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14.1. INTRODUCTION

In Chapter 8 we discussed how cells could be genetically engineered. The techniques of
genetic engineering are fairly straightforward; the design of the best production system is
not. The choice of host cell, the details of the construction of the vector, and the choice of
promoter must all fit into a processing strategy. That strategy includes plans not only for
efficient production but also for how a product is to be recovered and purified. The devel-
opment of processes for making products from genetically engineered organisms requires
that many choices be made. Any choice at the molecular level imposes processing con-
straints. As indicated in Fig. 14.1, an interdisciplinary team approach to process develop-
ment is necessary to make sure that a well-designed process results.

In this chapter we will discuss some of the questions that must be considered in
building processes using genetically engineered cells.

14.2. HOW THE PRODUCT INFLUENCES PROCESS DECISIONS

Genetically engineered cells can be used to make two major classes of products: proteins
and nonproteins. Nonprotein products can be made by metabolically engineering cells,
inserting DNA-encoding enzymes that generate new pathways or pathways with an
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enhanced capacity to process the precursors to a desired metabolite. However, most cur-
rent industrial emphasis has been on proteins. Table 14.1 lists examples. The majority of
these proteins are human therapeutics, but proteins that can be used in animal husbandry,
in food processing, or as industrial catalysts are of interest. Sales in the United States for
these products are forecasted to be $32 billion in 2006. Over 200 other proteins are in
clinical trials.

With therapeutic proteins that are injectable, the prime concern is the clinical effi-
ciency of the product. Such products must be highly pure, since strong immunogenic re-
actions by patients or other side effects can be disastrous. The authenticity of the product
is often critical. Correct or near correct posttranslational processing of the protein (e.g.,
glycosylation or phosphorylation) is sometimes essential to its therapeutic action. Any
variant forms of the protein (e.g., the modification of side groups on amino acids) are
highly undesirable and present very difficult purification problems.

The processing challenges in making therapeutic proteins are to ensure product
quality and safety. Process efficiency to reduce manufacturing cost, although important, is
of less concern, since these products are required in relatively small amounts, because
they can command high prices, and because the selling price is much more determined by
the costs of process development and regulatory approvals, particularly clinical trials.
Thus, for these products the choice of biological system and processing equipment is dic-
tated by the need to produce highly purified material in an absolutely consistent manner.

Other protein products are purchased strictly on an economic basis, and manufac-
turing costs play a much more critical role in the viability of a proposed process. In this
case, regulatory demands are of lesser importance than in the production of therapeutic
proteins. For animal vaccines or animal hormones, the products must be very pure and
render favorable cost ratios. For example, the use of bovine somatropin to increase
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Figure 14.1. Biocatalyst and bioreactor design are strongly interconnected. Choices
made at the molecular level can have profound effects on bioreactor design. A multidisci-
plinary approach is necessary to ensure that a well-designed process is developed.
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milk production requires that the increased value of the milk produced be substantially
greater than the cost of the hormone and any increase in feed costs due to increased milk
production.

For food use, product safety is important, but purity requirements are less stringent
than for an injectable. The volume of the required product is often substantial (several
metric tons per year), and price is critical because alternative products from natural
sources may be available. Proteins used as specialty chemicals (e.g., adhesives and en-
zymes for industrial processes) usually can tolerate the presence of contaminating pro-
teins and compounds. The manufacturing costs for such proteins will greatly influence the
market penetration.

For nonprotein products based on metabolically engineered cells, processing costs
compared to costs of other routes of manufacture (usually nonbiological) will determine
the success of such a process.

As the reader has certainly noted, the constraints on production can vary widely
from one product class to another. These constraints determine which host cells, vectors,
genetic constructions, processing equipment, and processing strategies are chosen.
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TABLE 14.1 Key Biopharmaceutical Products

Product End use

A. Hormones and peptide factors
Human insulin Diabetes
Factor VIII-C Hemophilla
Human growth hormone Growth deficiency
Erythropoietin Anemia, chronic renal failure
Interferon-alpha 2a Hairy cell leukemia, AIDS-related

cancer
Interferon-alpha 2b Hairy cell leukemia, Herpes
Interferon-beta Cancer
Interferon-gamma Cancer, venereal warts, infectious

disease
Interleukin-2 Cancer immunotherapy, AIDS
Muromonab-CD3 Acute kidney transplant rejection
Granulocyte colony stimulating factor (G-CSF) Chemotherapy effects, AIDS
Granulocyte macrophage-colony stimulating Autologous bone marrow

factor (GM-CSF) transplant
B. Enzymes

Tissue plasminogen activator Acute myocardial infarction, stroke
Prourokinase/urokinase Heart attack
DNase Pulmonary treatment
Glucocerebrosidase Gaucher

C. Vaccines
Hepatitis B Hepatitis B vaccine
Herpes Herpes

D. Monoclonal antibodies Wide range of different antibodies for diagnostics
Prevention of blood clots
Breast cancer
Lung cancer
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14.3. GUIDELINES FOR CHOOSING HOST–VECTOR SYSTEMS

14.3.1. Overview

The success or failure of a process often depends on the initial choice of host organism
and expression system. Such choices must be made in the context of a processing strategy.

Table 14.2 summarizes many of the salient features of common host systems. The
most important initial judgment must be whether posttranslational modifications of the
product are necessary. If they are, then an animal cell host system must be chosen. If some
simple posttranslational processing is required (e.g., some forms of glycosylation), yeast
or fungi may be acceptable. Whether posttranslational modifications are necessary for
proper activity of a therapeutic protein cannot always be predicted with certainty, and
clinical trials may be necessary.

Another important consideration is whether the product will be used in foods. For
example, some yeasts (e.g., S. cerevisiae) are on the FDA GRAS list (generally regarded
as safe), which would greatly simplify obtaining regulatory approval for a given product.
In some cases edible portions of transgenic plants can be used to deliver vaccines or thera-
peutic proteins.

14.3.2. Escherichia coli

If posttranslational modifications are unnecessary, E. coli is most often chosen as the ini-
tial host. The main reason for the popularity of E. coli is the broad knowledge base for it.
E. coli physiology and its genetics are probably far better understood than for any other

424 Utilizing Genetically Engineered Organisms Chap. 14

TABLE 14.2 Characteristics of Selected Host Systems for Protein Production 
from Recombinant DNA

Organism

Characteristic E. coli S. cerevisiae P. pastoris Insect Mammalian

High growth rate Ea VG VG P–F P–F
Availability of genetic

systems E G F F–G F–G
Expression levels E VG E G–E P–G
Low-cost media available E E E P P
Protein folding F F–G F–G VG–E E
Simple glycosylation No Yes Yes Yes Yes
Complex glycosylation No No No Yesb Yes
Low levels of proteolytic

degradation F–G G G VG VG
Excretion or secretion P normally VG VG VG E

VG in special
cases 

Safety VG E VG E G

aE, excellent; VG, very good; G, good; F, fair; P, poor.
bGlycosylation patterns differ from mammalian cells.
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living organism. A wide range of host backgrounds (i.e., combinations of specific muta-
tions) is available, as well as vectors and promoters. This large knowledge base greatly
facilitates sophisticated genetic manipulations. The well-defined vectors and promoters
greatly speed the development of an appropriate biological catalyst.

The relatively high growth rates for E. coli coupled with the ability to grow E. coli
to high cell concentrations (> 50 g dry wt/l) and with the high expression levels possible
from specific vector–promoter combinations (about 25% to 50% or more of total protein)
can lead to extremely high volumetric productivities. Also, E. coli will grow on simple
and inexpensive media. These factors give E. coli many economic advantages.

An important engineering contribution was the development of strategies to grow
cultures of E. coli to high cell densities. The buildup of acetate and other metabolic
by-products can significantly inhibit growth. Controlled feeding of glucose so as to pre-
vent the accumulation of large amounts of glucose in the medium prevents overflow
metabolism and the formation of acetate. Glucose feeding can be coupled to consumption
rate if the consumption rate can be estimated on-line or predicted.

However, E. coli is not a perfect host. The major problems result from the fact 
E. coli does not normally secrete proteins. When proteins are retained intracellularly and
produced at high levels, the amount of soluble active protein present is usually limited due
to either proteolytic degradation or insolubilization into inclusion bodies.

The production of large amounts of foreign protein may trigger a heat-shock re-
sponse. One response of the heat-shock regulon is increased proteolytic activity. In some
cases, intracellular proteolytic activity results in product degradation at a rate nearly equal
to the rate of production.

More often, the target protein forms an inclusion body. Although the heterologous
protein predominates in an inclusion body, other cellular material is also often included.
The protein in the inclusion body is misfolded. The misfolded protein has no biological
activity and is worthless. If the inclusion bodies are recovered from the culture, the inclu-
sion bodies can be resolubilized and activity (and value) restored. Resolubilization can
vary tremendously in difficulty from one protein to another. When resolubilization is
straightforward and recoveries are high, the formation of inclusion bodies can be advanta-
geous, as it simplifies the initial steps of recovery and purification. It is important that dur-
ing resolubilization the protein be checked by several analytical methods to ensure that no
chemical modifications have occurred. Even slight changes in a side group can alter the
effectiveness of the product.

Other consequences of cytoplasmic protein production can be important. The intra-
cellular environment in E. coli might not allow the formation of disulfide bridges. Also
the protein will usually start with a methionine, whereas that methionine would have been
removed in normal posttranslational processing in the natural host cell. If the product is
retained intracellularly, then the cell must be lysed (broken) during recovery. Lysis usually
results in the release of endotoxins (or pyrogens) from E. coli. Endotoxins are lipo-
polysaccharides (found in the outer membrane) and can result in undesirable side effects
(e.g., high fevers) and death. Thus, purification is an important consideration.

Many of the limitations on E. coli can be circumvented with protein secretion and
excretion. Secretion is defined here as the translocation of a protein across the inner
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membrane of E. coli. Excretion is defined as release of the protein into the extracellular
compartment.

About 20% of all protein in E. coli is translocated across the inner membrane into
the periplasmic space or incorporated into the outer membrane. As the reader will recall
from Chapter 4, secreted proteins are made with a signal or leader sequence. The presence
of a signal sequence is a necessary (but not sufficient) condition for secretion. The signal
sequence is a sequence of amino acids attached to the mature protein, and the signal se-
quence is cleaved during secretion.

Many benefits are possible if a protein is secreted. Secretion eliminates an unde-
sired methionine from the beginning of the protein. Secretion also often offers some pro-
tection from proteolysis. Periplasmic proteases exist in E. coli, but usually at a low level.
They are most active at alkaline pH values, and pH control can be used to reduce target
protein degradation. The environment in the periplasmic space promotes the correct pro-
tein folding in some cases (including the formation of disulfide bridges). Proteins in the
periplasmic space can be released by gentle osmotic shock, so that fewer contaminating
proteins are present than if the whole cell were lysed.

