, and textile industries by amylases from Bacillus and Aspergillus; (ii)
plant and animal proteases by Aspergillus protease for chill-proofing beer and
tenderizing meat; (iii) pancreatic proteases by Aspergillus and Bacillus proteases for
leather bating and in detergent preparations; and (iv) calf stomach rennet (chy-
mosin) by Mucor rennins for cheese manufacture. Later, cloning of mammalian
chymosin became of interest to cheese manufacturers and tests on cheese made
with the recombinant enzyme showed commercial success. Recombinant chy-
mosin was approved in the United States and its price was half that of natural calf
chymosin. Important industrial enzymes included the following: (i) glucose iso-
merase for production of high-fructose corn sirup; (ii) penicillin acylase for pro-
duction of semi-synthetic penicillins; (iii) peroxidase for manufacture of phenolic
resins (which could replace synthetic phenol-formaldehydes); and (iv) nitrile
hydrolase for hydration of acrylonitrile to acrylamide. Glucose isomerase was used
in conjunction with o-amylase and glucoamylase to convert starch to mixtures of
glucose and fructose known as “high fructose corn syrup.” The development of
glucose isomerase permitted the corn wet milling industry to capture 30% of the
sweetener business from the sugar industry in the 1970s. In the United States
alone, high fructose corn syrup is produced at 30 billion pounds per year.

The industrial enzyme market reached US$2 billion in 2000 divided into the
following application areas: food, 45% (of which starch processing represents
11%); detergents, 34%; textiles, 11%; leather, 3%,; pulp and paper, 1.2%. This does
not include diagnostic and therapeutic enzymes. The world market for products
of enzyme reactions were as follows: high fructose corn syrup, US$1 billion;
aspartame, US$800 million; acrylamide, US$300 million; 6-aminopenicillanic acid
(6-APA) and 7-aminodeacetoxycephalosporanic acid (7ADCA), US$200 million.

Certain microorganisms (“extremophiles”) can grow in extreme environments
such as 100°C, 4°C, 250atm, pH 10, pH 2, or 5% NaCl. “Extremozymes,” that is,
enzymes from these diverse organisms, have industrial significance. A commer-
cial example is Cellulase 103 from an alkaliphile. The enzyme broke down the
microscopic fuzz of cellulose fibers which trapped dirt on the surface of cotton
textiles. The enzyme was commercialized by Genencor International in 1997 for
use in detergents to return the “newness” of cotton clothes even after many
washings.

With the development of rDNA methodology it became possible to clone genes
encoding microbial enzymes and express them at levels hundreds of times higher
than those naturally produced. The industrial enzyme business adopted rDNA
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methods eagerly to increase production levels and to produce enzymes from non-
industrial microorganisms in industrial organisms, such as species of Aspergillus
and Trichoderma, as well as Kluyveromyces lactis, S. cerevisiae, Yarrowia lipolytica, and
B. licheniformis. Over 50% of the market is provided by recombinant processes. Sixty
per cent of the calf rennin (chymosin) used for cheese making in the United States
is supplied by recombinant E. coli and the two lipases used industrially (i.e., Humi-
cola lipase produced in Aspergillus and Pseudomonas lipase) are both recombinant.
Heat-stable amylase from B. licheniformis has been made in a gene-amplified strain
of the same species. Plant phytase (produced in recombinant A. niger) is used as a
feed for 50% of all pigs in Holland. A 1000-fold increase in phytase production was
achieved in A. niger by use of recombinant technology. Scientists at Novo Nordisk
have isolated a very desirable lipase for use in detergents from a species of Humicola.
For production purposes, the gene was cloned into A. oryzae where it produced
1000-fold more enzyme [199]. It became a commercial product for laundry cleaning,
for interesterification of lipids and for esterification of glucosides producing glycoli-
pids which have applications as biodegradable non-ionic surfactants for detergents,
skincare products, contact lenses, and as food emulsifiers.

Virtually all laundry detergents now contain genetically engineered enzymes
and much cheese is made with genetically engineered microbes. Over 60% of the
enzymes used in the detergent, food, and starch processing industries are recom-
binant products [200].