Even more attractive would be the extracellular release of target proteins. Normally,
E. coli does not excrete protein (colicin and haemolysin are the two exceptions), but a va-
riety of schemes to obtain excretion in E. coli are being developed. Strategies usually in-
volve either trying to disrupt the structure of the outer membrane or attempting to use the
colicin or haemolysin excretion systems by constructing a fusion of the target protein with
components of these excretion systems. Excretion without cell lysis can simplify recovery
and purification even more than secretion alone, while achieving the same advantages as
secretion with respect to protein processing. Excretion also facilitates the potential use of
continuous immobilized cell systems.

Excretion of normally cytoplasmic or human-designed proteins is problematic. Two
preliminary reports for the excretion of normally cytoplasmic proteins have been made,
but the general principles for the extension of excretion to cytoplasmic proteins are still
being developed. At this time, the excretion of normally secreted proteins can be obtained
in E. coli (and other cells) even when the protein is derived from animal cells. However,
extension to nonsecreted proteins is difficult.

The lack of established excretion systems in E. coli has led to interest in alternative
expression systems. Also, in some cases patent considerations may require the use of al-
ternative hosts.

14.3.3. Gram-positive Bacteria

The gram-positive bacterium, Bacillus subtilis, is the best studied bacterial alternative to
E. coli. Since it is gram positive, it has no outer membrane, and it is a very effective ex-
creter of proteins. Many of these proteins, amylases and proteases, are produced commer-
cially using B. subtilis. If heterologous proteins could be excreted as efficiently from
B. subtilis, then B. subtilis would be a very attractive production system.

However, B. subtilis has a number of problems that have hindered its commercial
adoption. A primary concern has been that B. subtilis produces a large amount and variety
of proteases. These proteases can degrade the product very rapidly. Mutants with greatly
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reduced protease activity have become available, but even these mutants may have suffi-
cient amounts of minor proteases to be troublesome. B. subtilis is also much more difficult
to manipulate genetically than E. coli because of a limited range of vectors and promoters.
Also, the genetic instability of plasmids is more of a problem in B. subtilis than in E. coli.
Finally, the high levels of excretion that have been observed with native B. subtilis pro-
teins have not yet been obtainable with heterologous protein (i.e., foreign proteins pro-
duced from recombinant DNA).

Other gram-positive bacteria that have been considered as hosts include Streptococ-
cus cremoris and Streptomyces sp. These other systems are less well characterized than
B. subtilis.

Both gram-negative and gram-positive bacteria have limitations on protein process-
ing that can be circumvented with eucaryotic cells.

14.3.4. Lower Eucaryotic Cells

The yeast, Saccharomyces cerevisiae, has been used extensively in food and industrial fer-
mentations and is among the first organisms harnessed by humans. It can grow to high
cell densities and at a reasonable rate (about 25% of the maximum growth rate of E. coli
in similar medium). Yeast are larger than most bacteria and can be recovered more easily
from a fermentation broth.

Further advantages include the capacity to do simple glycosylation of proteins and
to secrete proteins. However, S. cerevisiae tends to hyperglycosylate proteins, adding
large numbers of mannose units. In some cases the hyperglycosylated protein may be in-
active. These organisms are also on the GRAS list, which simplifies regulatory approval
and makes yeast particularly well suited to production of food-related proteins.

Generally, the limitations on S. cerevisiae are the difficulties of achieving high pro-
tein expression levels, hyperglycosylation, and good excretion. Although the genetics of
S. cerevisiae are better known than for any other eucaryotic cell, the range of genetic sys-
tems is limited, and stable high protein expression levels are more difficult to achieve than
in E. coli. Also, the normal capacity of the secretion pathways in S. cerevisiae is limited
and can provide a bottleneck on excreted protein production, even when high expression
levels are achieved.

The methylotrophic yeasts, Pichia pastoris and Hansenula polymorpha, are very at-
tractive hosts for some proteins. These yeasts can grow on methanol as a carbon-energy
source; methanol is also an inducer for the AOX 1 promoter, which is typically used to
control expression of the target protein. Very high cell densities (e.g., up to 100 g/ l) can be
obtained. Due to high densities and, for some proteins, high expression levels, the volu-
metric productivities of these cultures can be higher than with E. coli. Protein folding and
secretion are, also, often better than in E. coli. These yeasts do simple glycosylation and
are less likely to hyperglycosylate than S. cerevisiae. Like many host systems, their effec-
tiveness is often a function of the target protein. The disadvantages of the methylotrophic
yeast are due to the high cell density and rate of metabolism, which creates high levels of
metabolic heat that must be removed and high oxygen demand. Effective induction of ex-
pression, while maintaining cell activity, requires very good process control due to
methanol’s dual rate as growth substrate and inducer. Further, high levels of methanol are

Sec. 14.3 Guidelines for Choosing Host–Vector Systems 427

ch14  11/19/01  9:10 AM  Page 427



inhibitory (i.e., substrate inhibition), which also demands good process control. Scale-up
to large reactors often is very challenging, since heat removal, oxygen supply, and process
control are typically more difficult in large reactors with longer mixing times (see Chap-
ter 10). Also, methanol is flammable, and handling large volumes of methanol is a safety
concern. Nonetheless, these methylotrophic yeasts are of increasing importance.

Fungi, such as Aspergillus nidulans and Trichoderma reesei, are also potentially im-
portant hosts. They generally have greater intrinsic capacity for protein secretion than
S. cerevisiae. Their filamentous growth makes large-scale cultivation somewhat difficult.
However, commercial enzyme production from these fungi is well established, and the
scale-up problems have been addressed. The major limitation has been the construction of
expression and secretion systems that can produce as large amounts of extracellular
heterologous proteins as some of the native proteins. A better understanding of the secre-
tion pathway and its interaction with protein structure will be critical for this system to
reach its potential.

All these lower eucaryotic systems are inappropriate when complex glycosylation
and posttranslational modifications are necessary. In such cases, animal cell tissue culture
has been employed.

14.3.5. Mammalian Cells

Mammalian cell culture is chosen when the virtual authenticity of the product protein
must be complete. Authenticity implies not only the correct arrangement of all amino
acids, but also that all posttranslational processing is identical to that in the whole animal.
In some cases, the cells in culture may not do the posttranslation modifications identically
to those done by the same cell while in the body. But for bioreactor processes, mammalian
cell tissue culture will provide the product closest to its natural counterpart. Another ad-
vantage is that most proteins of commercial interest are readily excreted.

Slow growth, expensive media, and low protein expression levels all make mam-
malian cell tissue culture very expensive. As discussed in Chapter 12, a wide variety of re-
actor systems are being used with animal cell cultures. Although many of these can improve
efficiency significantly, processes based on mammalian cells remain very expensive.

Several cell lines have been used as hosts for the production of proteins using re-
combinant DNA. The most popular hosts are probably lines of CHO (Chinese hamster
ovary) cells.

In addition to the cost of production, mammalian cells face other severe constraints.
Normal cells from animals are capable of dividing only a few times; these cell lines are
mortal. Some cells are immortal or continuous and can divide continuously, just as a bac-
terium can. Continuous cell lines are transformed cells. Cancer cells are transformed also
(i.e., have lost the inhibition of cell replication). The theoretical possibility that a cancer-
promoting substance could be injected along with the desired product necessitates extreme
care in the purification process. It is particularly important to exclude nucleic acids from the
product. The use of transformed cells also requires cautions to ensure worker safety.

Additionally, the vectors commonly used with mammalian cell cultures have been
derived from primate viruses. Again, there is concern about the reversion of such vectors
back to a form that could be pathogenic in humans.
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Most of these vectors cannot give high expression levels of the target protein in
common host cells (usually < 5% of total protein). However, higher levels of expression
can be obtained (e.g., > 100 mg/l of secreted, active protein) through amplification of
number of gene copies. It may take six months with a CHO cell line to achieve stable,
high-level expression. It is often easier to obtain high titers (or product concentration)
when producing monoclonal antibodies from hybridoma cultures.

While the quality of the protein product may change upon scale-up with any system,
this issue is particularly important with animal cell cultures. This contention is due, in part,
to the fact that animal cell cultures are used primarily because authenticity of the protein
product is a major concern. Since culture conditions (shear, glucose, amino sugars, DO, etc.)
can change upon scale-up, the efficiency of cellular protein processing can change, altering
the level of posttranslational processing. Further, it has been shown that protein quality may
change with harvest time in batch cultures. This change may be due to alterations in intra-
cellular machinery, but often it is due to release of proteases and siladase (an enzyme that re-
moves the silalic acid cap from glycosylated proteins) from dead cells. Also, excessive levels
of protein production may saturate the intracellular protein-processing organelles (i.e., ER
and Golgi), leading to incompletely processed proteins. These problems can significantly
impact process strategy. One well-known company has been forced to harvest 24 h early to
maintain the silalic acid/protein ratio specified for the product. Early harvest resulted in a
30% loss in protein concentration (as compared with delayed harvest).

Strategies to reduce such problems include selection of cell lines or genetic manipula-
tion of cell lines with reduced levels of siladase production or enhanced protein processing
capacity. Redesign of medium can be beneficial; chemicals that inhibit undesirable extra-
cellular enzyme activity can be added or precursors added (e.g., amino sugars) to improve
processing. Cell lysis can be reduced by adding genes (e.g., bcl 2) to the host cell that reduce
apotosis. An engineering solution is to remove the product from the medium as it is formed.
For example, perfusion systems with an integrated product capture step can be used.

14.3.6. Insect Cell–Baculovirus System

A popular alternative for protein production at small (< 100 l) or laboratory scale is the in-
sect cell–baculovirus system. This system is particularly attractive for rapidly obtaining
biologically active protein for characterization studies. Typical host cell lines come from
the fall armyworm (Spodoptera frugiperda) and the cabbage looper (Trichoplusia ni). The
baculovirus, Autographa californica nuclear polyhedrosis virus (Ac NPV), is used as a
vector for insertion of recombinant DNA into the host cell.

This virus has an unusual biphasic replication cycle in nature. An insect ingests the
occluded form, in which multiple virus particles are embedded in a protein matrix. The
protein matrix protects the virus when it is on a leaf from environmental stresses (e.g., UV
radiation). This protein matrix is from the polyhederin protein. In the mid-gut of the in-
sect, the matrix dissolves, allowing the virus to attack the cells lining the insect’s gut; this
is the primary infection. These infected cells release a second type of virus; it is nonoc-
cluded (no polyhederin matrix) and buds through the cell envelope. The nonoccluded
virus (NOV) infects other cells throughout the insect (secondary infection).
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In insect cell culture, only NOVs are infectious, and the polyhederin gene is un-
necessary. The polyhederin promoter is the strongest known animal promoter and is
expressed late in the infection cycle. Replacing the polyhederin structural gene with the
gene for a target protein allows high-level target protein production (up to 50% of cellular
protein). Proteins that are secreted and glycosylated are often made at much lower levels
than nonsecreted proteins.