The properties of many enzymes have been altered by genetic means. “Brute
force” mutagenesis and random screening of microorganisms over the years have
led to changes in pH optimum, thermostability, feedback inhibition, carbon source
inhibition, substrate specificity, V.. K, and K. This information has been
exploited by the more rational techniques of protein engineering. Single changes
in amino acid sequences have yielded similar types of changes in a large variety
of enzymes. For example, a protease from Bacillus stearothermophilus was increased
in heat tolerance from 86°C to 100°C, that is, it was made resistant to boiling! The
enzyme was developed by site-directed mutagenesis [201]. Only eight amino acids
had to be modified. Temperature stability at 100°C was increased 340-fold and
activity at lower temperature was not decreased. All eight mutations were far from
the enzyme’s active site.

An excellent method for improving enzymes is directed evolution (also known
as applied molecular evolution or directed molecular evolution [202]. DNA shuf-
fling, one type of directed evolution, has achieved significant improvement of cata-
lytic activity, modified specificity, and improved stability of enzymes. This method
of pooling and recombining parts of similar genes from different species or strains
has yielded remarkable improvements in enzymes in a very short period of time.
The procedure actually mimicks nature in that mutation, selection, and recombi-
nation were used to evolve highly adapted proteins, but it was much faster than
nature. Enzyme activity has been improved up to 32 000-fold (TEM-1 B-lactamase),
substrate specificity by 1000-fold (B-galactosidase), protein folding by 48-fold
(green fluorescent protein), antibody activity by over 400-fold, expression by 100-
fold, arsenate resistance by 40-fold, atrazine degradation by 80-fold, etc. [203].
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Proteins from directed evolution work first went on the market in 2000. These
were green fluorescent protein of Clonetech and Novo Nordisk’s LipoPrime®
lipase. Directed evolution provided B-glucosidase activity to a B-galactosidase, con-
verted a B-glucuronidase into a B-galactosidase, gave phospholipase activity to a
lipase, and converted an indole-3-glycerol-phosphate synthase into a phosphoribo-
sylanthranilate isomerase [204].

1.12
Bioconversions

The first example of the use of a biological process to compete with a chemical
process in the petrochemical industry was the production of acrylamide, made at
200000 tons per year as a flocculant, a component of synthetic fibers, a soil con-
ditioner, and a recovery agent in the petroleum industry [205]. The chemical
process involving copper salt catalysis of the hydration of acrylonitrile had prob-
lems associated with it. A bioconversion using Pseudomonas chlororaphis B23 or
Rhodococcus rhodochrous J1, in which nitrile hydratase was induced by methacry-
lamide and catalyzed the hydration, competed with the chemical reaction. The
conversion yield was over 99.99%, was carried out at 10°C, and the cells were used
many times. The titer was 656 g/1 after 10h. Today, bioconversions are used widely
in chemical manufacture. They have also become essential to the fine chemical
industry because of the demand for single-isomer intermediates.

1.13
Vaccines

Protein antigens for vaccines have been made by cloning and expressing genes
coding for surface antigens of viruses, bacteria and parasites. The first subunit
vaccine on the market was that of hepatitis B virus surface antigen which was
produced in yeast. In 1994, the first recombinant live veterinary vaccine was
approved by the USDA. The VectorVax FP-N vaccine produced by Syntro Corp.
used a fowlpox virus vector whose two disease-causing genes were deleted to
produce a vaccine against both fowlpox virus and Newcastle disease.

1.14
Systems Microbiology

“Systems microbiology” emerged as a term and a scientific field to describe an
approach that considers genome-scale and cell-wide measurements in elucidating
processes and mechanisms carried out by microbial cells [206]. An expanded
view of the microbial cell became possible due to the impressive advances in (i)
genomics and in other “omic” techniques (e.g., proteomics, metabolomics) and
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(ii) high-throughput technologies for measuring different classes of key intracel-
lular molecules. For discovery of novel active secondary metabolites of commercial
importance, genomics have provided a huge group of new targets against which
natural products are being screened. The human genome has 30000-35 000 genes,
less than 50% having a putative function. These genes have the potential to
produce over 100000 proteins. Estimates of the number of proteins acting as

useful targets range from 600 to 10000.
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