In addition to high expression levels, the insect–baculovirus system offers safety ad-
vantages over mammal–retrovirus systems. The insect cell lines derived from ovaries or
embryos are continuous but not transformed. The baculovirus is not pathogenic toward
either plants or mammals. Thus, the insect–baculovirus system offers potential safety
advantages. Another important advantage is that the molecular biology and high-level
expression of correctly folded proteins can be achieved in less than a month.

This system also has the cellular machinery to do almost all the complex posttrans-
lational modifications that mammalian cells do. However, even when the machinery is
present, at least some of the proteins produced in the insect cell–baculovirus system are
not processed identically to the native protein. In some cases, their slight variations may
be beneficial (e.g., increased antigenic response in the development of an AIDS vaccine),
while in others they may be undesirable. While complex glycoforms (including silaic
acid) have been made, it is more common to observe only simple glycoforms. Production
of complex forms requires special host cell lines and is sensitive to culture conditions.

The insect cell–baculovirus system is a good system to illustrate a holistic perspec-
tive on heterologous protein production. Any bioprocess for protein production is com-
plex, consisting of the nonlinear interaction of many subcomponents. Thus the optimal
process is not simply the sum of individually optimized steps. Figure 14.2 presents a
holistic view for the insect cell–baculovirus system. Because of the viral component, this
system is even more complex than most other bioprocesses, as the infection process and
resulting protein expression kinetics must be considered. One factor is the ratio of infec-
tious particles to cells (e.g., multiplicity of infection or MOI), which alters the synchrony
of infection and the resulting protein expression kinetics. Another is the genetic design of
the virus (which shares many of the general features of vector design). Also, the quality of
the virus stock is important; if the virus stock is maintained incorrectly, mutant virus can
form. One example is the formation of defective interfering particles (DIPs) that reduce
protein expression in the culture by 90% when high MOIs are used.

You should work from the bottom of Fig. 14.2 toward the top. What is the desired
product quality? What is the product worth? These questions then guide selection of bio-
process strategies to achieve the cost and quality desired. To develop that strategy requires
an understanding of the basic kinetics and capabilities of the biological system. Under-
standing these requirements guides selection of the specific host cell line, the medium,
and the molecular design of the virus. For example, the addition of serum to the medium
of some Ti ni cell lines results in production of proteins with complex N-linked glycosyla-
tion, including a sialic acid cap, which may be a requirement for product quality. How-
ever, the use of serum alters growth kinetics, expression levels (often less), and the
difficulty of purification, which may alter cost. Such trade-offs need to be considered with
respect to alternative approaches (e.g., development of a genetically engineered host that
could perform the same reactions, but in serum-free medium).
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14.3.7. Transgenic Animals

In some cases proteins with necessary biological activity cannot be made in animal cell
culture. While posttranslational protein processes, such as N-linked glycosylation, can be
done in cell culture, other more subtle forms of posttranslational processing may not be
done satisfactorily. An alternative to cell culture is the use of transgenic animals. Animals
are engineered to express the protein and release it into specific fluids, such as milk or
urine. High concentrations of complex proteins can be achieved, and such approaches can
be cost effective for complex proteins. In these cases the role for the bioprocess engineer
is in protein recovery and purification, although significant issues exist for agricultural
engineers and animal scientists in devising appropriate systems to obtain the protein-
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Figure 14.2. Holistic perspective on heterologous protein production with the bac-
ulovirus expression system.
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containing fluid (e.g., pig milking stations). While transgenic animals can be developed
from many mammals, sheep, goats, and pigs are the primary species used commercially.

There are significant limitations on this technology. In some cases, the protein of in-
terest will cause adverse health problems in the producing animal. The use of animals
raises safety concerns with respect to virus or prion transmission. The process to generate
and screen for high-producing animals is inefficient and costly (e.g., $100,000 for a goat
and $500,000 for a cow). Perhaps surprisingly, not all of the complex posttranslational
processing steps necessary to achieve the desired product occur when the protein is ex-
pressed in milk, urine, or blood. Nonetheless, transgenic animals will be critical to pro-
duction of some proteins.

14.3.8. Transgenic Plants and Plant Cell Culture

Proteins, including many complex protein assemblies, such as antibodies and virus-like
particles (as vaccines), can be made inexpensively in plants. Transgenic plants offer many
potential advantages in addition to cost. Since plant viruses are not infective for humans,
there are no safety concerns with respect to endogenous viruses or prions. Scale-up is
readily accomplished by planting more acreage. The protein can be targeted for sterile,
edible compartments, either reducing the need for rigorous purification or making it an
ideal vehicle for oral delivery of a therapeutic protein. Indeed, development of edible vac-
cines for use in developing countries is being actively pursued.

The disadvantages of transgenic plants are that expression levels are often low (1%
of total soluble protein is considered good), N-linked glycosylation is incomplete, and
some other mammalian posttranslational processing is missing. While inexpensive, with
easy scale-up, it takes 30 months to test and produce sufficient seed for unlimited com-
mercial use. Such long lead times are undesirable. Further, environmental control on field-
grown crops is difficult, so the amount (and possibly quality) of the product can vary from
time to time and place to place.

While many crops could be used, much of the commercial interest centers on trans-
genic corn. Some corn products are used in medicinals, so there exist some FDA guide-
lines (e.g., contamination with herbicides and mycotoxins), and there is considerable
processing experience. Production costs vary with degree of desired purity. For high-
purity material (95% pure), a cost of about $4 to $8/g can be estimated. For higher-purity
material (99%) with full quality assurance and control, a cost of about $20 to $30/g is rea-
sonable. At least two enzymes are being produced commercially from transgenic plants.
Large-scale production of monoclonal antibodies (e.g., 500 kg/yr) for topical uses is being
considered.

The use of plant cell cultures is also being explored. The primary advantage of such
cultures over transgenic plants is the much higher level of control that can be exercised
over the process. Plant cell cultures, compared to animal cell cultures, grow to very high
cell density, use defined media, and are intrinsically safer.
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14.3.9. Comparison of Strategies

The choice of host–vector system is complicated. The characteristics desired in the protein
product and the cost are the critical factors in the choice. The dominant systems for com-
mercial production are E. coli and CHO cell cultures. An interesting study of the process
economics of these two systems for production of tissue plasminogen activator, tPA, has
been published by Datar, Cartwright, and Rosen.† Their analysis was for plants making
11 kg/yr of product. The CHO cell process was assumed to produce 33.5 mg/l of product,
while E. coli made 460 mg/l. The CHO cell product was correctly folded, biologically
active, and released into the medium. The E. coli product was primarily in the form of in-
clusion bodies, and thus biologically inactive, misfolded, and insoluble. The process to
resolubilize and refold the E. coli product into active material requires extra steps. The re-
covery process for the CHO cell material requires five steps, while 16 steps are required
for the E. coli process. The larger the number of steps, the greater the possibility of yield
loss. Total recovery of 47% with the CHO-produced material was possible compared to
only 2.8% for the E. coli-produced material. 

The extra steps in the E. coli process are for cell recovery, cell breakage, recovery of
inclusion bodies, resolubilization of inclusion bodies, concentration, sulfination, refold-
ing, and concentration of the renatured protein. The difficulty of these processes depends
on the nature of the protein; tPA is particularly difficult. With tPA the concentration of tPA
had to be maintained at 2.5 mg/l or less, and refolding is slow, requiring 48 hours. A 20%
efficiency for renaturation was achieved. Many proteins can be refolded at higher concen-
trations (up to 1 g/l) and much more quickly. For tPA the result is unacceptably large
tanks and very high chemical usage. In this case, five tons of urea and 26 tons of guani-
dine would be necessary to produce only 11 kg of active tPA.

For tPA the required bioreactor volumes were 14,000 l for the CHO process and
17,300 l for the E. coli process. The capital costs were $11.1 million for the CHO process
and $70.9 million for the E. coli process, with 75% of that capital cost being required for
the refolding tanks. Under these conditions, the unit production costs are $10,660/g for
the CHO process versus $22,000/g for the E. coli process. The rate of return on invest-
ment (ROI) for the CHO process was 130% versus only 8% for the E. coli process. How-
ever, if the refolding step yield were 90% instead of 20%, the overall yield would improve
to 15.4%, and the unit production cost would fall to $7,530 with an ROI of 85% for the
improved E. coli process at production of 11 kg/yr. If the E. coli plant remained the origi-
nal size (17,300 l fermentor) so as to produce 61.3 kg/yr, the unit production cost would
drop to $4,400/g. The cost of tPA from the CHO process is very sensitive to cost of serum
in the medium. If the price of media dropped from $10.5/l to $2/l (e.g., 10% to 2% serum
in the medium), the cost of the CHO cell product would drop to $6,500/g.

A primary lesson from this exercise is the difficulty of making choices of host–
vector systems without a fairly complete analysis. The price will depend on the protein, its
characteristics, and intended use. Changes in process technology (e.g., low serum medium
for CHO cells or protein secretion systems in E. coli) can have dramatic effects on manu-
facturing costs and choice of the host–vector system.
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14.4. PROCESS CONSTRAINTS: GENETIC INSTABILITY

There is a tension between the goal of maximal target-protein production and the mainte-
nance of a vigorous culture. The formation of large amounts of foreign protein is always
detrimental to the host cell, often lethal. Cells that lose the capacity to make the target
protein often grow much more quickly and can displace the original, more productive
strain. This leads to genetic instability (see Fig. 14.3).

Genetic instability can occur due to segregational loss, structural instability, host
cell regulatory mutations, and the growth-rate ratio of plasmid-free or altered cells to
plasmid-containing unaltered cells. Genetic instability can occur in any expression sys-
tem. We illustrate this problem by considering gene expression from plasmids in bacteria.

14.4.1. Segregational Loss

Segregational loss occurs when a cell divides such that one of the daughter cells receives
no plasmids (see Fig. 14.4). Plasmids can be described as high-copy-number plasmids
(> 20 copies per cell) and low-copy-number plasmids (sometimes as low as one or two
copies per cell). Low-copy-number plasmids usually have specific mechanisms to ensure
their equal distribution among daughter cells. High-copy-number plasmids are usually
distributed randomly (or nearly randomly) among daughter cells following a binomial dis-
tribution. For high copy numbers, almost all the daughter cells receive some plasmids, but
even if the possibility of forming a plasmid-free cell is low (one per million cell divi-
sions), a large reactor contains so many cells that some plasmid-free cells will be present
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Figure 14.3. Cells that contain plasmids (O) actively making protein (p) must direct
many of their cellular resources away from growth and hence grow more slowly than
plasmid-free cells (that is, µ +1 < µ +2 < µ−).
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(e.g., 1000 l with 109 cells/ml yields 1015 cells and 109 plasmid-free cells being formed
every cell generation).

The segregational loss of plasmid can be influenced by many environmental factors,
such as dissolved oxygen, temperature, medium composition, and dilution rate in a
chemostat. Many plasmids will also form multimers, which are multiple copies of the
same plasmid attached to each other to form a single unit. The process of multimerization
involves using host cell recombination systems. A dimer is a replicative unit in which two
separate plasmids have been joined, and a tetramer is a single unit consisting of four sepa-
rate monomers fused together.

Example 14.1.

What fraction of the cells undergoing division will generate a plasmid-free cell if:
a. All cells have 40 plasmids at division?
b. All cells have enough plasmid DNA for 40 copies, but one-half of the plasmid DNA

is in the form of dimers and one-fifth in the form of tetramers?
c. Half of the cells have 10 copies of the plasmid and half have 70 copies (the average

copy number is 40 as in case a)?
Solution
a. If we assume a random distribution at division, the probability of forming a plasmid-free

cell is

(14.1)

where Z is the number of plasmid replicative units. For Z = 40, P = 1.8 × 10−12 plasmid-
free cells per division.

b. If the total amount of plasmid DNA is equivalent to 40 single copies, we can determine the
plasmid distribution from

(14.2a)

(14.2b)

(14.2c)T = 1

5
 monomer plasmid equivalents( )40 8=

D = 1

2
 monomer plasmid equivalents( )40 20=

M D T+ + = 40 monomer plasmid equivalents

P Z= 2(1− )
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Figure 14.4. Segregational instability
results when a dividing cell donates all its
plasmids to one progeny and none to the
other.
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which implies that

(14.3)

The number of copies of replicative units is then

(14.4a)

(14.4b)

since a dimer consists of two monomer equivalents and a tetramer of four monomer
equivalents.

Equation 14.1 can then be applied to yield

(14.5)

c. When plasmids are not evenly distributed, the probability of forming a plasmid-free cell
changes. In this case,

(14.6)

Note that although this population has the same average copy number as case a, the proba-
bility of forming a plasmid-free cell is 5.4 × 108 greater.

14.4.2. Plasmid Structural Instability

In addition to the problems of segregational instability, some cells retain plasmids but
alter the plasmid so as to reduce its harmful effects on the cell (structural instability). For
example, the plasmid may encode both for antibiotic resistance and for a foreign protein.
The foreign protein drains cellular resources away from growth toward an end product of
no benefit to the cell. However, if the investigator has added antibiotics to the medium, the
cell will benefit from retaining the gene encoding the antibiotic resistance. Normal muta-
tions will result in some altered plasmids that retain the capacity to encode for desirable
functions (for example, antibiotic resistance) while no longer making the foreign protein.
In other cases, cellular recombination systems will integrate the gene for antibiotic resis-
tance into the chromosome. Cells containing structurally altered plasmids can normally
grow much more quickly than cells with the original plasmids. A culture having under-
gone a change in which the population is dominated by cells with an altered plasmid has
undergone structural instability.

14.4.3. Host Cell Mutations

Mutations in host cells can also occur that make them far less useful as production sys-
tems for a given product. These mutations often alter cellular regulation and result in re-
duced target-protein synthesis. For example, if the promoter controlling expression of the
foreign protein utilizes a host cell factor (e.g., a repressor), then modification of the host
cell factor may greatly modulate the level of production of the desired plasmid-encoded
protein. The lac promoter (see our discussion in Chapter 4 of the lac operon) can be in-
duced by adding chemicals; for a lac promoter lactose or a chemical analog of lactose

1

2

1

2

1

2

1

2

1 ) 7 )P P10 70

0 0 0

+ = [2 ] + [2 ]

= 9.8 1 + 8.5 1 = 9.8 1

(1− 0 (1− 0

−4 −22 −4× × ×

P = 2 = 1.2 10(1− 4 −72 ) ×

1 1 22 + 0 + = 24      total replicative units

M D T+ + =     / /2 4 total replicative units

M = − 20 − 8 = 1240  monomer plasmid equivalents
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(e.g., IPTG or isopropyl-β-D-thiogalactoside) can be used. Such promoters are often used
in plasmid construction to control the synthesis of a plasmid-encoded protein. If induction
of plasmid-encoded protein synthesis from this promoter reduces cellular growth rates (as
in Fig. 14.2), then a mutation that inactivates lac permease would prevent protein induc-
tion in that mutant cell. The lac permease protein is necessary for the rapid uptake of the
inducer. Thus, the mutant cell would grow faster than the desired strain. Alternatively, a
host cell mutation in the repressor, so that it would not recognize the inducer, would make
induction impossible.

The key feature of this category of genetic instability is that a host cell mutation im-
parts a growth advantage to the mutant, so that it will eventually dominate the culture. In
this case the mutant cell will contain unaltered plasmids but will make very little of the
target, plasmid-encoded protein.

14.4.4. Growth-rate-dominated Instability

The importance of all three of these factors (segregational loss of plasmid, structural alter-
ations of the plasmid, and host cell mutations) depends on the growth-rate differential of
the changed cell-plasmid system to the original host–vector system. If the altered host–
vector system has a distinct growth advantage over the original host–vector system, the al-
tered system will eventually dominate (i.e., genetic instability will occur).

The terms used to describe the cause of genetic instability are based on fairly subtle
distinctions. For example, if genetic instability is due to segregational instability, we
would infer that the rate of formation of plasmid-free cells is high. In this case, the num-
ber of plasmid-free cells would be high irrespective of whether the plasmid-free cells had
a growth-rate advantage. If, on the other hand, we claimed that the genetic instability is
growth-rate dependent, we would imply that the rate of formation of plasmid-free cells is
low, but the plasmid-free cells have such a large growth-rate advantage that they outgrow
the original host–vector system. In most cases, growth-rate dependent instability and one
of the other factors (segregational loss, structural changes in the plasmid, or host cell mu-
tations) are important.

The growth-rate ratio can be manipulated to some extent by the choice of medium
(e.g., the use of selective pressure such as antibiotic supplementation to kill plasmid-free
cells) and the use of production systems that do not allow significant target-protein pro-
duction during most of the culture period. For example, an inducible promoter can be
turned on only at the end of a batch growth cycle when only one or two more cell dou-
blings may normally occur. Before induction, the metabolic burden imposed by the for-
mation of the target protein is nil, and the growth ratio of the altered to the original
host–vector system is close to 1 (or less if selective pressure is also applied). This two-
phase fermentation can be done as a modified batch system, or a multistage chemostat
could be used. In a two-stage system, the first stage is optimized to produce viable
plasmid-containing cells, and production formation is induced in the second stage. The
continual resupply of fresh cells to the second stage ensures that many unaltered cells will
be present.

The problem of genetic instability is a more significant in commercial operations
than in laboratory-scale experiments. The primary reason is that the culture must go
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through many more generations to reach a density of 1010 cells/ml in a 10,000 l tank than
in a shake flask with 25 ml. Also, the use of antibiotics as selective agents may not be de-
sirable in the large-scale system, owing either to cost or to regulatory constraints on prod-
uct quality.

In the next section we will discuss some implications of these process constraints on
plasmid design. In the section following, we will discuss how simple mathematical
models of genetic instability can be constructed.

14.5. CONSIDERATIONS IN PLASMID DESIGN TO AVOID 

PROCESS PROBLEMS

When we design vectors for genetic engineering, we are concerned with elements that
control plasmid copy number, the level of target-gene expression, and the nature of the
gene product, and we must also allow for the application of selective pressure (e.g., antibi-
otic resistance). The vector must also be designed to be compatible with the host cell.

Different origins of replication exist for various plasmids. The origin often contains
transcripts that regulate copy number. Different mutations in these regulatory transcripts
will yield greatly different copy numbers. In some cases, these transcripts have temperature-
sensitive mutations, and temperature shifts can lead to runaway replication in which plas-
mid copy number increases until cell death occurs.

Total protein production depends on both the number of gene copies (e.g., the num-
ber of plasmids) and the strength of the promoter used to control transcription from these
promoters. Increasing copy number while maintaining a fixed promoter strength increases
protein production in a saturable manner. Typically, doubling copy numbers from 25 to 50
will increase protein production twofold, but an increase from 50 to 100 will increase pro-
tein production less than twofold. If the number of replicating units is above 50, pure seg-
regational plasmid loss is fairly minimal. Most useful cloning vectors in E. coli have
stable copy numbers from 25 to 250.

Many promoters exist. Some of the important ones for use in E. coli are listed in
Table 14.3. An ideal promoter would be both very strong and tightly regulated. A zero
basal level of protein production is desirable, particularly if the target protein is toxic to
the host cell. A rapid response to induction is desirable, and the inducer should be cheap
and safe. Although temperature induction is often used on a small scale, thermal lags in a
large fermentation vessel can be problematic. Increased temperatures may also activate a
heat-shock response and increased levels of proteolytic enzymes. Many chemical inducers
are expensive or might cause health concerns if not removed from the product. Some pro-
moters respond to starvation for a nutrient (e.g., phosphate, oxygen, and energy), but the
control of induction with such promoters can be difficult to do precisely. The recent isola-
tion of a promoter induced by oxygen depletion may prove useful, because oxygen levels
can be controlled relatively easily in fermenters.

Anytime a strong promoter is used, a strong transcriptional terminator should be
used in the construction. Recall from Chapter 4 that a terminator facilitates the release of
RNA polymerase after a gene or operon is read. Without a strong terminator, the RNA
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polymerase may not disengage. If the RNA polymerase reads through, it may transcribe
undesirable genes or may disturb the elements controlling plasmid copy numbers. In ex-
treme cases, this might cause runaway replication and cell death.

The nature of the protein and its localization are important considerations in achiev-
ing a good process. To prevent proteolytic destruction of the target protein, a hybrid gene
for the production of a fusion protein can be made. Typically, a small part of a protein na-
tive to the host cell is fused to the sequence for the target protein with a linkage that can
be easily cleaved during downstream processing. Also, fusion proteins may be constructed
to facilitate downstream recovery by providing a “handle” or “tail” that adheres easily to a
particular chromatographic medium.

Another approach to preventing intracellular proteolysis is to develop a secretion
vector in which a signal sequence is coupled to the target protein. If the protein is secreted
in one host, it will usually be excreted in another, at least if the right signal sequence is
used. Replacement of the protein’s natural signal sequence (e.g., from an eukaryotic pro-
tein) with a host-specific signal sequence can often improve secretion.

The secretion process is complicated, and the fusion of a signal sequence with a
normally nonsecreted protein (e.g., cytoplasmic) does not ensure secretion, although sev-
eral cases of secretion of normally cytoplasmic proteins have been reported. Apparently,
the mature form of the protein contains the “information” necessary in the secretion
process, but no general rules are available to specify when coupling a signal sequence to a
normally cytoplasmic protein will lead to secretion.
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TABLE 14.3 Strong E. coli Promoters

Promoter Induction method Characteristicsa

lacUV5 Addition of IPTG (about 5%)
tac As above Induction results in cell death (> 30%)
Ipp-OmpA As above Suitable for secreted proteins (20%)
Ippp-5 As above Strongest E. coli promoter (47%)
trp Tryptophan starvation Relatively weak (around 10%)
λpL Growth at 42°C See text (> 30%)
λpL/cltrp Addition of tryptophan Easily inducible in large-scale 

production (24%)
att-nutL-p-att-N 10-Min incubation at 42°C No product is synthesized before

induction (on/off promoter)
T7 promoter Addition of IPTG or viral infection As above (> 35%), low basal levels
T4 promoter Viral infection Method of induction inhibits product

degradation
phoA Phosphate starvation Induction in large-scale production is

complicated

aTypical values of accumulated product as a percent of the total protein of induced cells are given in paren-
theses.

With permission, from G. Georgiou, AIChE J. 34:1233 (1988).

†Recall that an auxotrophic mutant would be unable to synthesize an essential compound on its own.
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To ensure the genetic stability of any construct and to aid in the selection of the de-
sired host–vector combination, the vector should be developed to survive under selective
growth conditions. The most common strategy is to include genes for antibiotic resis-
tance. The common cloning plasmid, pBR322, contains both ampicillin and tetracycline
resistance. Multiple resistance genes are an aid in selecting for human-designed modifica-
tions of the plasmid.

Another strategy for selection is to place on the vector the genes necessary to make
an essential metabolite (e.g., an amino acid). If the vector is placed in a host that is
auxotrophic for that amino acid, then the vector complements the host.† In a medium
without that amino acid, only plasmid-containing cells should be able to grow. Be-
cause the genes for the synthesis of the auxotrophic factors can be integrated into the
chromosome or because of reversions on the parental chromosome, double auxotrophs are
often used to reduce the probability of nonplasmid-containing cells outgrowing the de-
sired construction.

One weakness in both of these strategies is that, even when the cell loses the plas-
mid, the plasmid-free cell will retain for several divisions enough gene product to provide
antibiotic resistance or the production of an auxotrophic factor (see Fig. 14.5). Thus, cells
that will not form viable colonies on selective plates (about 25 generations are required to
form a colony) can still be present and dividing in a large-scale system. These plasmid-
free cells consume resources without making product.

Another related problem, particularly in large-scale systems, is that plasmid-
containing cells may protect plasmid-free cells from the selective agent. For example,
auxotrophic cells with a plasmid may leak sufficient levels of the auxotrophic factor that
plasmid-free cells can grow. With an antibiotic, the enzyme responsible for antibiotic
degradation may leak into the medium. Also, the enzyme may be so effective, even when
retained intracellularly, that all the antibiotic is destroyed quickly in a high-density cul-
ture, reducing the extracellular concentration to zero. Although genes allowing the place-
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Figure 14.5. Newly born plasmid-free cells usually contain sufficient complementing
factor (C) to withstand killing by a selective agent or starvation from the lack of a growth
factor. In this case, the plasmid-free cell undergoes three divisions before the comple-
menting factor is reduced to an ineffective level.
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ment of selective pressure on a culture are essential in vector development, the engineer
should be aware of the limitations of selective pressure in commercial-scale systems.

The other useful addition to plasmid construction is the addition of elements that
improve plasmid segregation. Examples are the so-called par and cer loci. These elements
act positively to ensure more even distribution of plasmids. The mechanisms behind these
elements are incompletely understood, although they may involve promoting plasmid-
membrane complexes (the par locus) or decreasing the net level of multimerization (the
cer locus). Recall from Example 14.1 that multimerization decreases the number of inde-
pendent, inheritable units, thus increasing the probability of forming a plasmid-free cell.

Any choice of vector construction must consider host cell characteristics. Proteo-
lytic degradation may not be critical if the host cell has been mutated to inactivate all
known proteases. Multimerization can be reduced by choosing a host with a defective re-
combination system. However, host cells with a defective recombination system tend to
grow poorly. Many other possible host cell modifications enter into considerations of how
to best construct a vector for a commercial operation.

These qualitative ideas allow us to anticipate to some extent what problems may
arise in the maintenance of genetic stability and net protein expression. However, a good
deal of research has been done on predicting genetic instability.

14.6. PREDICTING HOST–VECTOR INTERACTIONS 

AND GENETIC INSTABILITY

Many of the structured mathematical models we discussed previously can be extended to
include component models for plasmid replication. Such models can then predict how
plasmid-encoded functions interact with the host cell. The quantitative prediction of the
growth-rate ratio and the development of plasmid-free cells due to segregational losses
can be readily made. The most sophisticated models will predict the distribution of plas-
mids within a population and even the effects of multimerization on genetic stability.
These models are too complex to warrant discussion in an introductory course.

We will consider some simple models that mimic many of the characteristics we
discussed with models of mixed cultures. A number of simple models for plasmid-bearing
cells have been proposed. The key parameters in such models are the relative growth rates
of plasmid-free and plasmid-containing cells and the rate of generation of plasmid-free
cells (i.e., segregational loss). These parameters can be determined experimentally or even
predicted for more sophisticated models of host–vector interactions.

Let’s consider how a simple model may be constructed and how the parameters of
interest may be determined experimentally.†

The simplest model considers only two cell types: plasmid free (n−) and plasmid
containing (n+), where n− and n+ are the number concentrations of plasmid-free and plasmid-
containing cells, respectively. The model assumes that all plasmid-containing cells are
identical in growth rate and in the probability of plasmid loss. This assumption is the same
as assuming that all cells have exactly the same copy number. As we showed in Example
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†This analysis is adapted from the paper of N. S. Cooper, M. E. Brown, and C. A. Cauleott, J. Gen.
Microbiol. 133:1871 (1987).
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14.1, the actual distribution of copy numbers can make a significant difference on plasmid
loss. Also, plasmid-encoded protein production is not a linear function of copy number, so
assuming that all cells have the same copy number may lead to incorrect estimates of the
growth rate of plasmid-bearing cells. The assumption of a single type of plasmid-bearing
cell is a weak assumption, but other assumptions result in a level of complexity inconsis-
tent with this book’s purpose. However, models that recognize the segregated nature of the
plasmid population are available in the research literature.

Let us further restrict our initial considerations to a single-stage chemostat. Then

(14.7)

(14.8)

(14.9)

where R is the rate of generation of plasmid-free cells from plasmid-containing cells and
Ys+ and Ys− are cell-number yield coefficients (i.e., the number of cells formed per unit
mass of limiting nutrient consumed). R can be represented by

(14.10)

where P = probability of forming a plasmid-free cell. P can be estimated by eq. 14.1 if the
copy number is known or can be predicted with a more sophisticated structured–
segregated model. A value for P could be estimated from an experimentally determined
copy-number distribution as in Example 14.1c, which would be more realistic than as-
suming a monocopy number. As we will soon see, R can be determined experimentally
without a knowledge of copy number.

Equations 14.7 through 14.9 assume only simple competition between plasmid-
containing and plasmid-free cells. No selective agents are present, and the production of
complementing factors from the plasmid is neglected. The simplest assumption for cellu-
lar kinetics is

(14.11a)

(14.11b)

The situation can be simplified even more if we assume that after a few generations
in a chemostat with constant operating conditions the total number of cells (N t) is con-
stant. This approximation will be acceptable in many cases as long as the metabolic bur-
den imposed by plasmid-encoded functions is not too drastic and D is less than 80% of
either µ+max or µ−max. For allowable dilution rates, these assumptions allow us to decouple
the substrate balance (eq. 14.9) from immediate consideration. If we then add eqs. 14.7
and 14.8, we have
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Since N t is constant and

(14.13)

at quasi-steady-state, eq. 14.12 becomes

(14.14a)

or

(14.14b)

where f+ is the fraction of the total population that is plasmid-containing cells and f− is the
fraction of plasmid-free cells. Since f+ + f− = 1, then

(14.15)

Substituting eq. 14.15 into eq. 14.7 after eq. 14.7 is divided by N t yields

(14.16)

and, after rearrangement,

(14.17)

where

(14.18)

Equation 14.17 is a Bernoulli’s equation. It can be solved in terms of a dummy vari-
able v = 1/f +, assuming a constant ∆µ and R. A constant ∆µ and R would be achieved only
if the copy number distribution of plasmid-containing cells remained constant during the
experiment. Also, strictly speaking, the assumption of constant ∆µ is inconsistent with
constant N t. This analysis is best applied to situations where ∆µ is not extremely large.
The solution is

(14.19)

where c is the constant of integration. The initial condition is f− = f−0 at t = 0. Then c
must be

(14.20)

Once c is evaluated, eq. 14.19 can be rearranged to yield

(14.21)

Since f−0 is usually << 1, eq. 14.21 becomes
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(14.22)

Further simplification is possible by considering three limiting cases:

1. ∆µ >> R (growth-rate-dependent instability dominant)

2. ∆µ ≤ R (segregational instability dominant)

3. ∆µ < 0 and ∆µ >> R (effective selective pressure)

These limiting cases yield:

Case 1: Where t is sufficiently small so that ∆µ >> (f−0 ∆µ + R)e(∆µt), then

(14.23)

Case 2: Where f−0 ∆µ will be << R and using a binomial expansion,
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Figure 14.6. The shape of a plot of f
−

versus t is diagnostic for limiting cases of 
eq. 14.21. For each case, a plot with a substantial linear region can be constructed and
used to evaluate ∆µ and R.
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(14.24)

Case 3: The denominator is ≈ ∆µ, since ∆µ >> R and f−0 << 1, and we denote 
∆µ = −∆µ:

(14.25)

For each of these cases, a straight-line portion of the data will allow estimates of ∆µ
and R if the basic assumptions for each case are met.

Figure 14.6 shows the behavior that would be expected for each case in a chemostat.
The appropriate plots to estimate the parameters ∆µ and R are also given (see Fig. 14.6).

In case 1 for ∆µt > 1,

(14.26)

and thus the slope, m, gives ∆µ, and R is given by the intercept as

(14.27)

where f−i is the value of f− at the intercept.
Equation 14.27 has interesting implications in helping to quantify the conditions for

which eq. 14.26 is valid. That is, t must be sufficiently small that

∆µ >> (f−0 ∆µ + R)e ∆µt

when ∆µ >> R. Thus,

(14.28)

or

(14.29)

or

(14.30)

or

(14.31)

The analysis also assumes that ∆µt > 1; thus, the linear region suitable for use for case 1
situations is

(14.32)

In case 2, for t > 1/(∆µ + R),
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(14.33b)

in which case the intercept is used to evaluate f+i and the slope m = –(∆µ + R):

(14.34)

(14.35)

In case 3, we note that f− assumes a constant value between 0 and 1, which we
denote as f *−. Equation 14.25 yields f **− by allowing t →∞, or

(14.36)

A plot of ln(f *− − f − ) versus time will give a slope, m, such that

(14.37)

Equations 14.36 and 14.37 can be combined to give

(14.38)

(14.39)

This analysis provides a method to estimate experimentally the parameters of im-
portance in predicting genetic instability. Once these parameters are known, eq. 14.21 can
be used to predict chemostat performance. However, the reader should recall the large
number of assumptions that went into these expressions. Case 1 is the one relevant to
most commercial systems, where high expression levels are coupled with high-copy-
number plasmids. Case 2 will occur only for low-copy-number plasmids that do not have
a par locus or other stabilizing features. The results for case 3 must be applied very cau-
tiously. For µ− to be less than µ+, selective pressure usually must be applied (e.g., antibi-
otic resistance or auxotrophic hosts). Equations 14.7 and 14.8 do not recognize the
possibility of leakage of nutrients or enzymes, which would degrade the antibiotics. If
there were no leakage and the antibiotic-to-cell ratio were high enough to leave an effec-
tive residual level of antibiotic, then the analysis for case 3 could be applied if µ− were in-
terpreted correctly. For a newly born plasmid-free cell, there will be a carry-over of the
complementing factor, which will be gradually reduced by turnover and dilution (recall
Fig. 14.5). Thus, in the first generation after plasmid loss, µ− may even be greater than µ +,
but µ− will decrease from generation to generation until it becomes zero. The analysis
from case 3 will give an effective average value of µ−.

Removal of many of these assumptions to yield a more realistic analysis increases
complexity and makes the development of simple analytical expressions difficult. Let us
consider how this simple analysis may be used and how it can be extended.

R
m f

f
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TABLE 14.4 Experimental Values for Plasmid Stability in a Glucose-limited Chemostat

D = 0.30 h−1 D = 0.67 h−1

Time, No. of Time, No. of
h generations f− h generations f−

0 0 ≤ 0.002 0 0 ≤ 0.002
11.6 5 0.010 10.3 10 0.010
23.1 10 0.030 20.7 20 0.035
46.2 20 0.13 31.0 30 0.15
57.8 25 0.22 41.4 40 0.34
69.3 30 0.39 51.7 50 0.65
80.9 35 0.76 62.1 60 0.81
92.4 40 0.88 72.4 70 0.93

104.0 45 0.97 82.8 80 0.98
115.5 50 1.00 93.1 90 1.0
138.6 60 1.00 103.5 100 1.0

Figure 14.7. Determination of ∆µ and R using data from Example 14.2.
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Example 14.2.

The data in Table 14.4 were obtained for E. coli B/r-pDW17 at two different dilution rates in
glucose-limited chemostats. The average plasmid copy number for pDW17 is about 40 to 50

448 Utilizing Genetically Engineered Organisms Chap. 14

D µ+ Rmax Pmax

0.3 h−1 0.267 h−1 7.5 × 10−4 gen−1

or 3.2 × 10−4 h−1 1.2 × 10−3

0.67 h−1 0.615 h−1 4.4 × 10−4 gen−1

or 4.2 × 10−4 h−1 0.7 × 10−3

D = 0.3 h−1 D = 0.67 h−1

m = ∆µ 0.15 gen−1 0.12 gen−1

R max (f−0 = 0) 7.5 × 10−4 gen−1 4.4 × 10−4 gen−1

R if f−0 = 0.002 4.5 × 10−4 gen−1 2.0 × 10−4 gen−1

R if f −0 = 0.003 3.0 × 10−4 gen−1 8.4 × 10−5 gen−1

R if f −0 = 0.0037 2.0 × 10−4 gen−1 0 gen−1

†Physically, these changes in µ+ and µ− could occur due to small changes in residual substrate concentra-
tion. This observation implies that the assumption of constant ∆µ and R used in integrating eq. 14.17 would fail

copies per cell. About 12% of the total protein synthesized is due to the plasmid. The proteins
are retained intracellularly in soluble form. Use these data to estimate ∆µ, R, and P.
Solution Note that data on plasmid stability are usually given in terms of the number of
generations, which is usually calculated as (ln 2)/D = 1 generation. Clearly, the trend of the
data in Table 14.4 is a sigmoidal dependence of f− on time, which corresponds to growth-rate-
dependent instability or a case 1 situation (see Fig. 14.6). Thus, we need to plot the data as ln
f− versus time. Such a plot is given as Fig. 14.7. Recall that eq. 14.32, which gives the bounds
on t, suggests that only data at intermediate times can be used to estimate ∆µ and R. In this

case, data for 0.01 < f− < 0.40 were used as a basis for the initial estimates of values of ∆µ
and R. Equation 14.32 can be used later to check the appropriate data range.

For D = 0.3 h−1 the slope, m, is 0.15 gen−1 or 0.066 h−1, and the intercept is −5.3, im-
plying f−1 = 0.005. For D = 0.67 h−1, m = 0.12 gen−1 or 0.11 h−1, an intercept of −5.6 gives 
f−1 = 0.0037. Recall that, for case 1, m = ∆µ and R = m(f−1 − f−0). The value of f−0 presents a
problem, as an accurate value is difficult to determine experimentally when it is low (many
colonies must be plated to obtain any statistical accuracy). R will be maximal if f−0 is as-
sumed to be zero. If a culture is developed under strong selective pressure, with plasmid-
encoded protein synthesis uninduced before the beginning of the experiment, then f−0 will
approach zero.

Thus,
To determine P, recall that R = P µ + (eq. 14.10). A value for µ + can be estimated from

eq. 14.14b after some rearrangement to give
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(14.40)

Values of µ+ and µ− vary slightly during culture as a consequence of the assumption
that dNt/dt = 0.† An average value of µ+ is

(14.41)

R, in units of gen−1, is changed to h−1 by multiplying by D/ln 2. Thus,

A change in the probability of segregational losses as a function of dilution rate cor-
responds to the copy number, which also changes with dilution rate. The pDW17 plasmid
has an average copy number of about 40 to 50 in exponential growth in minimal medium.

Consider eq. 14.1, which predicts the probability of plasmid loss by random segre-
gation:

(14.1)

for Z = 40 and P = 1.8 × 10−12, which is certainly less than the maximum value calculated
in these experiments. Note from Example 14.1, however, that if the average copy number
were distributed so that half the cells had 10 plasmids and half had 70, then the probabil-
ity of plasmid loss would be 9.8 × 10−4, which is very close to the maximum probabilities
allowed by these experimental data.

Example 14.3.

Derive equations to describe the dynamics of a plasmid-containing population when the plas-
mid-free host is auxotrophic for metabolite M. The metabolite is made and released from a
plasmid-containing cell into the medium in a chemostat.
Solution This situation is similar to that in eqs. 14.7, 14.8, and 14.9, except for the produc-
tion and release of M. The only modification is to add a mass balance for M and to alter the
equations for µ−. Let M be the concentration of M. Then

(14.7)

(14.8)

(14.9)

(14.42)

(14.11a)

(14.43)

where δ is the stoichiometric coefficient relating the production of M to the growth of n+.
This set of equations would have to be solved numerically. However, the type of analy-

sis used in Example 14.2 could be applied if M were supplied in the medium such that the
residual level of M >> KM−.

µ µ− −=
− −

max
S

K S
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µ µ+ = −D ∆ /2
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Our discussion and examples so far have been for continuous reactors. For most in-
dustrial applications batch or fed-batch operations will be used. While continuous reactors
are particularly sensitive to genetic instability, genetic instability can be a significant limi-
tation for batch systems.

For a batch reactor, the cell-number balances are:

(14.44)

(14.45)

with the initial conditions of

@ t = 0, n+0 = N+0, n−0 = 0

Solving eq. 14.44 with these initial conditions yields

(14.46)

and eq. 14.45 using eq. 14.46 yields

(14.47)

Since , then

(14.48)

Equation 14.48 is usually recast in terms of number of generations of plasmid-containing
cells (ng), a dimensionless growth-rate ratio (α), and the probability of forming a plasmid-
free cell upon division of a plasmid-containing cell (P). The mathematical definitions of
ng and α are:

(14.49)

(14.50)

With these definitions, eq. 14.48 becomes:

(14.51)

The use of this approach is illustrated in the following example.
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Example 14.4.

Estimate the fraction of plasmid-containing cells in a batch culture under the following
circumstances. Cells are maintained at constant, maximal growth rate of 0.693 h−1 during
scale-up from shake flask through seed fermenters into production fermenters. The total time
for this process is 25 h. Assume that the inoculum for the shake flask was 100% plasmid-
containing cells. It is known that the growth rate for a plasmid-free cell is 0.97 h−1. The value
of P is 0.001.
Solution First we calculate α and ng.

and

Substituting into eq. 14.51

Consequently, 73% of the cells are plasmid-free, which would result in considerable loss of
productivity.

14.7. REGULATORY CONSTRAINTS ON GENETIC PROCESSES

When genetic engineering was first introduced, there was a great deal of concern over
whether the release of genetically modified cells could have undesirable ecological conse-
quences. Reports in the popular press led to fears of “genetic monsters” growing in our
sewers, on our farm lands, or elsewhere. Consequently, the use of genetic engineering
technology is strictly regulated.

The degree of regulatory constraint varies with the nature of the host, vector, and
target protein. For example, consider a scenario where serious harm might arise. The gene
for a highly toxic protein is cloned into E. coli to obtain enough protein to study that pro-
tein’s biochemistry. Assume that a plasmid that is promiscuous (i.e., the plasmid will shut-
tle across species lines) is used. Also assume that laboratory hygiene is not adequate and a
small flying insect enters the laboratory and comes into contact with a colony on a plate
awaiting destruction. If that insect leaves the laboratory and returns to its natural habitat,
then the target gene is accidentally released into the environment. Laboratory strains of
E. coli are fragile and usually will not survive long in a natural environment. However, a
very small probability exists that the plasmid could cross over species lines and become
incorporated into a more hardy soil bacterium (e.g., Pseudomonas sp.). The plasmid
would most certainly contain antibiotic resistance factors as well. The newly transformed
soil bacterium could replicate. Many soil bacteria are opportunistic pathogens. If they
enter the body through a wound, they can multiply and cause an infection. If, in addition,
the bacterium makes a toxic protein, the person or animal that was infected could die from
the toxic protein before the infection was controlled. If the plasmid also confers antibiotic

f+ = 0.27

f+ 25(1.4+.001−1)= 1−1.4 − 0.001
1−1.4 − 0.001 2⋅

ng = 0.693 = 25
−1  h h

ln 2
 gen.

⋅25

α = 0.97 = 1.4/ .0 693
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resistance, the infection would not respond to treatment by the corresponding antibiotic,
further complicating control of the spread of the gene for the toxin.

This scenario requires that several highly improbable events occur. No case of sig-
nificant harm to humans or the environment due to the release of genetically modified
cells has been documented. However, the potential for harm is real.

Regulations controlling genetic engineering concentrate on preventing the acciden-
tal release of genetically engineered organisms. The deliberate release of genetically engi-
neered cells is possible, but an elaborate procedure must be followed to obtain permission
for such experiments.

The degree of containment required depends on (1) the ability for the host to survive
if released, (2) the ability for the vector to cross species lines or for a cell to be trans-
formed by a piece of naked DNA and then have it incorporated into the chromosome via
recombination, and (3) the nature of the genes and gene products being engineered. Ex-
periments involving overproduction of E. coli proteins in E. coli using plasmids derived
from wild populations are readily approved and do not require elaborate containment pro-
cedures (see Table 14.5). Experiments that would move the capacity to produce a toxin

452 Utilizing Genetically Engineered Organisms Chap. 14

TABLE 14.5 Minimum Laboratory Containment Standards for Working with Cells 
with Recombinant DNA

Biosafety Level 1 (BL1)
A. Standard Microbiological Practices

1. Access to the laboratory is limited or restricted at the discretion of the laboratory director when exper-
iments are in progress.

2. Work surfaces are decontaminated once a day and after any spill of viable material.
3. All contaminated liquid or solid wastes are decontaminated before disposal.
4. Mechanical pipetting devices are used; mouth pipetting is prohibited.
5. Eating, drinking, smoking, and applying cosmetics are not permitted in the work area. Food may be

stored in cabinets or refrigerators designated and used for this purpose only.
6. Persons wash their hands after they handle materials involving organisms containing recombinant

DNA molecules, and animals, and before leaving the laboratory.
7. All procedures are performed carefully to minimize the creation of aerosols.
8. It is recommended that laboratory coats, gowns, or uniforms be worn to prevent contamination or

soiling of street clothes.
B. Special Practices

1. Contaminated materials that are to be decontaminated at a site away from the laboratory are placed in
a durable,leakproof container that is closed before being removed from the laboratory.

2. An insect and rodent control program is in effect.
C. Containment Equipment

1. Special containment equipment is generally not required for manipulations of agents assigned to
Biosafety Level 1.

D. Laboratory Facilities
1. The laboratory is designed so that it can be easily cleaned.
2. Bench tops are impervious to water and resistant to acids, alkalis, organic solvents, and moderate

heat.
3. Laboratory furniture is sturdy. Spaces between benches, cabinets, and equipment are accessible for

cleaning.
4. Each laboratory contains a sink for hand-washing.
5. If the laboratory has windows that open, they are fitted with fly screens.
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from a higher organism into bacteria or yeast would be subjected to a much more thor-
ough evaluation, and more elaborate control facilities and procedures would be required.

The National Institutes of Health (NIH) have issued guidelines that regulate the
use of recombinant DNA technology. Special regulations apply to large-scale systems
(defined as > 10 l). There are three different levels of containment: BL1-LS, BL2-LS, and
BL3-LS. BL1-LS (biosafety level 1, large scale) is the least stringent. Table 14.6 com-
pares the requirements for the three containment levels.

In all cases, no viable organisms can be purposely released. Gas vented from the
fermenter must be filtered and sterilized. All cells in the liquid effluent must be killed. The
latter can present some operating issues, since the inactivation of the host cell must be
done in such a way as not to harm what are often fragile products. Emergency plans and
devices must be on hand to handle any accidental spill or loss of fluid in the fermentation
area. These extra precautions increase manufacturing costs.

Sec. 14.8 Metabolic Engineering 453

TABLE 14.6 Physical Containment Requirements for Large-scale Fermentations Using Organisms
Containing Recombinant DNA Molecules

Item no. Description BL1-LS BL2-LS BL3-LS

1 Closed vessel × × ×
2 Inactivation of cultures by validated procedure before × × ×

removing from the closed system
3 Sample collection and addition of material in a closed system × × ×
4 Exhaust gases sterilized by filters before leaving the closed × × ×

system
5 Sterilization by validated procedures before opening for × × ×

maintenance or other purposes
6 Emergency plans and procedures for handling large losses × × ×
7 No leakage of viable organisms from rotating seals and other × ×

mechanical devices
8 Integrity evaluation procedure: monitors and sensors × ×
9 Containment evaluation with the host organism before × ×

introduction of viable organisms
10 Permanent identification of closed system (fermenter) and × ×

identification to be used in all records
11 Posting of universal biohazard sign on each closed system and × ×

containment equipment when working with a viable organism
12 Posting of universal biohazard sign on entry doors when work ×

is in progress
13 Operations to be in a controlled area: ×

Separate specified entry ×
Double doors, air locks ×
Walls, ceiling, and floors to permit ready cleaning and ×

decontamination
Utilities and services (process piping and wiring) to be protected ×

against contamination
Handwashing facilities and shower facilities in close proximity ×
Area designed to preclude release of culture fluids outside the ×

controlled area in the event of an accident
Ventilation: movement of air, filtration of air ×

With permission, from R. J. Giorgiou and J. J. Wu, Trends in Biotechnology 4:198 (1986).
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The issue of the regulation of cells and recombinant DNA will undoubtedly undergo
further refinement with time. Both laboratory and manufacturing personnel need to keep
abreast of any such changes.

14.8. METABOLIC ENGINEERING

Metabolic or pathway engineering uses the tools of genetic engineering to endow an or-
ganism to make a totally new pathway, amplify an existing pathway, disable an undesired
pathway, or alter the regulation of a pathway. The principle motivations for metabolic en-
gineering are the production of specialty chemicals (e.g., indigo, biotin, and amino acids),
utilization of alternative substrates (e.g., pentose sugars from hemicellulose), or degrada-
tion of hazardous wastes such as benzoates or trichloroethylene (see Fig. 14.8 for an ex-
ample). The same concepts form the basis for gene therapy.

The reader may ask why genetically engineered organisms should be used instead
of natural isolates. The potential advantages over natural isolates are as follows:

• Can put an “odd-ball” pathway under the control of a regulated promoter. The in-
vestigator can turn on the pathway in situations where the pathway might normally
be suppressed (e.g., degradation of a hazardous compound to a concentration lower
than necessary to induce the pathway in the natural isolate).

• High levels of enzymes in desired pathways can be obtained with strong promoters;
only low activity levels may be present in the natural isolate.

• Pathways moved from lower eucaryotes to bacteria can be controlled by a single
promoter; in lower eucaryotes, each protein has a separate promoter.

454 Utilizing Genetically Engineered Organisms Chap. 14

Figure 14.8. Proposed pathway for indigo biosynthesis in a recombinant strain of E. coli. Indole is
formed from tryptophan by tryptophanase, a natural enzyme in E. coli. Naphthalene dioxygenase
formed by the expression of the cloned Pseudomonas DNA oxidizes indole to indigo; cis-2,3-
dihydroxy-2,3-dihydroindole and indoxyl have not been isolated. Their inclusion is based on the
known activities of aromatic hydrocarbon dioxygenases and established mechanisms for the chemical
synthesis of indigo. (With permission, from B. D. Ensley et al., Science 222:167, 1983, and American
Association for the Advancement of Science.)
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• Several pathways can be combined in a single organism by recruiting enzymes from
more than one organism.

• Can move a pathway from an organism that grows poorly to one that can be more
easily cultured.

• The genetically engineered cell can be proprietary property.

Cells that have engineered pathways face many of the same limitations that cells en-
gineered to produce proteins face. Two issues that perhaps assume greater importance
with metabolic engineering are stability and regulatory constraints.

Protein products are of high value and can be made in batch culture. Instability is
avoided by inducing overproduction only at the end of the culture cycle. The productive
phase is too short for nonproducers to grow to a significant level, and cells are not reused.
With metabolically engineered cells, the same strategy is untenable. Lower product values
necessitate cell reuse or, at least, extended use. The use of antibiotics as selective agents
may be undesirable because of contamination of product or cost. For a culture with a 
1.5-h doubling time and a 20-h batch cycle, a continuous system has a 14-fold advantage
in productivity over a batch system. Although the levels of protein overproduction are
lower in metabolically engineered cells, they can experience as high a level of metabolic
burden as “protein producers” because of the diversion of cellular building blocks to
nonessential metabolites. Also, if the cells are used to treat hazardous compounds, the ge-
netically engineered cells will face competition from a natural flora.

In addition to the need for extra efforts in engineering design to ensure genetic sta-
bility, regulatory approval may be more difficult. If a genetically engineered cell is to be
used to treat hazardous wastes, containment of the engineered organism is difficult or im-
possible. Pump-and-treat scenarios for leachates allow the possibility of control. In situ
use of such organisms would have to satisfy the constraints for deliberate release.

In addition to these two problems, engineering pathways require good quantitative
information on the flow of metabolites in a cell. Structured models of cells can be used in
conjunction with experiments to optimize the design of new pathways. Metabolic engi-
neering has been a fertile area for engineering contributions.

A goal of the engineering approach has been to develop rational design techniques
for metabolical engineering. Due to the highly nonlinear, dynamic nature of a cell and its
metabolism, uninformed changes intended to improve production of a specific compound
often fail to give the desired result. The problem of metabolic engineering is to express
appropriate genes in the “right” amount. Too much of a key enzyme may result in little
change, if it is not a rate-influencing step, as there is insufficient reactant to increase the
flow of substrate (or flux) into the reaction product. If it is rate-influencing, the increased
reaction of the substrate will alter fluxes of precursors in other pathways; sometimes these
changes compromise the cell’s ability to grow or to provide co-reactants when needed.
Metabolic engineering (and gene therapy) require a delicate balance of activities and are a
problem of quantative optimization rather than simple maximization of expression of a
gene.

Metabolic control theory and the closely allied activity of metabolic flux analysis
are mathematical tools that can be applied to such problems. A flux balance equation con-
sists of the product of a stoichiometric matrix and an intracellular flux vector to yield an

Sec. 14.8 Metabolic Engineering 455

ch14  11/19/01  9:10 AM  Page 455



overall rate vector. Typically such equations are underdetermined and require assumptions
(e.g., on energy stoichiometry) that may not be justified for a metabolically engineered
cell. However, improved experimental techniques to measure the intracellular flux vector
(e.g., mass spectrometry) coupled with genomic/proteomic information may provide the
data to allow complete solution of the flux balance equations. One caution is that analysis
of pathways in isolation can be misleading. An assumption of such analysis is that the
products of the pathway do not influence inputs into that pathway. Given the complexity
of a cell, it is difficult to assure that such an assumption is satisfied.

Metabolic control theory is based on a sensitivity analysis to calculate the response
of a pathway to changes in the individual steps in a pathway. This approach allows calcu-
lations of flux control coefficients, which are defined as the fractional change of flux ex-
pected for a fractional change in the amount of each enzyme. This process involves a
linearization, so that flux coefficients can vary significantly if growth conditions and the
cell’s physiological step change. An important result of the application of this theory to
many cases is that it is rare for a single enzyme step to be rate-controlling. Typically sev-
eral enzymatic steps influence rate. Maximization of flux through a particular pathway
would require several enzyme activities to be altered simultaneously. The potential of
such analysis to contribute to rational design of microbes is clear, but not yet routinely
applicable.

Real progress has been made toward the industrial use of metabolically engineered
cells. Processes to convert glucose from cornstarch into 1,3-propanediol, an important
monomer in the polymer, polytrimethylene terepthalate, is poised for commercialization.
A process to make 2-keto-L-gluconic acid as a precursor for vitamin C production is in the
pilot stage (30,000 l), using metabolically engineered bacteria with glucose as a substrate.
Other products from metabolically engineered cells may be new polyketides, modi-
fied polyhydroxyalkanoates (as biodegradable polymers), indgo, xylitol, and hybrid
antibiotics.

14.9. PROTEIN ENGINEERING

Not only can cells be engineered to make high levels of naturally occurring proteins or to
introduce new pathways, but we can also make novel proteins. It is possible to make syn-
thetic genes encoding for totally new proteins. We are beginning to understand the rules
by which a protein’s primary structure is converted into its three-dimensional form. We
are just learning how to relate a protein’s shape to its functional properties, stability, and
catalytic activity. In the future, it may become possible to customize protein design to a
particular well-defined purpose.

Protein engineering at present mainly involves the modification of existing proteins
to improve their stability, substrate and inhibitor affinity and specificity, and catalytic rate.
Generally, the protein structure must be known from x-ray crystallography. Key amino
acids in the structure are selected for alteration based on computer modeling, on interac-
tions of the protein with substrates, or by analogy to proteins of related structure. The
technique used to generate genes encoding the desired changes in protein structure is
called site-directed mutagenesis (see Fig. 14.9). Using this approach, any desired amino
acid can be inserted precisely into the desired position.
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The reader may wonder why site-directed mutagenesis would be preferred to simple
mutation-selection procedures. One reason may be that mutation followed by selection for
particular properties may be difficult when the alterations in protein properties are subtle
and confer no advantages or disadvantages on the mutant cell. A second reason is that
site-directed mutagenesis can be used to generate the insertion of an amino acid in a par-
ticular location, while a random mutation giving the same result would occur so infre-
quently as to be unobtainable.

To make this point more evident, consider the degenerate nature of the genetic code.
Each codon consists of three letters. The odds for mutation in one of these three letters is
about 10−8 per generation. The odds that two letters would simultaneously be altered is
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Figure 14.9. The general approach to site-directed mutagenesis is depicted. For this ex-
ample the amino acid, valine, at position 73 of a particular protein, is to be replaced with
isoleucine. The first step is to clone the gene into the single-stranded DNA vector, M13,
and collect a working amount of gene. In the second step, an oligonucleotide essentially
complementary to that region of the gene to be mutated is synthesized chemically. A typi-
cal length for such an oligonucleotide is 18 residues. However, this synthetic oligonu-
cleotide contains one mismatched nucleotide so as to cause the desired mutation. In the
third step, enzymes are added that complete the in vitro synthesis of a double-stranded
vector. In the fourth step, the amount of double-stranded vector is amplified. In the last
step, cells with the mutant gene are detected by hybridization with the synthetic oligonu-
cleotide.
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much lower (order of 10−16). The codon UAC (for tyrosine) could be altered by single-
letter substitutions to give AAC (asparagine), GAC (aspartate), CAC (histidine), UCC
(serine), UUC (phenylalanine), UGC (cysteine), UAA (stop signal), UAG (stop signal),
and UAU (tyrosine). Random mutants in this case are very unlikely to carry substitutions
for 13 of the 20 amino acids. Thus, most of the potential insertions can be generated reli-
ably only by using site-directed mutagenesis.

The above approaches are directed toward the rational design of proteins. An alter-
native, and often complementary, approach is that of directed evolution. This process is
based on random mutagenesis of a gene and the subsequent selection of proteins with de-
sired properties. Large libraries of mutant genes must be made so that the rare beneficial
forms are present. A rapid screen or selection must be available to select those mutants
with the desired function or characteristics. One technique to generate mutants is the use
of “error-prone” PCR. Another approach is DNA shuffling, which requires genes from ho-
mologous proteins. Segments from the genes are recombined randomly to form chimeric
genes. Proteins are typically selected for improved stability, binding strength, catalytic ac-
tivity, or solubility. In some cases, the screen is for new activities based on ability to bind
other molecules not normally bound by the native protein. These techniques combined
with improved biochemical methods are leading to a better understanding of the relation
of protein structure to function. Also, these techniques support the extension of protein
catalysis to unusual environments, such as in organic media rather than in aqueous
solutions.

14.10. SUMMARY

The application of recombinant DNA technology at the commercial level requires a judi-
cious choice of the proper host–vector system. E. coli greatly facilitates sophisticated
genetic manipulations, but process or product considerations may suggest alternative
hosts. S. cerevisiae is easy to culture and is already on the GRAS list, simplifying regula-
tory approval, although productivities are low with some proteins and hyperglycosylation
is a problem. P. pichia can produce very high concentrations of proteins, but the use of
methanol presents challenges in reactor control and safety. Bacillus and the lower fungi
may have well-developed secretion systems that would be attractive if they can be har-
nessed. Animal cell culture is required when posttranslational modifications are essential.
Mammalian cells offer the highest degree of fidelity to the authentic natural product.
Insect cell systems potentially offer high expression levels and greater safety than mam-
malian cells at the cost of a potential decrease in the fidelity of posttranslational process-
ing. Transgenic animals are good alternatives for complex proteins requiring extensive
posttranslational processing. Transgenic plants and plant cell cultures are emerging as
production systems for high-volume protein products. Plants are well suited to produce
proteins for oral or topical delivery.

A host–vector system is useful only if it can persist long enough to make commercially
important product quantities. Genetic instability is the loss of the genetic information to
make the target protein. Segregational instability arises when a plasmid-free cell is formed
during cell division. Structured instability results when the cell loses the capacity to make
the target protein in significant quantities due to changes in plasmid structure. Host-cell de-
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rived instability occurs when chromosomal mutations decrease effective plasmid-encoded
protein production while the cell retains the plasmid. Growth-rate-dependent instability is a
function of the growth-rate differential between plasmid-free and plasmid-containing cells;
it is usually a determining factor in deciding how long a fermentation can be usefully main-
tained. Simple models to evaluate genetic instability are available.

The vector must be designed to optimize a desired process. Factors to be considered
include vector copy number, promoter strength and regulation, the use of fusion proteins,
signal sequences and secretion, genes providing selective pressure, and elements enhanc-
ing the accuracy of vector partitioning.

The engineer must be aware of the regulatory constraints on the release of cells with
recombinant DNA. These are particularly relevant in plant design, where guidelines for
physical containment must be met. Deliberate release of genetically modified cells is pos-
sible, but extensive documentation will be required.

Two increasingly important applications of genetic engineering are metabolic or
pathway engineering for the production or destruction of nonproteins and protein engi-
neering for the production of novel or specifically modified proteins.
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P R O B L E M S

14.1. Given the following information, calculate the probability of forming a plasmid-free cell due
to random segregation for a cell with 50 plasmid monomer equivalents:
a. 40% of the total plasmid DNA is in dimers and 16% in tetramers.
b. The distribution of copy numbers per cell is as follows, assuming monomers only:

14.2. Assume that all plasmid-containing cells have eight plasmids; that an antibiotic is present in
the medium, and the plasmid-containing cells are totally resistant; and that a newly born,
plasmid-free cell has sufficient enzyme to protect a cell and its progeny for three generations.
Estimate the fraction of plasmid-containing cells in the population in a batch reactor starting
with only plasmid-containing cells after five generations.

14.3. Consider an industrial-scale batch fermentation. A 10,000 l fermenter with 5 × 1010 cells/ml
is the desired scale-up operation. Inoculum for the large tank is brought through a series of
seed tanks and flasks, beginning with a single pure colony growing on an agar slant. Assume
that a colony (106 plasmid-containing cells) is picked and placed in a test tube with 1 ml of
medium. Calculate how many generations will be required to achieve the required cell den-
sity in the 10,000 l fermenter. What fraction of the total population will be plasmid-free cells
if µ+ = 1.0 h−1, µ− = 1.2 h−1, and P = 0.0005?

14.4. Assume that you have been assigned to a team to produce human epidermal growth factor
(hEGF). A small peptide, hEGF speeds wound healing and may be useful in treating ulcers. A
market size of 50 to 500 kg/yr has been estimated. Posttranslational processing is not essen-
tial to the value of the product. It is a secreted product in the natural host cell. Discuss what
recommendations you would make to the molecular-biology team leader for the choice of
host cell and the design of a reactor. Make your recommendations from the perspective of

Problems 461

D = 0.3 h−1 D = 0.67 h−1

Time, h Generation f− Time, h Generation f−

0 0 0.003 0 0 0.003
4.6 2 0.010 5.2 5 0.010

11.5 5 0.04 10.3 10 0.015
16.0 7 0.08 15.5 15 0.05
23.1 10 0.30 20.6 20 0.13
27.7 12 0.43 31.0 30 0.34
34.7 15 0.55 41.4 40 0.68
46.2 20 0.96 51.7 50 0.95
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what is desirable to make an effective process. You should point out any potential prob-
lems with the solution you have proposed, as well as defend why your approach should be
advantageous.

14.5. Develop a model to describe the stability of a chemostat culture for a plasmid-containing cul-
ture. For some cultures, plasmids make a protein product (e.g., colicin in E. coli) that kills
plasmid-free cells but does not act on plasmid-containing cells. Assume that the rate of
killing by colicin is kTCn−, where kT is the rate constant for the killing and C is the colicin
concentration. Assume that the colicin production is first order with respect to n+.

14.6. Consider the following data for E. coli B/r-pDW17 grown in a minimal medium supple-
mented with amino acids. Estimate ∆µ and R. Compare the stability of this system to one
with a glucose-minimal medium (Example 14.2).

14.7. It has been claimed that gel immobilization stabilizes a plasmid-containing population. A fac-
tor suggested to be responsible for the stabilization is compartmentalization of the population
into very small pockets. For example, the pocket may start with an individual cell and grow
to a level of 200 cells per cavity. Develop a mathematical formula to compare the number of
plasmid-free cells in a gel to that in a large, well-mixed tank.

14.8. You must design an operating strategy to allow an E. coli fermentation to achieve a high cell
density (> 50 g/l) in a fed-batch system. You have access to an off-gas analyzer that will mea-
sure the pCO2 in the exit gas. The glucose concentration must be less than 100 mg/l to avoid
the formation of acetate and other inhibitory products. Develop an approach to control the
glucose feed rate so as to maintain the glucose level at 100 ± 20 mg/l. What equations would
you use and what assumptions would you make?

14.9. Develop a simple model for a population in which plasmids are present at division with copy
numbers 2, 4, 6, 8, or 10. The model should be developed in analogy to eqs. 14.7 through
14.9. You can assume that dividing cells either segregate plasmids perfectly or generate a
plasmid-free cell.

14.10. Assume you have an inoculum with 95% plasmid-containing cells and 5% plasmid-free cells
in a 2 l reactor with a total cell population of 2 × 1010 cells/ml. You use this inoculum for a
1000 l reactor and achieve a final population of 4 × 1010 cells/ml. Assuming µ+ = 0.69 h−1,
µ− = 1.0 h−1, and P = 0.0002, predict the fraction of plasmid-containing cells.

14.11. Assume you scale up from 1 l of 1 × 1010 cells/ml of 100% plasmid-containing cells to
20,000 l of 5 × 109 cells/ml, at which point overproduction of the target protein is induced.
You harvest six hours after induction. The value of P is 0.0005. Before induction µ+ =
0.95 h−1 and µ− = 1.0 h−1. After induction µ+ is 0.15 h−1. What is the fraction of plasmid-
containing cells at induction? What is the fraction of plasmid-containing cells at harvest?
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